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Abstract 

Porous titanium alloy Ti6Al4V scaffolds manufactured via electron beam melting (EBM®) re-

veal broad prospects for applications in bone tissue engineering. However, local inflammation 

and even implant failure may occur while placing an implant into the body. Thus, the application 

of drug carriers to the surface of a metallic implant can provide treatment at the inflammation 

site. In this study, we propose to use polyelectrolyte (PE) microcapsules formed by layer-by-

layer (LbL) synthesis loaded with both porous calcium carbonate (CaCO3) microparticles and the 

anti-inflammatory drug dexamethasone (DEX) to functionalize implant surfaces and achieve 

controlled drug release. Scanning electron microscopy indicated that the CaCO3 microparticles 
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coated with PE bilayers loaded with DEX had a spherical shape with a diameter of 2.3±0.2 µm 

and that the entire scaffold surface was evenly coated with the microcapsules. UV spectroscopy 

showed that LbL synthesis allows the manufacturing of microcapsules with 40 % DEX. Accord-

ing to high performance liquid chromatography (HPLC) analysis, 80 % of the drug was released 

within 24 h from the capsules consisting of three bilayers of polystyrene sulfonate (PSS) and 

poly(allylamine)hydrochloride (PAH). The prepared scaffolds functionalized with CaCO3 mi-

croparticles loaded with DEX and coated with PE bilayers showed hydrophilic surface properties 

with a water contact angle below 5°. Mouse embryonic fibroblast cells were seeded on Ti6Al4V 

scaffolds with and without LbL surface modification. The surface modification with LbL PE 

microcapsules with CaCO3 core affected cell morphology in vitro. The results confirmed that 

DEX had no toxic effect and did not prevent cell adhesion and spreading, thus no cytotoxic ef-

fect was observed, which will be further studied in vivo. 

 

Keywords: additive manufacturing, Ti6Al4V scaffolds, surface modification, calcium carbonate, 

microparticles, dexamethasone 

 

1. Introduction 

Currently, an increased number of people suffer from age-related diseases, such as osteoarthritis. 

Statistics show that more than 90 % of the population over the age of 40 have problems associat-

ed with the skeletal system dysfunctions and are at risk of orthopedic surgeries [1]. 

Titanium and its alloys are currently the most commonly used materials for endosseous dental 

implants and endoprostheses. Recent studies have demonstrated that titanium implants have a 

reliable success rate due to their good biocompatibility, corrosion resistance and relatively low 

elastic modulus [2, 3]. 

Although titanium meets the requirements as a material for a prospective orthopedic implant, 

currently used titanium implants reveal long-term failure rates due to infections, poor osseointe-
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gration of the implants, which may result in inflammation. When a synthetic implant is inserted 

into the body, some specific immune system responses may be initiated, which result in a tissue 

encapsulation causing wear and abrasion. As a result of slowly developing problems, titanium 

implants reveal an average service lifetime of approximately 10-15 years before replacement is 

needed [2, 4]. 

In addition, the loosening of an implant can be caused by the metallic or polymeric wear debris, 

resulting in osteolysis and need for revision surgery. In further, wear particles at the tissue-

implant interface can trigger the invasion of inflammatory cells (e.g., polymorphonuclear leuko-

cytes, macrophages, monocytes, lymphocytes) and eventually fibroblasts, which causes acute 

and chronic inflammation and fibrosis [5]. 

A variety of pharmaceuticals (e.g. glucocorticoid) have also been used to overcome these chal-

lenges. As an example, the synthetic glucocorticoid dexamethasone (DEX) is used in clinics for 

the treatment of inflammatory bowel diseases, rheumatoid arthritis, posttransplantation immuno-

therapy and others [6]. DEX allows suppressing the immune response by reducing lymphatic 

activity, it also stimulates osteogenic differentiation and promotes metabolism of protein, fat and 

carbohydrate [7]. In addition, the stimulation of osteogenic differentiation is advantageous for 

materials to promote bone formation. 

Implant-associated inflammation following invasive orthopedic surgery is one of the major clini-

cal problems that can cause implant failure [8]. Advances in nanotechnology have led to the de-

velopment of novel implant materials that not only have better cytocompatibility, but can also be 

used as multifunctional drug delivery platforms [9]. 

Among the different inorganic drug carriers, calcium carbonate (CaCO3) nano- and microparti-

cles show unique advantages due to their ideal biocompatibility and potential for use as a con-

trolled delivery system for loading different types of drugs. The accessibility, low cost, safety, 

biocompatibility, pH-sensitive properties, osteoconductivity and slow biodegradability of CaCO3 

particles make them suitable drug delivery carriers. Due to a slow degradation rate of CaCO3, 
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CaCO3-based particles can be used as sustained release systems that retain their cargo for long 

times after administration. Such particles with good osteoconductivity and bioresorbability are a 

proper dual-mode solution for bone substitution and drug release in bone-related diseases, such 

as osteomyelitis. Different types of particulate CaCO3 have also shown notable applications in 

filling bone defects, treating early dental caries lesions and generating newly formed bone tissue. 

According to the reviewed literature, CaCO3 nano- and microparticles show potential both as 

bone substitutes and drug carriers in bone-related disease/defects because of their special charac-

teristics [10, 11]. 

We have already presented a study on the application of CaCO3 as a potential drug carrier [12]. 

Based on the presented literature review and the studies already carried out, the main goal of this 

particular work is to modify the surface of additive manufactured Ti6Al4V scaffolds by using 

particles with porous CaCO3 cores loaded with DEX, providing controlled drug release, and 

coating with PE bilayers with the aim to show the possibility of achieving a multiple effect of 

both improved surface bioactivity due to calcium carbonate and anti-inflammatory properties via 

the release of encapsulated dexamethasone. The presented method of surface functionalization of 

the scaffolds is presented for the first time. 

