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Abstract  
 This study examines the surface modification of 3D printed polyethylene terephthalate glycol (PETG) scaffolds by 

a simple and reproducible coating method using silver nitrate (AgNO3) and the cytotoxicity of the modified scaffolds is 

assessed. The main aims of the study were characterization of the structural and morphological changes on the surface of 

the scaffold after the treatment, more precisely the thickness of the deposited silver coating, and assessment of the 

biological effect on the HBL100 normal cell lines. The chemical protocol for scaffold modification was a multi-step 

process including the preparation of silver nitrate solution, a necessary pre-treatment of PETG scaffold using a sodium 

hydroxide (NaOH) solution, immersion of scaffold in the AgNO3 solution, sonication and final drying process. Atomic 

Force Microscopy (AFM) analysis was performed to measure the thickness of the coating, finding a high dependence of 

the coating on the 3D printing angle of the scaffold. The PETG scaffold with 0/45 had a coating thickness of about 566 

nm, which was much thicker than coatings on scaffolds with 0/60/120 and 0/90 printing laydown patterns. The 

cytotoxicity of the scaffolds was tested by the standard MTT assay. The results of the assay including mean absorbance, 

mean inhibition percentage and standard deviation showed no significant cytotoxic effect from the coated scaffolds with 

the mean inhibition percentages ranging from a minimal 0.74% to 10.91%. This study demonstrates a viable and 

biocompatible method to functionalize 3D-printed PETG scaffolds which could have significant implications for various 

applications including tissue engineering and medical devices where the need to both structural integrity and non-toxic 

surface properties is paramount. 

 

Keywords: PETG, silver nitrate (AgNO3), Coating, 3D printing, Surface modification, Laydown patterns, Bone tissue 

applications, Cytocompatibility 

 

Introduction 

 Three-dimensional printed scaffolds made of 

polyethylene terephthalate glycol (PETG) have been 

considered as promising candidates for bone tissue 

engineering application because of their superior 

mechanical properties compared to conventional 

polymers like polycaprolactone (PCL) with excellent 

biocompatibility and printability [1,2]. PETG scaffolds 

have compressive moduli and strengths that are similar 

to human trabecular bone, and thus are mechanically  

 

appropriate for load-bearing bone regeneration [3,4]. 

However, one of the major drawbacks in bone tissue 

engineering is the prevention and management of 

bacterial infections at the implant site that can result in 

osteomyelitis and implant failure [5,6]. To tackle this 

issue, the integration of antimicrobial agents into 

scaffold systems has become an indispensable approach 

to fabricating multifunctional biomaterials for 
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supporting bone regeneration and at the same time to 

prevent bacterial colonization [7-9]. 

  In particular, silver-based antimicrobial systems, 

especially silver nitrate (AgNO3), have received much 

attention because of their wide-spectrum antimicrobial 

activity against both Gram-positive and Gram-negative 

bacteria including multidrug-resistant strains [10,11]. 

AgNO3 coating on polymer scaffold releases silver ions 

(Ag+) which exhibit bactericidal effects through various 

mechanisms such as damage to bacterial cell membrane, 

inhibition of respiratory enzymes, condensation of DNA 

and production of reactive oxygen species inside 

bacterial cells [12,13]. The coating of PETG scaffolds 

with AgNO3 is a new characterization technique, which 

converts these biocompatible structural scaffolds into 

bioactive platforms for controlled delivery of 

antimicrobial agents [14,15]. The silver ion release from 

the scaffold over long periods of time allows for a 

surface modification strategy that would supply 

therapeutic levels of silver ions for prolonged periods 

that would be beneficial during the critical early phases 

of bone healing to provide antimicrobial protection 

[11,16]. 

 However, the use of silver-based antimicrobial 

coatings into bone tissue engineering scaffolds 

represents a delicate balance between the performance 

of bactericidal activity and cellular biocompatibility 

[17,18]. The cytotoxicity of silver ions is a 

concentration-dependent process that plays an important 

role on the biological behavior of AgNO3 coated 

scaffolds [19,20]. Although silver ions are effective 

against pathogenic bacteria, high concentrations can 

have a negative impact on osteogenic cells, which can 

negatively impact the osteoblast proliferation and 

differentiation and mineralization processes that are 

critical for successful bone regeneration [20]. Studies 

have shown that Ag+ concentrations of 1.0 - 1.5 ppm can 

disrupt osteogenic differentiation by altering the gene 

expression profile including the downregulation of 

collagen type I (COL1A2) and alkaline phosphatase 

(ALP) and thus matrix mineralization [21]. On the other 

hand, optimized lower concentrations (≤ 0.5 ppm) have 

been proved to be sufficient to allow undisturbed 

osteogenic differentiation while retaining the 

antimicrobial efficacy [22]. 

