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Abstract: Biomaterials consist of both natural and synthetic components, such as polymers, tissues, 
living cells, metals, and ceramics. Their purpose is focused on repairing or replacing malfunctioning 
living tissues and organs. Therefore, it is imperative to ensure the safety and sterility of biomaterials 
before any contact with living tissue. Ultraviolet (UV)-C irradiation for biomaterial disinfection has 
been considered due to the high recurrence rate of bacterial infections and to prevent resistance. 
Physical composition and surface properties and UV-C sensitivity of microorganisms can alter its 
efficacy. The main objective of this study was to evaluate the efficacy of UV-C in terms of microbial 
lethality and additional underlying factors contributing to its performance, namely the surface 
properties. For this purpose, twelve different strains were first screened, from which four 
microorganism species known to have the ability to cause nosocomial infections were further tested, 
namely Escherichia coli, Pseudomonas aeruginosa, Candida albicans, and Candida glabrata. These 
microorganisms were inoculated onto slides and disks of various bio contact surfaces, including 
glass (GLS), titanium (Ti), and poly ether etherketone (PEEK), and exposed to UV-C. The results 
demonstrate that bacterial pathogens on biomaterial surfaces respond differently to UV-C light 
exposure, and the bactericidal effect decreased in this order: glass, PEEK, and Ti (0.5 to 2.0 log 
reduction differences). P. aeruginosa ATCC 27853 on glass surfaces was reduced to an undetectable 
level after being exposed to 6.31 J.cm−2 of UV-C, displaying the highest reduction rate observed 
among all the tested microorganisms, 2.90 J−1.cm−3, compared to Ti and PEEK. Similarly, a higher 
reduction in C. glabrata ATCC 2001 was observed on glass; the modeled inhibition displayed a rate 
of 1.30 J−1.cm−3, the highest observed rate among yeast, compared to Ti and PEEK, displaying rates 
of 0.10 J−1.cm−3 and 0.04 J−1.cm−3, respectively. The inactivation rates were higher for less hydrophobic 
materials with smoother surfaces as compared to biomaterials with rougher surfaces. 
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1. Introduction 
Implant device-associated infections are a typical set of complications which have an 