 

2 Materials and methods 

2.1 Fabrication of titanium alloy scaffolds 

This study was based on porous titanium alloy Ti6Al4V scaffolds manufactured by powder bed 

additive manufacturing via electron beam melting (EBM®) using an ARCAM A2 EBM® ma-

chine (Arcam EBM, Sweden). The process used a standard precursor powder supplied by Arcam 

EBM with a grain size distribution between 50 and 125 µm and a layer thickness of 70 µm and 

machine-default process parameter settings. The process was carried out at a pressure of 10-4 Pa 

while keeping the working area temperature at 730 °С. The process is described in detail else-

where [13]. 
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2.2 Synthesis of calcium carbonate microparticles 

The cores of CaCO3 were obtained by mixing a solution of CaCl2 (1 M), DEX (4 mg/ml), and 

Na2CO3 (1 M) with a magnetic stirrer at a rate of 1100 rpm for 25 min. The suspension of parti-

cles was precipitated by centrifugation at a rate of 9000 rpm for 3 min, followed by the removal 

of supernatant. Then, the cores were washed with deionized water, ultrasonicated, and again pre-

cipitated by centrifugation under the same conditions. The washing process was repeated 2 

times. After the second washing step, 10 μl of the suspension with particles was taken for zeta 

potential and particle size measurements. 

 

2.3 Polyelectrolyte bilayer assembly 

Two oppositely charged PEs, namely, polystyrene sulfonate (PSS, a negatively charged polymer) 

and poly(allylamine)hydrochloride (PAH, a positively charged polymer), were used as layers for 

CaCO3 cores loaded with DEX. The bilayer assembly was prepared by adsorption of PEs (2 

mg/ml, both in 0.15 M NaCl). The first single layer PAH was allowed to adsorb onto CaCO3 

particles loaded with DEX for 10 min. After that, the suspension was centrifuged at 1300 rpm for 

3 min and washed three times with deionized water to remove the non-adsorbed polyelectrolyte. 

In addition, gentle shaking followed by 3 min of ultrasonication was used to avoid particles ag-

glomeration after centrifugation. Next, the deposition of PSS was carried out on the PAH-coated 

CaCO3 particles with loaded DEX using the same manipulation.  

 

2.4 Deposition of particles on titanium alloy scaffolds 

The porous Ti6Al4V scaffolds were immersed in a 2 ml water-based solution with 40, 200 and 

400 μl aliquots containing particles to achieve final concentrations per 1 ml of 5.3 · 105 and 

placed into a shaker for 90 minutes at room temperature. Then, the scaffolds were dried at room 

temperature. A schematic overview of this process is shown in Figure 1. 
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Figure 1 Schematic illustration of the process of Ti6Al4V scaffold modification via CaCO3 mi-

croparticles loaded with DEX and coated with (PAH/PSS)3. 

 

2.5 Scanning electron microscopy and elemental composition 

Scanning electron microscopy (SEM) imaging of CaCO3 microparticles loaded with DEX and 

coated with PE bilayers was performed using a Quanta 200 3D microscope (FEI, USA). The 

tests were carried out on microparticles with remaining and dissolved CaCO3 cores and scaffolds 

before and after functionalization by microparticles and modified scaffolds after the test with 

fibroblasts. The operating voltage was 20 kV. For the SEM studies, one droplet of the sample 

suspension with particles was applied onto a silicon wafer and dried for 2 hours at 37 °C. To 

assess the wall thickness via SEM, the core was removed from the capsules using ethylene dia-

mine tetraacetic acid (0.2 M, pH 6). Then, the capsules were washed 2 times with distilled water 

by centrifugation at 3500 rpm for 7 min. Scaffolds after dip-coating were dried overnight under 

ambient conditions. An energy dispersive spectroscopy (EDS) analysis was performed using the 

SEM-EDX-EMAX analysis tool to identify the chemical composition of the samples. 

 

2.6 Particle size and zeta potential 
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The hydrodynamic diameter (HDD) of the microparticles was measured using a Malvern 

Zetasizer Nano ZS system (Malvern Instrument, UK) based on dynamic light scattering (DLS). 

Size measurements were performed in triplicate. For these measurements, 10 μl of the suspen-

sion with microparticles was diluted 100 times with deionized water at room temperature. Zeta 

potential was measured using the same instrument and conditions. The polydispersity index 

range was between 0 and 1. 

 

2.7 Encapsulation efficiency of DEX 

The suspensions of the DEX-loaded CaCO3 cores in deionized water were centrifuged at 9 000 

rpm for 3 min, and the loading efficiency of the loaded DEX was determined by quantifying the 

absorption of the clear supernatant using ultraviolet and visible (UV-Vis) spectroscopy (Cary 

300 Bio UV-Vis-spectrophotometer, Varian). The corresponding calibration curves were made 

by testing pure DEX and supernatant solution after the primary collection of microparticles. The 

absorbance values of DEX and PSS were measured using a UV–Vis spectrophotometer at wave-

lengths of 242 and 226 nm, respectively. Tests were performed four times for each sample. The 

encapsulation efficiency of DEX in the CaCO3 core is determined using the following equation 

[14]: 

𝐸𝐸𝐸𝐸% = 𝑊𝑊𝑙𝑙
𝑊𝑊𝑡𝑡
∙ 100%, 

where 𝑊𝑊𝑡𝑡 is the total amount of loaded substance and 𝑊𝑊𝑙𝑙 is the amount of free substance in the 

supernatant after centrifugation. 