 Interestingly, recent studies have shown that silver 

nanoparticles, which are different from the ionic silver, 

can paradoxically induce osteogenic differentiation of 

mesenchymal stem cells through activation of RhoA 

signaling pathway resulting in actin polymerization and 

increased cytoskeletal tension [18]. This osteoinductive 

effect has been noted at concentrations that keep low 

cytotoxicity, with silver nanoparticles showing the 

ability to upregulate important osteogenic markers such 

as Runt-related transcription factor 2 (RUNX2), 

osteopontin (OPN) and collagen type I (COL1A1) [23]. 

Furthermore, the silver delivery mode (nanoparticles or 

AgNO3 coating with ionic release) has a significant 

impact on the antimicrobial effect and cellular response, 

and controlled release kinetics is of great importance to 

achieve therapeutic effects [24]. 

 The characterization of AgNO3-coated PETG 

scaffolds for bone applications therefore needs to 

include a thorough evaluation of a number of parameters 

such as surface morphology, silver release kinetics, 

antimicrobial activity against clinically relevant 

pathogens and in vitro biocompatibility with osteogenic 

cells [25]. 

 Surface modification is an outstanding technique 

in overcoming the limitations of PETG and other 

polymers, by introducing new qualities in the material 

without modifying the bulk properties [26-28]. The 

approach of coating a silver layer onto a polymer 

scaffold provides a functionalized surface that is able to 

resist bacterial colonization, an important property for 

implants and scaffolds in a biological environment 

[29,30]. However, the dose-dependent nature of silver 

effects (therapeutic agent at low concentration and 

cytotoxic agent at high concentration) requires careful 

examination of the biocompatibility of any new silver-

modified material [20,31]. Silver nanoparticle-polymer 

nanocomposites are a transformative development, with 

the polymer matrix itself serving as a stabilizing 

medium, reducing nanoparticle aggregation and helping 

to overcome the cytotoxicity associated with free silver 

nanoparticles while maintaining robust antimicrobial 

activity [32,33]. 

 The combination of mechanical stability of PETG 

and the antimicrobial activity of AgNO3 is a 

premeditated approach towards the construction of next-

generation bone scaffolds that can simultaneously fulfill 

the structural, biological, and antimicrobial demands for 

effective treatment of bone defects especially in 

infection-prone clinical settings [34,35]. 
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 This study was perceived to fill the gap between 

the structural utility of the 3D printed PETG scaffolds 

and the need for increased functionality in bone 

regeneration applications. The main goal was to 

establish and characterize a simple chemical method for 

coating 3D printed PETG scaffolds with silver nitrate 

(AgNO3) to produce a functionalized surface.  This 

was succeeded by the extension of the experiment to 2 

important areas of the deposited silver layer; physical 

characterization of the deposited layer with respect to 

thickness and scaffold geometry; and a more detailed 

cytotoxicity experiment, to establish the 

biocompatibility of the treated material with normal cell 

lines. A major advantage of this research is that it has 

been shown that the 3D printing laydown pattern can be 

used to directly control the thickness and morphology of 

the resulting silver coating. While surface modification 

of polymers is well documented, and Khan et al. [36] 

was able to coat the scaffolds with silver by repeated 

immersion cycles (50 times) to produce antimicrobial 

scaffolds. This approach is unique in that surface 

engineering is integrated into the initial scaffold design 

phase by varying the printing angle alone (0/45, 

0/60/120 and 0/90) we were able to obtain 

controllable coating thicknesses. This allows a more 

efficient and predictable way of tuning surface 

properties from the beginning in comparison to multi-

step coating procedures. 