impact on the prognosis of orthopedic surgery. Infections caused by bacteria or biofilms 
may result in implant failure and patient death [1]. According to the statistics, it is 
estimated that implant-related bacterial infections cause more than 100,000 deaths per 
year in America [2]. According to the scientific literature, prosthetic infection occurs in 
about 1% of all total joint replacements. However, this percentage rises dramatically in 
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the case of revision surgery [3]. Moreover, this number increases up to 10-fold after a 
device has been replaced or upgraded. Implant infections may be divided into two major 
groups according to the period during which the infection unfolds after the surgery: 
within one month or after 12 months [4]. Infections can be categorized according to the 
time interval between surgery and the onset of clinical symptoms. Early infections are 
primarily attributed to highly pathogenic microorganisms, such as Staphylococcus aureus, 
and occur within three weeks of implanting an orthopedic device. Delayed infections, on 
the other hand, are commonly caused by less virulent bacteria like coagulase-negative 
Staphylococci, and they develop between three and ten weeks after. Ultimately, late 
infections occur after more than ten weeks after implantation and are caused by either 
hematogenous seeding or the recurrence of an inadequately treated early infection [5]. 
Medical implant-related infections evade immune protection mechanisms and are 
challenging to tackle using antimicrobial products due to the fact the organisms are 
enclosed inside a protected microenvironment, hampering the prevention and treatment 
of established bacterial-associated infections, and often persist until the implant is 
removed, which is the standard treatment. Implant infections show considerable 
resistance to antibiotics and host defenses and often persist until the implant is removed. 
Biofilm infection is a leading cause of failure in biomaterial implants [6]. Microorganisms 
have a notable ability to attach to biomaterial surfaces and form multicellular structures 
known as biofilms, which can potentially affect the safe use and function of both tissues 
and implanted clinical gadgets, and are accountable for about 60–70% of nosocomial 
infections, especially in seriously ill patients [7]. These biofilms represent communities of 
complex microorganisms, which are typically attached to a surface and embedded into a 
3D extracellular matrix. The biofilm development process consists of five distinct stages. 
In the first stage, cells adhere to the surface and produce extracellular polysaccharide, 
which leads to the formation of the biofilm. During the formation of the biofilm, there are 
numerous elements that are chargeable for the preliminary adhesion of the microbes, 
along with polarity, London–van der Waals forces, and hydrophobic interactions. There 
are numerous bacteria adhered to the protein floor contributing to the preliminary 
adhesion and ensuing biofilm formation. The biofilm includes proteins, electrolytes, and 
a few unidentified molecules. A polysaccharide structure known as capsular 
polysaccharide/adhesion (PS/A) leads to the initial adhesion and slime production. The 
adherence of the bacteria to the inert surface leads to the formation of a stable 
microcolony. Bacterial cell proliferation and intercellular adhesion take place once the 
microbes have adhered to the surface of the implants. During this accumulation phase, 
the microbes multiply and form numerous layered molecular clusters at the implant 
surface. Extra-polymeric substances (EPSs) are produced in this phase, which are 
responsible for enhancing cell binding and adhesion to the surface [8,9]. The EPS matrix 
acts as a barrier and protects the microbes during adverse conditions. Thus, a 
contaminated implant can be a reservoir for infection of the surrounding tissue, where 
bacteria can reside intracellularly. Biomedical device-associated infections are resistant to 
immune defense mechanisms and are difficult to treat with antimicrobial agents due to 
the protected microenvironment maintained within the EPS, hampering treatment. The 
biofilm matrix provides protection to the embedded bacterial cells by preventing the 
penetration of certain antibiotics and host immune cells. Nevertheless, tissue damage 
caused by surgery and foreign body implantation further increases the susceptibility to 
infections, activates host defenses, and stimulates the generation of inflammatory 
mediators; these are enhanced by bacterial and fungal activity. Commonly, implant 
infections may arise primarily from the host’s skin and from medical staff during implant 
insertion [10–12]. Subsequently, bacteria migrate through incision channels to the device 
surfaces in the host and through hematogenous spreading. The microbiological profile is 
relevant to implant-linked infections. The type and location of infection depend on the 
biomaterial type and location [13–16]. Gastrointestinal and urological implants can be 
colonized by diverse strains. The primary contaminants in urological implants are S. 
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aureus and Escherichia coli. Meanwhile, the most frequent cause of infection in 
gastrointestinal implants is the pan-antibiotic-resistant Acinetobacter baumannii, a 
bacterium resistant to desiccation and nutrient deficiency and which forms a stable 
biofilm resistant to several antimicrobials. Thus, A. baumannii is presently among the 
leading microbes targeted for the development of new antibiotics [13]. � pportunistic 
Staphylococci, Enterococci, Enterobacteriaceae, and Candida infections are commonly found at 
sites such as blood vessel catheters, dental implants, cerebrospinal fluid shunts, peritoneal 
dialysis catheter (CAPD) arterial grafts, cardiac and total joint replacements 
(endoprostheses), and ocular and neuro-implants [17]. The most common biofilm-forming 
pathogens found on these medical devices are E. coli, Pseudomonas aeruginosa, 
Staphylococcus epidermidis, S. aureus, Candida albicans, and Candida tropicalis [18]. Among 
the pool of pathogenic microorganisms, methicillin-resistant aureus (MRSA) and E. coli 
are the major causative agents of medical implant infections, particularly in 
immunocompromised patients, namely who have cancer, acquired immunodeficiency 
syndrome (AIDS), or an autoimmune disease. These cases are prone to facilitating 
implant-related systemic infections, being the main causes of mortality [18,19]. Evaluation 
reports suggest that the prevalence of pathogens in patients with stent-associated 
respiratory infection includes 50% S. aureus, 35.7% P. aeruginosa, and 14.3% C. albicans [19]. 
For cardiac implants, such as permanent pacemakers and defibrillators, the most frequent 
pathogens involved include methicillin-resistant MRSA, Pseudomonas spp., E. coli, and S. 
epidermidis [19–21]. The bacteria/surface material interface is a complex topic, involving 
the chemical and physical–chemical characteristics of both the material surface and the 
bacterial cell wall, as well as the biological characteristics of the bacteria [21]. Furthermore, 
proteins and other biomolecules coming from the surrounding medium influence the 
bacteria/material interface by adsorbing onto the material surface prior to any adhesion 
of the bacteria [21]. In this case, implants, as surgical components that have intimate 
contact with bone, need to be properly sterilized prior to implantation or during storage 
[22,23]. Therefore, developing biomaterials able to favor cell adhesion without also 
promoting bacterial adhesion appears to still be a challenge. As an alternative to chemical 
disinfectants, ultraviolet lights have been investigated for their ability to inactivate 
pathogens [23,24]. UV radiation is a prevalent method for sterilizing the surfaces of 
materials and biopolymer implants. UV-C disinfection outperforms hydrogen peroxide 
disinfection, as well as other chemical-based disinfectants, including chlorine and 
chloramine. However, chemical sterilization is one of the main causes of corrosion in 
medical implants, which is one of the factors responsible for a loss of cutting efficiency 
[25]. Since UV irradiation is not ionizing, it can be used to sterilize high-risk materials [26]. 
The penetration of UV-C light into substrates is limited, and optical technology may be 
employed to extend this limit. A study by Vezeau et al. explored the effects of sterilization 
on titanium surface characteristics and fibroblast attachment in vitro. They reported that 
titanium surface characteristics can be altered by steam autoclave sterilization. 
Furthermore, this sterilization process diminished murine fibroblast attachment when 
compared to UV-C irradiation sterilization [8]. UV radiation is electromagnetic, with its 
wavelengths shorter than visible light. The electromagnetic spectrum comprises energies 
with both electrical and magnetic properties that can be categorized based on wavelength 
and photonic interactions with substances. The UV wavelengths range between high-
energy X-rays (<100 nm) and the lower-energy visual spectrum (>400 nm) [9]. Ionization 
with a change in the atomic charge of matter results from the interactions between the 
energy and the substances under a wavelength of less than 100 nm. UV irradiation is 
divided into four distinct spectral areas according to wavelength, namely vacuum UV 
(100–200 nm), the most energetic wavelength range, which interacts with oxygen atoms 
and organic molecules at low doses; UV-C (200–280 nm); UV-B (280–315 nm); and UV-A 
(315–400 nm), such that UVC is found to be the most effective, especially for biopolymers 
since UV-C can be directly applied to acute medical implant infections to kill pathogens 
without unacceptable damage to host tissue [9,27,28]. Moreover, UV-C inactivates 
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microbes through damaging their genetic material [10]. The UV-C spectrum, in particular 
the 250–270 nm range, is strongly absorbed by microbial nucleic acids, which is commonly 
stated to reach its maximum at 262 nm [13]. Sterilization by UV-C can be optimized based 
on the wavelength and the duration of exposure [5,29,30]. The purpose of this study is to 
evaluate the effects of UV-C for inactivating bacteria of three different experimentally 
contaminated surfaces commonly found in implanted medical devices, namely glass 
(GLS), titanium (Ti), and poly ether etherketone (PEEK). 