 

2.8. Infrared (IR) spectroscopy 

The molecular bonds of the CaCO3 microparticles without and with DEX were analyzed by IR 

spectroscopy (Vertex 70, Bruker). For these tests, the capsules were dried in an oven at 55 °C for 

12 hours. Using a hydraulic system, a pellet was prepared from a mixture containing 2 mg of 
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dried particles with and without DEX and 200 mg of powdered KBr. Spectral analysis was per-

formed in transmission mode over the range 4000–500 cm−1 with a spectral resolution of 2 cm−1. 

 

2.9 Contact angle and surface free energy 

Wettability measurements of the surface were carried out using an Easy Drop DSA1 system 

(Kruss, Germany). The contact angles (CAs) of three reference liquids were measured with the 

sessile drop method. The wettability studies were performed with a video contact angle system. 

The measurements were obtained at room temperature (22 °C). At least five measurements with 

a droplet volume of 3.5 μL were carried out with three different samples in each series. To de-

termine the surface free energy of the modified surfaces, the contact angles were measured with 

the liquids water (polar), ethylene glycol (polar) and glycerol (non-polar). The values of the sur-

face tension of water, ethylene glycol and glycerol are 72.1, 47.4 and 63.4 mN/m, respectively. 

The calculations of the surface free energy of the functionalized scaffolds were performed using 

the Owens-Wendt equation (1): 

𝜎𝜎𝐿𝐿(cos𝜃𝜃+1)

2�𝜎𝜎𝐿𝐿
𝐷𝐷

=
�𝜎𝜎𝑆𝑆

𝑃𝑃∙�𝜎𝜎𝐿𝐿
𝑃𝑃

�𝜎𝜎𝐿𝐿
𝐷𝐷

+ 𝜎𝜎𝑆𝑆𝐷𝐷     (1) 

where 𝜎𝜎𝐿𝐿𝐷𝐷, 𝜎𝜎𝑆𝑆𝐷𝐷, 𝜎𝜎𝐿𝐿𝑃𝑃, and 𝜎𝜎𝑆𝑆𝑃𝑃 are the dispersive and polar components of the surface free energy of 

the liquid (L) and solid (S) phases, respectively, whereas 𝜎𝜎𝐿𝐿 is the surface free energy of the test 

liquid. 

 

2.10 Roughness measurements 

A Hommel Tester T100 (Germany) instrument was used to assess sample surface roughness. 

Four specimens of each scaffold (blank Ti6Al4V and 40, 200 and 400 µL aliquots of CaCO3 

microparticles loaded with DEX) were selected randomly (five measurements per scaffold). The 

average roughness (Ra), maximum roughness (Rmax) and peak-to-valley roughness (Rz) were 

measured. 
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2.11 In vitro release 

2.11.1 Preparation of scaffolds 

Scaffolds modified with microparticles loaded with a 400 μl DEX aliquot were dried for 48 

hours at room temperature in a laminar flow box and loaded into sterile containers with covers. 

Then, 5 ml of phosphate-buffered saline (pH 7.4) was added to each container, and the covers 

were closed and carefully sealed with paraffin film (Parafilm). The release test was carried out in 

a sterilized drying cabinet under static conditions at a temperature of 37 °C. The samples were 

taken and analyzed after 1, 3 and 7 days. The solution from the containers was analyzed by high-

performance liquid chromatography (HPLC) at λmax = 242 nm to determine the content of re-

leased DEX. The concentration of DEX in the analyzed solutions was determined using a cali-

bration curve. 

 

2.11.2 High-performance liquid chromatography 

High performance liquid chromatography (HPLC) was performed on an HPLC Agilent 1200 

system with a diode array detector (1260 DAD VL). The spectrophotometric analysis was per-

formed on an Evolution 600 UV-VIS spectrophotometer (Thermo Scientific Corp., USA), and 

samples were loaded in matched quartz cuvettes with a 1 cm path length. All aqueous solutions, 

including the HPLC mobile phase, were prepared using a Milli-Q IQ 7003 (Merck) water purifi-

cation system. HPLC-grade acetonitrile was obtained from Panreac, and TFA and PSS were ob-

tained from Sigma-Aldrich. 

Chromatography was carried out using a Zorbax (Agilent Technologies, U.S.A.) Eclipse Plus 

C18 column (4.6 mm · 150 mm, 5 µm) at 30 °C. Analysis was performed using 0.1 % trifluoroa-

cetic acid in H2O (phase A)–CH3CN (phase B) as the mobile phase, which was introduced by 

gradient elution from 0 to 50 % phase B for 10 min at a flow rate of 1 ml/min. After the end of 

analysis, the elution condition was set to introduce the initial phase (100 % A) for 10 min. The 
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injection volume was 20 µL. UV detection was carried out at characteristic wavelengths of 242 

nm for DEX and 230 nm for PSS. The retention times were 9.0 min for DEX and 5.4 min for 

PSS. The method was partially validated with respect to its calibration curve (regression equa-

tion: y=32986x-8.22; R2=0.9998; over a concentration range of 1.2-20 μg⋅ml-1), precision of the 

area (RSD value ranging between 0.1 and 1%), accuracy (between 98 and 102 % at the different 

concentrations), LOD=0.03 μg/ml and LOQ=0.1 μg/ml (calculated by the signal-to-noise ratio 

(S/N); for the LOD, S/N=3, and for the LOQ, S/N=10). Before analysis, every sample was fil-

tered through a 0.45 µm nylon syringe filter. Each sample was analyzed three times. 

 

2.12 Cell culture tests 

The mouse embryonic fibroblast line 3T3-L1 (ATCC CL-173) was used for all cell experiments. 