 

Materials and methods  

 Materials  

 The main chemicals and reagents used for coating 

the scaffolds and cytotoxicity testing were purchased 

from different international suppliers to ensure their 

quality and reproducibility. Sodium hydroxide (NaOH) 

was purchased from (Lobachemie, India) and silver 

nitrate (AgNO3) was purchased from (Daejung, Korea). 

Trypsin/EDTA, needed to dissociate cells, was obtained 

from (Capricorn, USA). As an organic solvent for 

different procedures, dimethylformamide (DMF) was 

purchased from (Santa Cruz, USA). 

 Essential media and biological reagents were 

included in RPMI 1640 and fetal bovine serum which 

were supplied by (Gibco, USA). For the cytotoxicity 

tests the MTT stain was used, which was obtained from 

(Sigma, USA). Cell culture plastics, including cell 

culture plates and microtiter readers were supplied by 

(Thermo Fisher Scientific, USA). Instruments required 

to perform the experimental procedures, including the 

CO2 incubator and micropipette, were provided by 

(Cypress Diagnostics, Belgium). For the purpose of 

maintenance of sterile condition, laminar flow hood was 

utilized, which was purchased from (K & K Scientific 

Supplier, Korea). All the reagents, chemicals and 

instruments were therefore carefully chosen from 

reputed manufacturers in India, Korea, USA and 

Belgium, and standardized and reliable experimental 

conditions were ensured. 

 

 Methods  

 Scaffold preparation and coating procedure 

 PETG scaffolds were fabricated following the 

procedure published in our previous study [37].  The 

PETG scaffolds were initially rinsed with deionized 

(DI) water to remove dust or debris left over from the 

fabrication process. A pre-treatment step was then 

carried out by soaking the scaffolds in 2% NaOH 

solution for 5 min to activate the surface of the PETG, 

which is an essential step for a better adhesion of the 

subsequent AgNO3 coating [38,39]. The alkaline 

treatment, that is a topochemical reaction mainly 

affecting the fiber surface, causes hydrolysis of polymer 

chains leading to an increase in the number of terminal 

hydroxyl and carboxyl groups and altered the wettability 

of the surface [39]. After NaOH pre-treatment, scaffolds 

were again rinsed with DI water and patted dry.  

 

 Prepare the silver nitrate solution  

 AgNO3 solution was prepared by dissolving 10 g 

of AgNO3 powder in 100 mL of DI water. AgNO3 

solution was divided into 4 parts of 25 mL (1 mg/mL). 

The solution was slowly stirred on a hotplate magnetic 

stirrer until the All of AgNO3 was dissolved. In order to 

avoid the precipitation of silver oxide, which may take 

place in the presence of an alkaline medium, sodium 

hydroxide tablets were added step by step to the solution 

until pH 9 was reached. 

 In order to protect the photosensitive solution from 

a light-induced reduction, the beaker was covered with 

aluminum foil. Scaffolds were soaked for 20 - 30 min, 

while being gently stirred to facilitate even coating. The 

scaffolds were then immersed into ultrasonic bath for 2 

h at low temperature in order to ensure that all parts of 



Trends Sci. 2026; 23(6): 12373   4 of 12 

  

the scaffold were uniformly coated with AgNO3. 

Ultrasound irradiation is an effective method for coating 

nanoparticles because the micro-bubbles that are 

generated by cavitation can generate microjets and 

shockwaves that can aid in the physical deposition of 

nanoparticles onto the substrate. Finally, the coated 

PETG scaffolds were dried in an oven at 45C.  All steps 

are clarified by Figure 1.

  

 

Figure 1 Schematic illustration of silver-nitrate coating scaffold prepared in 6 steps. (A) 0.1 M solution of silver nitrate 

(AgNO3) 25 mL. is made by dissolving 2.5 g AgNO3 in DI (deionized) water and mixing after 15 min. (B) Pre-treatment 

of a scaffold with 5 min of immersion in 2% sodium hydroxide (NaOH) solution ensues. (C) DI water is used to wash the 

scaffold to remove remnants of NaOH. (D) Then the scaffold is dipped in the AgNO3 prepared solution for 30 min. (E) 

A 2-hour sonication action is then performed on the scaffold. (F) The scaffold is dried in the oven at 0/45 °C. 