2. Materials and Methods 
2.1. Sample Preparation  

The efficacy of UV-C exposure on GLS was evaluated using pre-cleaned glass slides 
measuring 22 × 22 mm (Menzel-Gläser, Braunschweig, Germany) and with a standard 
thickness of 0.95 to 1.05 mm. Disk-shaped Ti6A14V titanium samples (8.0 mm diameter, 
1.7 mm thickness) were prepared by machining commercially available pure titanium (US, 
ASTM B 348, Grade V) from VSMP�  TIRUS. The PEEK disks used in this research were 
of a uniform size and thickness (8 mm in diameter and 2 mm thick) and came from Dental 
Direkt GmbH (DD peek MED, D-32139 Spenge, Germany). Prior to UV-C irradiation, all 
the samples were immersed for 15 min in a 70% (v/v) ethanol solution and rinsed with 
deionized water. Afterwards, they were air-dried inside a biological safety cabinet (Class 
II, Type A2) [31]. These samples were then placed into a sterile Petri dish using sterile 
tweezers and inoculated. Subsequently, the samples were exposed to UV-C irradiation. 

2.2. UV-C Treatment 
A 75 W UV-C germicidal lamp (UV-C 254 nm) was used. The UV experimental setup 

is displayed in Figure 1. The samples were placed in a 60 mm Φ Petri dish (without a lid) 
on top of a sample holder at a fixed distance of 25 cm from the UV-C lamp. Immediately 
adjacent to the sample holder, a UV-C probe recorded the irradiance, using the radiometer 
HD 2102.2 (Delta � HM, Padua, Italy) equipped with a UV-C probe (LP471UVC, Delta 
� HM, Padua, Italy). The UV-C lamp was turned on and off using a remote-controlled 
power socket. 

 
Figure 1. Experimental setup: A—remote controlled power socket; B—UV-C probe; C—sample 
holder. 

The samples and the probe were positioned beneath the center of the lamp. The UV-
C dose was estimated according to Equation (1) [32]: Qሺtሻ ൌ ∑ uሺtሻ୲଴ ൈ Δt , Δt ൌ 1 s  (1)
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where u(t) corresponds to the instantaneous value of UV-C irradiance compared with time 
t. The UV-C lamp was heated for at least 10 min before each test. 

2.3. Temperature Variation during Irradiation 
The UV-C treatments were performed at room temperature, which was 

approximately 22 °C. Nevertheless, to exclude the influence of temperature during the 
UV-C treatment, the temperature at the sample holder position was monitored using an 
alcohol thermometer after 5, 15, 30, and 60 min. To enhance the temperature variation 
resolution, ImageJ (1.54 g, National Institutes of Health, Bethesda, MD, USA) software was 
used [33]. Furthermore, to analyze the temperature variation for GLS, Ti, and PEEK, their 
temperature when exposed to UV-C was monitored using a thermographic camera (testo 
876, Titisee-Neustadt, Germany) and recorded at 5, 15, 30, 45, and 60 min. 