Cells were cultured in complete DMEM (Gibco, USA) supplemented with glutamine (Gluta-

MAX, Gibco, USA), 10 % fetal bovine serum (One Shot™, TFS, Brazil) and antibiotics (a peni-

cillin/streptomycin mixture, Paneko, Russia). Fibroblasts were maintained in a CO2 incubator (5 

% CO2) at 37 °C with saturated humidity. When the cells reached 70 % confluence, they were 

detached by trypsin (0.05 % trypsin-EDTA solution, Paneko, Russia) and used in tests. Prior to 

the cell tests, titanium scaffolds with and without surface modification were pretreated for 10 

min in ethanol solution, washed for 5 min in phosphate buffer and transferred to a 6-well plate. 

Next, 3.0 ml of the fibroblast suspension (50 ⋅ 103 cells/ml) was added to each well (equivalent 

of 150 ⋅ 103 cells per well), completely covering the scaffold surface. After that, all the samples 

were placed in a 37 °C incubator for 24 hours. 

 

2.13 Cell proliferation and morphology assessment 

The attachment, morphology, proliferation and growth density of cells were assessed by fluores-

cence microscopy after 24 hours of incubation. The culture media was removed, and the vital 

fluorescent dyes calcein AM (0.5 μg/ml) and Hoechst 33342 (1 μg/ml) in phosphate buffer were 



11 
 

added to cover the surface of the scaffolds with living cells. This allows for detection of the nu-

cleus and cytoplasm and for easy differentiation of living cells. Plates with fluorescent dyes were 

kept for 15 minutes in an incubator at 37 °C. Then, the scaffolds were gently washed in phos-

phate buffer, and microscopic examination was carried out using a microscope (Zeiss Axiovert 

A1) with appropriate light filters. Micrographs were taken in different fields of view in three 

repetitions. Image processing was performed by ZEN Pro software (Zeiss). Cell density was cal-

culated with ImageJ software. 

 

3 Results and discussion 

3.1 Characterization of CaCO3 microparticles loaded with DEX 

Figure 2 displays micrographs of CaCO3 microparticles before (a) and after dissolution of cores 

(b) prepared with the LbL procedure. Characterization results confirm the presence of spherical 

CaCO3 microparticles with a uniform size distribution from 2 to 3 μm (Fig. 2a,c). Images reveal 

that the surface of the scaffolds is well-developed and coated with many calcium carbonate mi-

croparticles. Studies also show that despite the difference in size, hybrid particles have similar 

morphologies. Note that after dissolution of the cores, the resulting microparticles become 

asymmetric (Fig. 2b).  

In our case, carbonate cores, removed from the shell by a chelating agent, were also left in the 

assembly [15]. This decision was dictated by several reasons. First, CaCO3 microparticles made 

it possible to fix a larger amount of low molecular weight drug in polymer capsules (reducing 

drug losses during the synthesis of capsules), which was required to provide a therapeutic effect. 

Second, CaCO3 is a supplier of the calcium ions necessary for the formation of new bone. Thus, 

the diameter of the particles with the cores after drying is approximately 2 μm, and the wall 

thickness of the particles with the dissolved core is 360 nm (Fig. 2d). Note that the particle size 

depends on the reagent concentration and stirring rate, and the size decreases with their decrease 

[16, 17]. 
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Figure 2 SEM image of microsphere-loaded DEX prepared by LbL synthesis before (a) and af-

ter dissolution of cores (b); histograms indicating the particle size (c) and wall thickness (d) dis-

tribution. 

Figure 3 presents the DLS measurement results obtained for the microparticles. The layer-by-

layer assembly of PAH/PSS on the CaCO3 cores can be observed from the changes in the zeta 

potential after the deposition of each PE layer. Figure 3 shows the reversal of the surface charge 

with the deposition of PE layers. The bare CaCO3 cores were negatively charged, and their zeta 

potential was -17.6±1.6 mV. The absorbed PAH layer changed the surface electrical charge to 

+10.3±1.1 mV, and the PSS layer reversed it to -17.7±1.6 mV. In addition, the coatings resulted 

in similar changes in the zeta potential. Alternation in the zeta-potential values indicated that the 

layer-by-layer assembly of PEs on the DEX-loaded CaCO3 cores was successful. Similar chang-

es in the zeta potential were observed and previously reported for different PEs producing oppo-

sitely charged layers on the CaCO3 cores [18-21]. 
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Figure 3 Zeta potential of PE microparticles loaded with DEX and coated with PE bilayers, as 

measured by DLS. 

3.2 Loading efficiency and chemical composition 

The loading efficiency clearly depends on the composite particle preparation procedure. Among 

the influencing factors are the ways in which active substances are encapsulated, the number of 

PE bilayers, the size and resulting porosity of the PE microparticles, etc. [22]. In our case, the 

LbL method of particle synthesis allowed loading up to 40 % DEX and 51 % PSS (calibration 

curves are presented in Figure 4a,b). 

Previous reports [19] showed that DEX-loaded PE-coated alginate microspheres were fabricated 

by the droplet generator technique with a DEX encapsulation efficiency of 77 %. Seijo et al. [23] 

reported a DEX entrapment efficiency of 75 % in poly-(isobutylcyanoacrylate) (PIBCA) nano-

spheres prepared by the in situ polymerization procedure. Song et al. [24] reported a drug en-

trapment of 79.6 % in PLGA nanospheres obtained using the emulsification/solvent evaporation 

technique. In addition, Fessi et al. [25] achieved a drug entrapment of 40 % in capsules prepared 

by the nanodispersion of preformed poly(DL-lactide). Panyam J. et al. performed the direct ex-



14 
 

traction of a drug from particles and attempted to determine the drug loading amount in particles; 

however, this method resulted in approximately 20 to 30 % recovery of the encapsulated drug 

[26]. 