 

 Characterization  

 Biological assessment 

 The HBL100 normal cell lines which were 

cultured in RPMI-1640 with 10% Fetal bovine, 100 

units/mL penicillin and 100 µg/mL streptomycin. Cells 

were reseeded twice or thrice every 70% confluence 

with Trypsin-EDTA and cultured at 37 °C and 5% CO2 

[40]. 

 

 Atomic force microscopy characterization 

 The coated and uncoated PETG scaffolds were 

examined visually, since the color difference was used 

as a preliminary measure of the surface coating. Atomic 

force Microscopy (AFM) was then used to 

quantitatively determine the thickness of the silver 

coating. AFM is a highly popular and suitable method 

of studying topography and roughness of the surfaces on 

a nanoscale. The examined scaffolds were printed at 

various angles of 0/45, 0/60/120 and 0/90. AFM 

analysis was conducted to determine the association 

between scaffold’s geometry and coating properties. 

The AFM scan images were also used to analyze the 

morphology of the surface post coating process. 

 

 Cytotoxicity assays (MTT) 

 Determination of the cytotoxic effect of the coated 

scaffolds was preformed based on the MTT cell viability 

assay in 96-well plates. HBL100 normal cell lines were 

obtained in the IRAQ Biotech Cell Bank Unit in Basrah 

and were cultured in RPMI-1640 containing 10% Fetal 

bovine serum, 100 units/mL penicillin, and 100 ug/mL 

streptomycin. HBL100 normal cell lines were passaged 

3-fold to 2 times a week at 70% confluency using 

Trypsin-EDTA. 

 In the assay, cells were seeded at a concentration 

of 1×104 cell/well. After 24 h or when a confluent 

monolayer was obtained, 6 types (0/45, 0/60/120 

and 0/90 coated and uncoated) of scaffolds were 

inserted in the wells in 4 replicates each. After 72 h of 

treatment cell viability was assessed. The medium and 

scaffolds were removed and 28 µL of a 2 mg/mL 

solution of MTT were added. The cells were incubated 
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and after the removal of MTT solution, the formazan 

crystals that were left in the wells were solubilized by 

adding 100 µL of DMSO (Dimethyl Sulphoxide). 

Incubation under shaking at 37 C was then completed. 

The microplate reader at 620 nm was used to determine 

the absorbency. This was performed in triplicate. 

 The rate of cell growth inhibition (percent of 

cytotoxicity) was determined by use of the following 

equations: 

 

PR = AB×100                                                                (1) 

 

 PR: is the proliferation rate, A: is the average 

optical density of the untreated wells (negative control), 

and B: is the optical density of the treated wells. Then 

the rate of inhibition (IR) was determined as: 

 

IR = 100 − PR                                                               (2) 

 

 Statistical analysis 

 The analysis of variance (ANOVA) was applied to 

question the data one-way, and post-hoc analysis was 

conducted using Tukey. Differences were considered 

statistically significant at * p < 0.05, ** p < 0.01, *** p 

< 0.001 and **** p < 0.0001. GraphPad Prism software 

(GraphPad Software Inc., San Diego, CA, USA) was 

used in this research. 

 

Results and discussion 

 Scaffold visualization  

 The color of the coated and uncoated scaffolds was 

observed visually to have changed successfully, which 

means that a new layer was deposited on the scaffolds. 

The texture of the surface of the coated scaffolds was 

more particulate in nature than the smooth surface of the 

uncoated PETG scaffolds. Four 3D-printed PETG 

scaffolds are shown in this Figure 2, from left to right, 

0/90, 0/60/120, 0/45 laydown pattern and the 

scaffold in the far right is the control sample. The color 

contrast between the samples shows the difference in 

coating thickness on the surface of the PETG and was 

measured by atomic force microscopy (AFM). The 

control sample is uncoated which is indicated by the 

lighter color.

 

 

 

Figure 2 The PETG scaffold coated/uncoated: (A) coated 0/90, (B) coated 0/60/120, (C) coated 0/45, (D) 

control. 

 

 Scaffold characterization 

 Atomic Force Microscopy (AFM) was used as the 

main characterization method to quantify coating 

thickness, surface morphology and coating uniformity 

for all types of scaffolds [41]. AFM is a nanometer 

resolution technique, which is extremely suitable for the 

measurement of thin film coatings on polymer scaffolds, 

and has a high sensitivity compared to conventional 

profilometry methods [41,42]. 