2.4. Absorbance and Reflectance 
The absorbance and reflectance of GLS, Ti, and PEEK were analyzed in a UV–visible 

light spectrometer Shimadzu UV-2600 (Kyoto, Japan), using a wavelength range between 
200 and 800 nm and a resolution of 1 nm.  

2.5. Microorganisms 
The bacteria used in this study were acquired from the American Type Culture 

Collection (ATCC): Escherichia coli ATCC 25922, Escherichia coli ATCC 15597, Escherichia 
coli ATCC 8739, Staphylococcus aureus ATCC 6538, Staphylococcus epidermidis ATCC 
35984, Pseudomonas aeruginosa ATCC 27853, and Acinetobacter baumannii ATCC 19606. 
Candida albicans ATCC 10231, Candida krusei ATCC 10231, Candida glabrata ATCC 
2001, Candida parapsilosis ATCC 90018, and Candida tropicalis ATCC 13803 were the 
fungi used in this investigation. The liquid and solid culture media used for all the 
experiments were tryptic soy broth (TSB) and tryptic soy agar (TSA). The culture 
conditions comprised a shaking speed of 120 rpm and temperatures of 37 °C for bacteria 
and 30 °C for fungi. Pre-inocula were prepared from a single colony collected from a 
previously prepared culture in TSA. Bacteria and fungi pre-inocula were incubated for 
approximately 12 h and 36 h. The pre-inocula concentration was adjusted to 1 × 107 
CFU.mL−1 in phosphate-buffered saline solution (PBS) (7.4 pH). The antimicrobial efficacy 
was tested through an adaptation of the standard AATCC 100 TM100 [32,34]. In brief, 5 
µL of a microbial suspension with 1 × 107 CFU.mL-1 was placed on the surface of a sample. 
Then, the samples were irradiated with UV-C (except for the control samples). 
Subsequently, the samples were immersed in 5 mL of PBS solution and vigorously 
vortexed for at least 60 s. Afterwards, serial dilutions were performed in PBS and they 
were inoculated into Petri dishes containing TSA. The Petri dishes were then incubated 
for 20 h and 48 h, for bacteria and fungi, respectively. The CFUs were then counted, and 
the viable microorganism concentration was estimated. The reduction in microorganism 
viability was determined according to Equation (2): 

Log reduction (CFU.mL−1) = Log [Control (CFU.mL−1)] − Log [UV-C exposed (CFU.mL−1)] (2)

where Control corresponds to the microorganism concentration inoculated into the 
sample without UV-C exposure, and UV-C exposed represents the microorganism 
concentration inoculated into the sample subjected to UV-C exposure. Qualitative 
classification of the reduction was reported according to the description presented by 
Vieira and colleagues [34]. All the experiments were plated in duplicate and replicated 
three times. 

2.6. Reduction Models 
The collected data correlating the concentration reduction in the microorganisms 

were modeled using an exponential equation, the Monod equation, the Michaelis–Menten 
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equation, and a logistic equation (Supplementary Tables S2–S4). The model with a 
coefficient of determination (r2) closer to unity was the determinant factor for electing a 
specific model. The logistic equation (Equation (3)) displayed the highest fit values. Rሺtሻ ൌ  R୫ୟ୶1 ൅ eିµሺୖౣ౗౮ି୶ౣ౟౤ሻ (3)

where R(t) corresponds to the concentration reduction at dosage (t), Rmax the maximum 
reduction, Rmin the minimum reduction, and µ the rate of reduction. 

3. Results and Discussion 
3.1. UV-C Efficacy on GLS 

The recorded temperature variation is exhibited in Figure 2. 

 
Figure 2. Temperature variation within the air flow chamber (thermometer), GLS, Ti, and PEEK 
(thermographic camera) during UV-C exposure. 

The temperature increase ratio followed a nearly linear increase (Supplementary 
Table S1). The air flow chamber increased by approximately 0.04 °C.min−1. The 
temperature variation of the tested materials was marked at 0.01, 0.03 and 0.06 °C.min−1 
for GLS, Ti, and PEEK, respectively. The maximum exposure time was 1.5 min; thus, the 
predicted temperature increase was 0.01, 0.04, and 0.08 °C for GLS, Ti, and PEEK, 
respectively. The expected temperature increase is far from the optimal temperature for 
the tested microorganisms, which ranged between 30 and 37 °C. Therefore, temperature 
was not considered as factor that interfered with the microorganisms’ viability. However, 
it should be noted that PEEK exhibited a 1.5-fold higher rate than the environmental 
temperature. Meanwhile, GLS exhibited a nearly 4-fold lower temperature increase rate 
in comparison to the ambient temperature increase. 