In addition, Mandapalli and coworkers [27] investigated factors that may affect the encapsulation 

efficiency of CaCO3 self-assembled LbL microparticles (LbL-MC), such as incubation time, 

solute concentration, pH and ionic strength, using ascorbic acid, imatinib mesylate and 5-

fluorouracil as model molecules. They showed that the encapsulation efficiency of LbL-MC in-

creased linearly with increasing solute concentration. The change in pH from 2 to 6 increased the 

encapsulation efficiency of the charged molecules in LbL-MC [27]. It was also shown that hy-

brid cyclodextrin-calcium carbonate porous microparticles loaded with coumarin and Nile red 

are more efficient for loading hydrophobic dyes than bare CaCO3 microparticles [20]. IR spectra 

of the hollow and DEX-loaded microparticles coated with PE bilayers particles tested in the pre-

sent research are shown in Figure 4c. 
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Figure 4 The absorbance spectra of the control CaCO3 microparticles (a) and DEX-filled micro-

particles (b) recorded near the characteristic wavelength at different concentrations and their IR 

spectra (c). 

The corresponding spectra of microparticles loaded with DEX show the characteristic absorption 

bands at 3424 cm-1, 2929 cm-1 and 1084 cm-1 corresponding to the hydroxyl groups (-OH), CH2 

and C-O stretching vibrations, respectively. Additionally, the absorption band at 1399 cm−1 as-

cribed to the C-F stretching vibration of DEX [28] is also clearly observed (Fig. 4c). The stretch-

ing band of phosphate anions (P-O) appears at 1041  cm−1 for the tested DEX-loaded microparti-

cles, indicating successful intercalation of dexamethasone phosphate [29]. The characteristic C-

O stretching band of vaterite can be observed at 745 cm-1 [30]. The presence of the calcite phase 

is confirmed by the characteristic bands at 876 and 713 cm-1, which correspond to out-of-plane 

bending vibrations and doubly degenerate planar bending vibrations, respectively [31-33]. Char-

acteristic carbon-nitrogen bond spectral features are observed at 800–920 cm−1, signifying the 

presence of PAHs [34]. The features at 1030 and 1180 cm−1 are characteristic of the O–S–O and 

S=O bonds [35], confirming the presence of PSS. Additionally, two peaks corresponding to SO3− 

stretching vibrations can be discerned at 1124 and 1160 cm−1 [36, 37]. These observations con-

firm the successful deposition of PSS and PAH on the CaCO3 core. 
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3.3 Morphology and roughness after surface modification 

There are multiple reports on the surface modification of Ti6Al4V samples by various coatings, 

including nanotubes and micro- and nanoparticles [38, 39]. In this study, we developed a new 

method of scaffold functionalization based on the deposition of PE-coated microparticles with a 

CaCO3 core loaded with DEX targeting simultaneous supports for osseointegration and pro-

longed controlled drug delivery. The (PAH/PSS)3 microspheres were synthesized through a 

self‐assembly process, and the dip-coating method was used to prepare hybrid Ti6Al4V scaffolds 

with surface coatings by using CaCO3 microparticles loaded with DEX and coated with PEs. 

The details on the procedure to prepare the EBM samples and macroscopic images of the sur-

face topography of the samples can be found elsewhere [40]. The surface topography of the me-

tallic scaffolds is highly dependent on the precursor powder size and size distribution, which is 

reported elsewhere [41, 42]. 

The SEM images (Fig. 5a-b, d-e, g-h) showed that the particles prepared with different DEX 

aliquot volumes of 40, 200 and 400 µl per 2 ml of suspension were successfully immobilized on 

the surface of Ti6Al4V scaffolds. In the case of the smallest concentrations of particles, they 

were deposited primarily in the valleys of the scaffold surfaces (Fig. 5a,b). 
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Figure 5 Scanning electron images of the Ti6Al4V scaffolds functionalized with microparticles 

loaded with DEX in different regimes with aliquot of 40 (a, b), 200 (d, e) and 400 (g, h) µL ali-

quots and the corresponding content of chemical elements in at.% obtained via EDS (c, f, i). 

According to the calculations, for the scaffolds immersed in the suspension containing a 400 µl 

aliquot of synthesized microspheres per 2 ml of suspension, the corresponding average surface 

density of the microparticles was 0.05 mg·cm-2 or 7.1 · 106 particles per cm2. Note that the num-

ber of microparticles on the surface will proportionally increase with an increase in the concen-

tration of the suspension used. Thus, the number of particles per cm2 deposited in suspension 

with 40 and 200 µl aliquots of DEX per 2 ml was 3.6 · 106 and 0.9 · 106, respectively. 
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Similar studies on drug loading were conducted by Timin et al. [15]. In their case, PCL, PHB and 

PHB-PANi polymer scaffolds were modified by degradable hybrid silica microparticles loaded 

with DEX used as a low-molecular weight osteoinductive factor. The DEX content in the scaf-

folds was calculated to be 0.07 mg·cm-2. Note that in the case of polymer scaffolds, their surface 

areas are quite large due to the fibrous structure, which facilitates the deposition of many micro-

particles. It is shown in this work that depending on the type of polymer, the surface morphology 

changes after modification. Karpov et al. tested the deposition of particles loaded with growth 

factors on polymer scaffolds [43]. 

Note that microparticles are mainly concentrated in the valleys of the scaffold surface (Fig. 