 Type 1 Scaffolds (0/45) had the thickest silver 

coating with an average differential thickness of 566.7 

nm. AFM height topography maps showed clear 

topographical features with the coated area (Plane 2) 

having a mean height of 623.8 nm as opposed to the 

uncoated substrate (Plane 1) at 57.07 nm. The maximum 

height of the coated area was 805.2 nm, which showed 

the presence of considerable vertical protrusions and 

high surface roughness. The relatively large angle 

difference of 12.15 between the 2 planes indicates an 

A B C D 



Trends Sci. 2026; 23(6): 12373   6 of 12 

  

uneven coating distribution with silver particle 

aggregation, which is probably caused by the higher 

porosity and internal surface area of the 0/45 structure. 

Three-dimensional AFM reconstructions verified a very 

rough surface where micro-roughness could be observed 

as well as independent clusters of particles typical of 

silver nanoparticle aggregation could be observed. As 

depicted in Figure 3.

  

 

 

Figure 3 0/45 coated scaffold (A) 2D AFM height map (inset: Phase image), (B) 3D AFM topography and, (C) SEM 

of silver-coated PETG. 

 

 Type 2 Scaffolds (0/60/120) had a much thinner 

coating with a mean thickness of 89.04 nm. The coated 

surface (Zmean = 98.24 nm) was more homogeneous 

than Type 1 with a maximum height of 149.1 nm and a 

small angle difference (0.5290), which showed good 

coating conformality and adhesion. The 2D AFM 

images revealed a smooth and continuous film with a 

finer grain structure and less surface heterogeneities. 

This intermediate coating thickness is an optimum 

between antimicrobial functionality and mechanical 

stability because thinner coatings are less likely to 

delaminate and crack under mechanical stress in Figure 

4 [44,45].

 

 

 

Figure 4 0/60/120 coated scaffold (A) 2D AFM height map (inset: phase image), (B) 3D AFM topography and, (C) 

SEM of silver-coated PETG. 

 

 Type 3 Scaffolds (0/90) revealed a coating 

thickness of 107.1 nm with the coated area having a 

mean height of 334.3 nm (Plane 2) and 227.2 nm (Plane 

1). The angle difference was small (0.2493), which 

indicated excellent coating uniformity over the surface. 

The higher Zmean baseline values for both planes 

indicate that the denser scaffold structure has a higher 

starting surface and thus, leads to a more homogeneous 

A B C

A B C
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coating distribution. The AFM phase image and 3D 

topography map of the scaffold showed a silver layer 

with uniformly distributed nanoscale features and less 

particle aggregation than the Type 1 scaffolds [46,47] in 

Figure 5.

 
 

 

 

Figure 5 0/90 coated scaffold (A) 2D AFM height map (inset: phase image), (B) 3D AFM topography and (C) SEM of 

silver-coated PETG. 

 

 

 The thickness of the silver nitrate layer is the 

difference between the coated and uncoated parts, that 

is, the difference of Z (Zmean (higher) − Zmean (lower)) 

= 566.7 nm for the 0/45 scaffold and it is also 

applicable for other scaffolds. These quantitative data 

are important for validation of the coating process, and 

also ensure that the scaffold has surface properties that 

are required for the application for which it is intended. 

The AFM analysis revealed a rough and irregular 

surface of the 3D printed PETG scaffold coated with 

AgNO3, consisting of nanoparticle aggregates 

resembling peaks and valleys. This nanoscale 

topography provides a high surface area and sites 

favorable for the adsorption of protein and cell seeding 

attachment. 

 While these surface irregularities can improve 

initial cell attachment, the rough surfaces can impede 

spreading in a uniform fashion. Furthermore, the coating 

thickness cannot be determined from AFM imaging 

alone and a step-height measurement is necessary to 

ensure layer stability and controlled silver ion release. 

 

 Cytotoxicity evaluation 

 The results of the MTT assay demonstrated that 

the silver-coated PETG scaffolds showed no significant 

cytotoxic effect on the HBL100 normal cell line under 

the experimental conditions. The mean inhibition 

percentages for the 6 different coated and uncoated 

scaffolds were consistently very low, ranging from a 

minimum of 0.74    6.136 to a maximum of 10.91   7.315 

as shown in Table 1.