The UV-C absorbance and reflectance spectra of GLS are displayed in Figure 3. 
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Figure 3. GLS absorbance and reflectance spectra. 

From 800 nm to 327 nm (UV-A), Iit is clear the minimal absorbance of GLS 
subsequently it sharply increased, reaching its maximum at 283 nm (UV-B). At 254 nm, 
the maximum irradiation provided by the low-pressure mercury lamp used, the 
absorbance is considerable [35]. The reflectance at 254 nm is solely 1.0%. � verall, the 
maximum recorded reflectance was nearly 3.4%. Thus, the reflectance may be considered 
negligible, with nearly all the UV-B and UV-C irradiation being absorbed by GLS. This is 
in accordance with the literature, which confirms the opaque nature of GLS below near-
UV-B irradiation wavelengths. � nly at lower wavelengths do photons possess the 
required energy to excite silica (the main GLS material) across the band gap, leading to its 
absorption [36]. These results corroborate the lower temperature increase by GLS in 
comparison to Ti and PEEK. 

The microorganisms were irradiated with the UV-C doses summarized in Table 1. 

Table 1. Different UV-C dosages applied to the samples inoculated with the distinct 
microorganisms. 

UV-C (J.cm−2) 
3.83 
6.31 
12.82 
19.20 
25.55 
38.34 
44.66 
57.79 
75.68 

The results obtained for the GLS slides are described in Figure 3. Table 2 encompasses 
the modeled reduction parameters. Interestingly, of the three strains of E. coli tested, E. 
coli ATCC 25922 and E. coli ATCC 8739 exhibited a similar profile. Irradiation of 6.31 J cm−2 
resulted in the absence of colony counts. However, E. coli ATCC 15597 exhibited distinct 
behavior. The required irradiation to obtain an undetectable level of viable bacteria was 
12.82 J.cm−2 (Figure 4A). The rate of inhibition of these bacteria was also different among 
the three E. coli. The highest reduction ratio was observed for E. coli ATCC 8739. This ratio 
was nearly 1.5-fold lower for E. coli ATCC 25922 and was approximately 5-fold lower for 
E. coli ATCC 15597 (Table 2). P. aeruginosa ATCC 27853 and A. baumannii ATCC 19606 
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exhibited a highly similar reduction profile. When exposed to 6.31 J.cm−2 of UV-C, no 
viable bacteria were detected (Figure 4B). The rate of reduction was just slightly lower for 
A. baumannii in comparison to P. aeruginosa (0.8-fold lower). In addition, their reduction 
rates are within the same range as that for E. coli ATCC 25922. And S. epidermidis ATCC 
35984 was reduced to an undetectable level after being exposed to 3.83 J.cm−2 of UV-C, 
displaying the highest reduction rate observed among all the tested microorganisms, at 
4.20 J−1.cm−3 (Figure 4C). S. aureus ATCC 6538’s detectable viability was observed after 
12.82 J.cm−3. Furthermore, S. aureus’s reduction rate was within the ranges observed for E. 
coli ATCC 25922, P. aeruginosa, and A. baumannii. UV-C irradiation of the yeasts inoculated 
into GLS displayed distinct inhibition profiles. At 19.17 J.cm−2, C. glabrata was the yeast 
that exhibited the highest susceptibility to UV-C irradiation (Figure 4F). At 19.20 J.cm−3, no 
viable C. glabrata were detected. The modeled inhibition displayed a rate of 1.3 J−1.cm−3, 
the highest observed rate among the yeasts. After irradiation of 44.66 J.cm−3 of UV-C, no 
viable colonies of C. albicans, C. krusei, C. parapsilosis, or C. tropicalis were detected (Figure 
4D–H). 
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Figure 4. Viability reduction profiles of (A) E. coli strains ATCC 2522, ATCC 15597, and ATCC 8739, 
(B) P. aeruginosa ATCC 27853 and A. baumannii ATCC 19606, (C) S. aureus ATCC 6538 and S. 
epidermidis ATCC 35984, (D) C. albicans ATCC 1023, (E) C. parapsilosis ATCC 90018, (F) C. glabrata 
ATCC 2001, (G), C. krusei ATCC 10231, and (H) C. tropicalis ATCC 13803 on GLS after UV-C 
irradiation. β represents the modeled reduction using the logistic equation (Equation (3)). 