5a,d,g), which can be explained by adhesive interactions and rheology. Interparticle adhesion is 

caused by intermolecular forces, including van der Waals forces, local chemical bonds, electro-

static charges, and bridging forces, namely, surface liquid capillary attractions. These forces are 

strongly affected by surface properties, such as texture, surface chemistry, adsorption layers, and 

contact area. For larger particles, their gravity and inertia in near-surface flow are generally 

greater than the interparticle adhesion force; hence, they normally flow easily. For fine particles 

(less than ∼10 μm), the interparticle adhesion force is appreciable relative to gravity [44]. The 

distribution of the microparticles loaded with DEX on the titanium alloy scaffold is illustrated in 

Figure 6. Microparticles are mainly concentrated in the valleys and surface crevices. The powder 

grains that partially fused into the sample surface are almost uncoated when a low concentration 

of microparticles is used (Fig. 5a,b). With increasing microparticle concentration, coating the 

partially fused powder grains becomes increasingly more effective (Fig. 5d, e and g, h). 

Figure 5c, f, i demonstrates the atomic percentages of the chemical elements of the modified 

scaffolds, as measured by EDS. Calcium, oxygen and carbon were the main elements detected in 

the coating, which confirmed the successful immobilization of microparticles on the surface of 

the scaffolds. 
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Figure 6 The principle of the arrangement of microparticles loaded with DEX on the surface of 

additively manufactured Ti6Al4V scaffolds. 

Note that the surface charge is an important parameter that affects microparticle deposition over 

the surface. Table 1 illustrates this effect for different substrates and functionalizing agents. 

Table 1 – Chemical characteristics of surfaces and polymers [45]. 

Surface Charge Hydrophilicity 

Ti Negative Medium 

Ti6Al4V Negative Medium 

Ti6Al4V (AM) Negative Low 

TiO2 Negative Medium-high 

PSS Negative, from sulfonates Medium-high 

PAH Positive Low 

 

Ti and Ti6Al4V show similar hydrophilicity, and their charges are also very similar [46, 47]. The 

surface charge of the titanium oxide layer is believed to be a significant factor contributing to 

determining cellular interactions. Upon contact with water, titanium oxide forms hydroxide 

groups on its surface, and owing to the amphoteric nature of titanium oxide, these groups can 

either become positively or negatively charged depending on the pH of the surrounding fluid. 

Thus, the passive oxide layer is negatively charged at physiological pH [48]. In our case, the 

medium was alkaline. In NaOH, this passive film dissolves, and an amorphous layer containing 
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positively charged alkali ions is formed on the surface [49]. Thus, the forces arising from the 

deposition of a negatively charged outer layer of microparticles with a PSS outer layer and a 

positively charged oxide layer can contribute to the adhesion of microparticles on the surface of 

the scaffolds. 

Numerous theories explaining the influence of the thickness, structure, chemical composition 

and topography of the titanium oxide surface layer on its hemocompatibility have been proposed. 

The passive oxide film behavior on Ti alloys plays a crucial role in their suitability as implant 

materials. In addition, as reported elsewhere [48], Ti6Al4V without any additional chemical sur-

face treatment is negatively charged at physiological pH. Native surface oxide overlayer for-

mation and charging have been reported for e-beam additive manufactured nickel and titanium 

alloys [50]. Cordero et al. noted that the overlayer and native oxide that forms on bulk Ti6Al4V 

under ambient conditions have similar compositions, and the alloy particle overlayer is signifi-

cantly thicker. In light of the results obtained and those of other studies on the surface chemistry 

of atomized powders, it appears that atomized powders have a thick oxide scale, which can elec-

trically insulate the particles and cause their charging during e-beam additive manufacturing 

[50]. 

As shown by Tong et al. [51] the charge of the surfaces, particularly polymer ones, has a signifi-

cant effect on the control of the permeability of the microparticles. Thus, as a shell, negatively 

charged poly(sodium-4-styrene sulfonate) (PSS) is electrostatically bonded to the positively 

charged poly(allylamine hydrochloride) (PAH) chains via Coulomb interactions [52]. 

Figure 7 illustrates how surface functionalization by microparticles loaded with DEX changes 

the average surface roughness, Ra, peak-to-valley roughness, Rz and maximum roughness, Rmax. 

Average Ra values of 23±2 µm, 20±1 µm, and 19±1 µm were found for the 40, 200, and 400 µl 

aliquots per 2 ml of particle suspension, respectively. 
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Figure 7 Roughness measurements of the Ti6Al4V scaffolds functionalized via microparticles 

loaded with DEX and coated with PE bilayers with 40, 200 and 400 µl aliquots per 2 ml. 

Thus, Ra insignificantly decreases with increasing microparticle concentration. This can be ex-

plained by the fact that the microspheres located in the valleys of the scaffold fill the space be-

tween the melted titanium alloy particles and only slightly contribute to smoothing the surface, 

while the Ra value is still defined by larger features, including partially fused powder grains (Fig. 

6). The maximum surface roughness value of Ra = 25±2 µm was obtained for the control scaf-

folds without functionalization. The Rz parameter reflects the local height fluctuations in a given 

area. Scaffolds treated with 40 µl aliquots of microparticles per 2 ml had Rz and Rmax values of 

118±12 µm and 132±3 µm, respectively, those treated with 200 µl aliquots per 2 ml had values 

of 109±5 µm and 127±4 µm, respectively, and those treated with 400 µl aliquots per 2 ml had 

values of 100±7 µm and 118±2 µm, respectively. This shows that the 400 µl sample has a 

smoother surface than scaffolds with a lower concentration of particles on their surfaces. 

As noted in the literature, surface roughness influences van der Waals and capillary forces by 

affecting the contact area and capillary condensation between a particle and a surface [53]. As 

noted elsewhere [54], simulations indicate that both the capillary force and the van der Waals 

force (absolute value) increase as the particle size increases. When the particles are separated 
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from each other, the capillary and van der Waals forces gradually decrease with decreasing parti-

cle concentration. Thus, it can be concluded that the stronger the adhesive properties of the sur-

face are, the higher the concentration of microparticles on this surface. 