 

Table 1 MTT Assay results for coated and uncoated scaffolds. 

Scaffold Mean absorbance Mean inhibition (%) Sample size (n) 

Uncoated 0°/45° 0.4555 0.74 ± 6.136 4 

 0°/60°/120° 0.4548 0.89 ± 2.280 4 

 0°/90° 0.4365 4.88 ± 4.287 4 

Coated 0°/45° 0.4492 2.11 ± 3.770 4 

 0°/60°/120° 0.4117 10.27 ± 6.570 4 

 0°/90° 0.4088 10.91 ± 7.315 4 
  

 

 

 

A B C
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 The low mean inhibition percentages are a direct 

and quantitative indicator that the silver coating method 

does not significantly harm the normal cells. This 

finding is reinforced by the relatively low standard 

deviations associated with the data, which indicate a 

consistent and uniform cellular response across the 

replicates, thereby increasing the reliability of the 

results. As shown in Figure 6.

  

 

Figure 6 The inhibitory effect of 6 different scaffolds on the HBL100 cell line. 

 

 

Discussion 

 The silver nitrate coating of the 3D printed PETG 

scaffolds resulted in clear coating thickness and 

morphology depending on the printing laydown pattern. 

The thickest coating (≈ 566 nm) was obtained in the 

0/45 configuration scaffold with considerable 

nanoparticle aggregation and high surface roughness, 

which is probably attributed to its higher internal surface 

area and porosity, which allow silver deposition. In 

contrast, the coatings on the 0/60/120 and 0/90 

scaffolds were much thinner (approx. 89 nm and 107 

nm, respectively), more homogeneous and conformal 

(less than 0.53 of inter-plane angle difference) and finer 

grained. These moderate thicknesses are beneficial in 

sustaining mechanical stability during loading, 

elimination of the risk of delamination and cracking and 

still offer antimicrobial activity. 

 The nanotopographical features of the scaffolds 

observed by AFM indicate that the rough agglomerated 

surface of the 0/45 scaffold could improve protein 

adsorption and primary cell attachment due to the 

increased binding sites. However, high roughness may 

hinder cell spreading uniformity and may cause local 

mechanical changes that play an important role for 

osteogenic differentiation. On the other hand, the 

smoother surfaces of the 0/60/120° and the 0/90 

scaffolds balance the surface area to uniformity ratio, 

and may provide more predictable interactions between 

cells and the materials, and controlled kinetics of silver 

ions release [48]. 

 The cytotoxicity evaluation by the MTT assay 

showed low percentages of inhibition for all the coated 

scaffolds, which means that the silver nitrate coating 

process is biocompatible under the tested conditions. 

Further, the relatively low standard deviations are 

indicative of homogeneous cellular response. These 

results corroborate the fact that the silver concentrations 

released from the coatings are below cytotoxic levels for 

normal HBL100 cells, which is consistent with literature 

reports that optimized Ag+ concentrations (≤ 0.5 ppm) 

will provide antimicrobial protection without affecting 

cell viability [49]. As a composite, all these findings 

indicate that the printing geometry can be deliberately 

used to adjust the silver coating thickness and the 

surface topography. By choosing suitable laydown 

patterns, it is possible to tune the antimicrobial efficacy, 

mechanical integrity and the cellular compatibility of 

PETG scaffolds for bone tissue engineering 

applications. 
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Conclusions 

 This study provided a simple and reproducible 

chemical method to coat 3D-printed PETG scaffolds 

with silver nitrate, most importantly, functionalization 

was achieved without affecting the cytocompatibility. 

The primary result was that the printing layup pattern 

(0/45 vs. 0/60/120 and 0/90) has a tremendous 

effect on the resulting coating thickness and texture - 

from highly textured and thick to thinner and more 

uniform layers - allowing for precise control of the 

surface topography. The low cytotoxicity of all coated 

scaffolds indicates their high potential for bone 

regeneration applications, particularly when it is 

complicated by infection. The current research should 

now be aimed at measuring the dynamics of silver ion 

release, establishing the presence of antimicrobial 

activity on clinical pathogens, and in vitro osteogenic 

differentiation analysis to optimize the scaffold design 

to be used in vivo. 
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