Table 2 shows that most of the Gram-negative and Gram-positive bacteria were 
inactivated with a UV-C dose loading of less than 12.82 J cm-3, while the yeasts appeared 
to be more resistant to the UV-C-induced damage. The inactivation efficacy of UV-C 
against bacteria differs, which may technically depend on the UV-C fluence required to 
decrease the number of bacteria by an order of logarithmic magnitude.  
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Table 2. Microorganism models of inhibition according to UV-C irradiation. 

Microorganisms ATCC Strain Material 
Rmax 

(CFU.mL−1) 
Rmin 

(CFU.mL−1) 
µ  

(J−1.cm−3) Model r2 

E. coli 25922 GLS 6.85 6.00 × 10−4  2.44 
Logistic 
equation 0.9999 

E. coli 8739 GLS 6.77 1.95 × 10−6 3.63 Logistic 
equation 

0.9999 

E. coli 15597 GLS 6.86 0.26 0.70 Logistic 
equation 

0.9995 

A. baumannii 19606 GLS 7.20 1.00 × 10−4 2.84 
Logistic 
equation 0.9999 

P. aeruginosa 27853 GLS 7.03 6.41 × 10−5 2.94 
Logistic 
equation 

1.0000 

S. epidermidis 35984 GLS 6.78 1.00 × 10−2 4.20 
Logistic 
equation 

1.0000 

S. aureus 6538 GLS 6.86 1.30 × 10−2 2.55 Logistic 
equation 1.0000 

C. albicans 10231 GLS 6.83 0.37 0.11 
Logistic 
equation 

0.9832 

C. glabrata 2001 GLS 5.95 4.03 × 10−8 1.31 
Logistic 
equation 

0.9999 

C. tropicalis 13803 GLS 5.165 5.00 × 10−4 0.50 Logistic 
equation 

0.9991 

C. parapsilosis 90018 GLS 7.36 0.32 0.09 
Logistic 
equation 0.9599 

C. krusei 2159 GLS 5.97 4.86 × 10−6 0.66 
Logistic 
equation 0.9999 

UV-C is widely known for its antimicrobial activity, which may be attributed to two 
factors: UV-C’s direct activity and reactive species (R� S) generation. UV-C photons are 
absorbed by the pyrimidine (cytosine, thymine, and uracil) and purine (adenine and 
guanine) nucleic acid residues ubiquitously present in genomic material [37,38]. UV-C 
photons lead to photoproduct generation after the excitation of these elements into singlet 
and triplet electronic states [37]. These photoproducts encompass cyclobutane pyrimidine 
dimers (CPDs) and pyrimidine 6-4 pyrimidone photoproducts (6-4PPs) [39]. Dewar 
lesions have been reported with UV-A and UV-B irradiation [40,41]. However, the authors 
failed to find literature confirming their generation by UV-C. Both CPDs and 6-4PPs 
represent irreversible covalent bonds that critically hinder onsite genomic replication and 
transcription. Moreover, these lesions cause structural distortion of the genomic material, 
which may also prevent the optimal replication and transcription in neighboring regions. 
Cumulatively, these damages generate defects and mutations that frequently result in 
non-viable microorganisms [35]. 

Interestingly, pyrimidines have a higher propensity to absorb UV-C photons than 
purines; thus, pyrimidine-derived photoproducts have a critical role in UV-C activity [42–
44]. Nevertheless, the direct antimicrobial activity of UV-C is comprehensively 
multifactorial, in that it encompasses the metabolic activity, gene expression level (namely 
mRNA concentration), and existing protective mechanisms of each microorganism. UV-
C irradiation in low-pressure mercury lamps has the potential to generate R� S, namely 
ozone (� 3) [45]. During � 3 decay, it may generate other R� S such as hydroxyl radicals 
(H� •) [46–49]. These R� S, in particular H� •, are extremely reactive and known to damage 
proteins, lipids, and nucleic acids [50–53]. The conjugation of these activities may be 
responsible for lethal genomic mutations, higher cell membrane permeability, 
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unregulated ion flow, and the loss of cell membrane polarization [54]. The UV-C 
susceptibility observed among microorganisms, species, and strains has been attributed 
to several factors, such as cell wall thickness; cell size; pigmentation; the composition, size, 
conformation, and pyrimidine content of the genetic material; and repair mechanism 
efficiency [54,55]. Therefore, studies have shown mixed results when evaluating the 
effectiveness of UV-C light against different microorganisms [35]. It has been described 
that Gram-positive bacteria are more resistant to UV-C light than Gram-negative bacteria 
when they are tested under the same conditions [56]. The current study denoted that S. 
aureus ATCC 6538 (Gram-positive) displayed a higher resistance to UV-C irradiance 
compared to E. coli ATCC 8739 (Gram-negative). It has been suggested that the extent of 
UV-C-induced DNA damage in Gram-positive bacteria is lower due to their thicker 
peptidoglycan walls and higher DNA repair efficacy [57]. Gram-positive bacteria possess 
cell walls with an average thickness of 30 to 80 nm, while Gram-negative bacteria have a 
thickness between 2 and 15 nm [58,59]. However, this study denoted a higher 
susceptibility in S. epidermidis, a Gram-positive bacterium. In fact, S. epidermidis showed 
the highest inactivation rate (4.2 J−1.cm−3) among all the tested microorganisms. This result 
underscores the intrinsic differences in the microorganisms. Yeasts were less susceptible 
to UV-C. This higher resistance has been attributed to several factors: cell size (decreased 
probability of photons hitting critical structures), the nuclear membrane, and higher levels 
of repair mechanisms [60]. 