 

3.4 Wettability and surface free energy 

A detailed study of the scaffold surface wettability was performed using the contact angle sessile 

drop method. The contact angle changes over 30 minutes for the scaffolds before and after depo-

sition of the microparticles (Figure 8a). Note that the water contact angle revealed significant 

effect of surface modification of the scaffolds with microparticles. 

  

Figure 8 The results of the contact angle (a) and surface free energy (b) measurements of the 

Ti6Al4V scaffolds functionalized by 40, 200, and 400 µl aliquots of microparticles loaded with 

DEX per 2 ml. 

The results showed a gradual decrease in the CA value over time during the first minutes of the 

experiment from the moment the water droplet was seeded on the surface. The droplet deposited 

on the functionalized surface of the Ti6Al4V scaffolds spread over the surface in 5, 7 and 10 

minutes, showing CA values of less than 5° for the samples treated with 40, 200, and 400 µl ali-

quots of microparticles per 2 ml, respectively, which indicates the hydrophilicity of the surface. 

The control scaffold revealed the roughest surface and the most hydrophobic behavior, with a 

wetting angle of 112±3° in the first minutes and a spreading time of 30 minutes. This behavior 
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can be explained by the appearance of a passive oxide layer on the Ti6Al4V scaffold surface, 

which is known to be more hydrophilic due to the single bonded OH and single bonded O2− 

groups formed on the outermost layer [55]. 

Wettability measurements showed a decrease in the contact angle with the increase in the con-

centration of PE-coated microparticles loaded with DEX. In our analysis, surface wettability, the 

influence of the substrate and the surface PE layers PAH/PSS were considered based on the stud-

ies by Kolasińska M [56]. It can be concluded that for the surface coatings using microparticles 

with six or more PE layers (i.e., from three PAH/PSS bilayers), wetting seems to become inde-

pendent of the substrate, although the microparticles are not coated on the surface by the uniform 

layer without gaps. According to references based on surface modification, the PSS synthetic 

polymer has a moderate hydrophilicity [57], whereas negatively charged PAH demonstrates a 

higher contact angle [58]. However, Elzbieciak M and coauthors noted that multilayers with pol-

ycations as the top layer are more hydrophobic than those terminated with polyanions. This ef-

fect is most likely caused by the fact that the surface of water is negatively charged on the side of 

the bulk aqueous phase [59]. In further, the effect of the hydrophobicity of PAH is confirmed in 

studies by Wong et al. [60]. In addition, similar contact angles were observed for coatings pre-

pared using a binary layer of PAH/PSS under similar conditions [59]. 

Few investigators have related the influence of surface roughness on its wetting behavior. It was 

noted that the hydrophobicity of a surface with a water contact angle of more than 90° may be a 

result of significant underlying roughness [61]. Additionally, a very rough surface facilitates the 

formation of air pockets, changing some of the interfaces from liquid-solid to liquid-gas, impact-

ing the intermolecular interactions and increasing the contact angle. 

Additionally, the authors of the study [62] noted that the contact angle decreases with an increas-

ing number of PE layers on the sample. Figure 8b shows the variation in the dispersive, polar and 

total surface free energy (SFE) of the as-manufactured and modified surfaces of scaffolds. The 

presented results show a slight decrease in energy with increasing particle concentration. 
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The highest SFE of the analyzed samples was obtained for non-modified scaffolds (52.32 ± 6.23 

mN/m). In general, an insignificant decrease in SFE is observed with an increase in the concen-

tration of microparticles on the Ti6Al4V scaffolds. However, for the samples prepared with 400 

µl aliquot, values that did not correspond to the general trend (46.11±2.44 mN/m) were obtained. 

Note that the polar component of the surface free energy is the lowest for the control sample and 

scaffold prepared with 40 μl of microparticles. The authors of [63] noted the influence of the 

polar component of the surface free energy on fibroblast adhesion, which represents the interac-

tion energy of the surface with water. It has been revealed that cellular adhesion is maximal 

when the fractional polarity, FP (γp/(γp+γd)), where γp and γd are polar and dispersive compo-

nents, respectively, is equal to 0.3. When an FP parameter was calculated using the Owens 

Wendt approach, the value of 0.21 for control samples, 0.13 for scaffolds prepared with 40 μl 

aliquots of DEX, and 0.40 and 0.67 for scaffolds prepared with 200 and 400 μl aliquot of DEX 

were obtained, respectively. Thus, the region with a fractional polarity of 0.21 might be expected 

to have the most appropriate fibroblast compatibility. Thus, it can be concluded that a low polar 

component (or a low fractional polarity) is a major parameter contributing to good fibroblast 

proliferation. 

One can conclude that there is no clear relationship between the surface roughness parameters 

Ra, Rq, and Rt and the total apparent surface free energy. Nevertheless, generally, the polar inter-

actions increase with decreasing surface roughness values, while the non-polar dispersion inter-

actions do not depend on the topography and small changes in the chemistry of the surface 

caused by the deposition of particles. A similar behavior was found for Ti and its two different 

alloys reported elsewhere [64]. 

 

3.5 The study of the release of DEX 

As noted above, the formation of PE shells is based on electrostatic interactions between oppo-

sitely charged functional groups of PEs. The conformation and charge of the functional groups 
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(ionization) of weak PEs depend on the acidity of the medium (pH). However, the charged 

groups of strong PEs mainly remain unchanged with changing pH. The combination of strong 

and weak PEs allows control over the permeability of the capsule shell. This property of micro-

capsules has found applications in the encapsulation and release of substances [22]. The combi-

nation of a weak cation (PAH) and a strong anion (PSS) makes it possible to create a permeable 

capsule shell [22, 65]. 