3.2. UV-C Viability Reduction Efficacy for Ti and PEEK 
The absorption and reflectance spectra of Ti and PEEK are depicted in Figure 5. 

 
Figure 5. Ti and PEEK absorbance and reflectance spectra. 

It should be noted that UV-C has a very low penetration depth, of solely 
approximately 2 µm [61]. 

The absorption of TI and PEEK was unexpectedly higher in the visible region, in 
comparison to GLS, due to their opacity. The absorbance starts to rise further in Ti at 249 
nm and reaches its maximum at 216 nm. Nevertheless, it exhibited lower absorption levels 
then GLS. PEEK’s absorbance starts to increase at 241 nm and spikes at 205 nm. It exhibits 
an absorbance level similar to that of GLS. The reflectance of Ti, which is nearly 32% for 
the highest wavelength tested, consistently decreases and further drops at nearly 350 nm, 
stabilizing at approximately 300 nm. PEEK’s reflectance, which was nearly two-fold lower 
than that of Ti at the highest wavelength, also consistently slightly decreased until 
approximately 425 nm. At lower wavelengths, PEEK’s reflectance lowers more rapidly, by 
nearly 5% from 385 nm to 200 nm. The discrepancy between the absorption and reflectance 
profiles may highlight the higher scattering in Ti in comparison to GLS. Therefore, Ti may 
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effectively scatter light until the UV-C region, where this irradiation is able to excite 
electrons from the valence band into the conduction band, leading to its absorbance 
[62,63]. Nevertheless, the absorbance range for UV-C light seems to represent a slightly 
lower wavelength than the 254 nm provided by the low-pressure mercury lamp used. 
Thus, based on these results, the UV-C absorbance by Ti may not be directly correlated 
with microorganisms’ loss of viability. Nevertheless, transmittance spectra that exhibit 
nearly full absorption of UV light below around 380 nm may be found in the literature 
[64]. These differences may be based on the different surface treatments applied to Ti. 
PEEK is described to nearly absorb the irradiation entirely between 300 and 380 nm [65]. 
This is corroborated by the reflectance profile. However, the absorbance profile does not 
display the same tendency as described in the literature, which is inversely proportional 
to the observed reflectance curve [65,66]. This may be due the very high absorbance values 
throughout the entire UV–visible light spectra, which may result in the higher 
temperature variation. 

GLS was used as a standard surface; however, all the tested microorganisms 
displayed a distinct profile when inoculated into the different Ti and PEEK samples. E. 
coli ATCC 25922, P. aeruginosa, C. albicans, and C. glabrata were the representative 
microorganisms tested on these materials (Figure 6 and Table 3). P. aeruginosa, responsible 
for most implant-related infections, showed a high sensitivity to UV-C radiation on GLS. 
Interestingly, the UV-C exhibited a loss of effectiveness towards P. aeruginosa inoculated 
into PEEK similar to that observed in E. coli (nearly 12-fold). However, the loss rate was 
clearly higher in Ti, reaching a value nearly 40-fold higher than that observed in GLS. � n 
titanium surfaces, E. coli ATCC 25922 was reduced by 3.7 and 5.2 log CFU.mL−1, 
respectively, when treated with UV-C light at 19.35 J.cm−2 and 38.34 J.cm−2. For PEEK, the 
reduction in E. coli ATCC 25922 was higher, with 2.0 log CFU.mL−1 achieved after UV-C 
treatment at 38.34 J.cm−2 (30 s). Similarly, a higher reduction in E. coli ATCC 25922 was 
observed on glass (approximately 7.0 log CFU.mL−1 at 6.31 J.cm−2) surfaces compared to 
titanium and PEEK surfaces. The inactivation rates were higher for less hydrophobic ma-
terials with smoother surfaces (GLS and PEEK) as compared to materials with rougher 
surfaces (Ti). These findings indicate that UV-C light can effectively reduce the tested P. 
aeruginosa and E. coli populations on biomaterial surfaces. The log reduction in glass for 
C. albicans was significantly lower than on the other surfaces, and the loss rate was lower 
in GLS, reaching a value nearly 2-fold lower than those observed in Ti and PEEK. 
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Figure 6. Viability reduction profiles of (A) E. coli strains ATCC 25922, (B) P. aeruginosa ATCC 27853, 
(C) C. albicans ATCC 10231, and (D) C. glabrata ATCC 2001 on GLS, TI, and PEEK. β represents the 
modeled reduction using the logistic equation (Equation (3)). 

Table 3. Microorganism models of inhibition according to UV-C irradiation. 

Microorganisms ATCC Strain Material 
Rmax 

(CFU.mL−1) 
Rmin 

(CFU.mL−1) 
µ  

(J−1.cm−3) Model r2 

E. coli 25922 
Ti 5.26 0.34 0.18 

Logistic 
equation 0.9951 

PEEK 7.26 0.91 0.16 
Logistic 
equation 0.9837 
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P. aeruginosa 27853 
Ti 7.60 1.62 0.07 

Logistic 
equation 

0.9078 

PEEK 5.60 0.62 0.25 Logistic 
equation 

0.9761 

C. albicans 10231 
Ti 6.95 0.28 0.16 Logistic 

equation 
0.9983 

PEEK 6.65 0.57 0.13 Logistic 
equation 

0.9911 

C. glabrata 2001 
Ti 6.46 0.38 0.10 Logistic 

equation 
0.9968 

PEEK 11.21 0.46 0.04 Logistic 
equation 

0.9732 

The study showed a strong correlation between surface roughness and the 
inactivation of pathogenic microorganisms, considering the glass and PEEK surfaces as 
smooth surfaces and the Ti surface as a microroughened surface. GLS exhibited the lowest 
height for the bacterial stacking structure from the basis line, while Ti had the greatest 
height. The relationship between the roughness values of material surfaces and their 
bactericidal effect is a topic of debate [47,67–69]. Some researchers have reported that 
surfaces with lower roughness values tend to be more hygienic [67,68]. UV-C reduced the 
percentage of pathogenic microorganisms on the treated surfaces compared to non-
irradiated surfaces at almost every incubation time. The E. coli ATCC 25922, P. aeruginosa, 
and C. glabrata inactivation levels differed according to the material surfaces; the 
bactericidal effect gradually increased in the order of Ti, PEEK, and glass. The UV-C 
treatment was more effective on the smooth glass surfaces, possibly due to the lack of a 
protective blasted topography, making it less amenable for E. coli cells to attach. It is well 
established that bacteria on rough surfaces of Ti are shielded by micro-complex 
construction during treatment [70–72]. The correlation between early bacterial adhesion 
and surface roughness remains unclear [25,73]. The topography of a material surface can 
considerably impact the formation of biofilms; however, this is not very relevant to the 
work since the contact time between the microorganisms and the material surface was 
rather short. Micro-roughened surfaces are known to have a high susceptibility to 
bacterial contamination due to their propensity to trap bacteria in micro-pits, which may 
protect them from UV-C light [73–75]. Surface roughness not only increases the surface 
area for bacterial adhesion but is also thought to provide a scaffold that facilitates bacterial 
growth. When examining all the microorganisms, S. epidermidis exhibited the highest 
sensitivity to UV-C radiation. � n the other hand, C. albicans was found to be highly 
resistant to UV-C radiation.  

4. Conclusions 
Surface topography has a complex influence on the efficacy of UV-C treatment for 

surface microbial reduction. A high degree of surface roughness creates larger shadow 
pockets or areas, where the microorganisms are not affected by UV-C irradiation. 
However, it can also allow a relatively uniform two-dimensional distribution of cells on 
the treated surface, which favors treatment uniformity. � n the other hand, a smooth 
surface does not necessarily guarantee high microbial inactivation by UV-C treatment if 
the surface is highly hydrophobic, leading to cell clustering. The interaction between light 
and the substrate, such as light reflection and absorption, also plays a role in the 
inactivation process. � verall, the fact that a significant level of microbial reduction can be 
achieved after a very short treatment time shows great promise for using UV-C as a rapid 
and relatively inexpensive method for reducing the microbial load on a range of different 
surfaces in medical implant processing. The short UV-C exposure did not considerably 
increase the tested material temperature; nevertheless, this factor should not be 
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disregarded. Finally, the precise development of viability reduction models for a 
preselected range of microorganisms will be useful to safely tailor the UV-C dosage 
treatment to a specific implant, with minimal impact on the material. 
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