SEM results (Fig. 9) indicate that, after the "release" of DEX, the microparticles remain well 

fixed on the scaffold surface, even 7 days after the beginning of the experiments. This is ex-

plained by several factors, such as high surface roughness Ra (19 ± 1 µm), very high wettability 

(54.67 ± 4.17°), and strong electrostatic interactions between the positively charged Ti6Al4V 

scaffold surface and the negatively charged particle surfaces represented by the PSS anionite 

layer (-17.7 ± 1.58 mV). 
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Figure 9 SEM images of the Ti6Al4V scaffolds functionalized with 400 µl aliquots of micropar-

ticles loaded with DEX 1 day (a-c), 3 days (d-f) and 7 days (g-h) after the microcapsules were 

dissolved. 

Note that the PE microparticle shells became friable and highly permeable after the first day of 

the experiment (Fig. 9c), which was not observed in the SEM images of freshly prepared scaf-

folds (Fig. 2a), and this picture persisted for 3 (Fig. 9d-f) and 7 days (Fig. 9g-i). This is because 

PAH/PSS shells are able to gradually dissolve in an aqueous medium and can also respond to 

changes in their ionic composition. Due to the good adhesion of the microparticles on the scaf-

fold surface and the high permeability of the PE shell, the calcium ions of the carbonate core will 

be able to actively participate in the osteogenesis process [66]. 
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The rate of release of drugs from capsules depends significantly on the number of PAH/PSS bi-

layers that make up the capsule shell. The use of a small shell of three bilayers ensures the quick 

release and delivery of drugs to the tissues around the implanted scaffold, which will reduce or 

even prevent the inflammatory response of the recipient's body that occurs in the first hours of 

the postoperative period. The HPLC analysis data show that drug release from the scaffold sur-

face occurs primarily on the first day (79.6 %). Furthermore, the drug concentration in the solu-

tion gradually decreased, and after 7 days, the drug content decreased by half, possibly due to 

hydrolysis processes (87.4 %). 
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Figure 10 Release profile of DEX from the PEs coated CaCO3 microparticles deposited on 

Ti6Al4V scaffolds. 

Thus, microparticles manufactured using a specified procedure demonstrate a two-stage DEX 

release pattern, with an intense burst occurring in the first two days followed by sustained release 

until 7 days (Fig. 10). A similar release behavior was also observed by Qi et al. [67]. 

 

3.6 Cell morphology, adhesion and spreading 
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The surface topography plays an important role in cell adhesion and proliferation. Moreover, 

some reports have shown that cells can sense their microenvironment and respond by adjusting 

the organization of their cytoskeleton and the formation of focal adhesion points that bind the 

cell to the surface. Herein, the fibroblast adhesion behavior after 24 hours was investigated using 

scaffolds coated with microparticles prepared with different DEX concentrations and uncoated 

scaffolds as a control. The general shape and growth pattern of 3T3-L1 cells on the Ti6Al4V 

scaffolds modified by microparticles with different concentrations and those without DEX are 

demonstrated in Figure 11. The cells were found to be efficiently attached to the coated and un-

coated scaffold surfaces. 

 

Figure 11 SEM images of fibroblast-attached Ti6Al4V scaffolds: unmodified surface (a) and 

scaffold functionalized via microspheres loaded with DEX and coated with PE bilayers at differ-

ent concentrations (b-d). 
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As shown in micrographs (Fig. 11), cells grew and attached normally on scaffolds without sur-

face modification. It should be noted that cells also grew normally on the surface of functional-

ized scaffolds; however, in the latter case they were spread over the larger surface area and re-

vealed more elongated spindle-shaped form. According to Figure 11 (b-d) some microparticles 

are incorporated into the cells, so it can be assumed that the cells move along the surface and 

capture the particles. Normal cell proliferation is confirmed by the results of fluorescence mi-

croscopy (Fig. 12). 

 

Figure 12 Fluorescent images of fibroblasts on Ti6Al4V scaffolds: unmodified surface (a) and 

functionalized scaffold via microspheres loaded with DEX and coated with PE bilayers with dif-

ferent concentrations (b-d). 

As shown in Figure 12 (b,d), the cells can be dispersed in the surface valleys, and the cells are in 

contact with the rough scaffold, indicating that the Ti6Al4V scaffolds printed by the EBM pro-
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cess stimulate cell growth. The fact that topography of the scaffolds should be considered as a 

factor affecting the interactions between implants and tissues is also reported elsewhere [68].  

Figure 13 presents the surface density (per mm2) of the fibroblasts attached to the scaffolds cal-

culated from fluorescence images. Calculations demonstrated that surface modification did not 

have a significant effect on fibroblasts after 24 hours compared with unmodified Ti6Al4V scaf-

folds. Thus, it can be concluded that DEX has no toxic effect. 

It is widely accepted that cells react not only to the surface topography but also to the surface 

chemistry. However, there is a lack of data on how these factors act together in the generation of 

biological responses. This is mainly because it is quite difficult to separately change the surface 

roughness and composition. Some studies have been published on the relative influence of sur-

face chemistry and surface topography on cell behavior. Hallab et al. [75] demonstrated that the 

surface free energy was more important than surface roughness for cellular adhesion and prolif-

eration. The authors also applied gold–palladium coatings to metallic substrates with different 

roughnesses to demonstrate that short-term adhesion and proliferation were more dependent on 

surface composition, whereas long-term adhesion was more dependent on surface roughness [27, 

44, 76–78]. 
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Figure 13 Cell density on the surface of the functionalized scaffold via microspheres loaded 

with DEX and coated with PE bilayers. 

Based on the data calculated for the surface free energy, we can conclude that the data correlate 

with cell spreading. Our results indicate increasing relative cell growth with increasing surface 

free energy, which is similar to the results obtained elsewhere [69]. The relationship between cell 

spreading and surface free energy can be explained taking into account an interfacial free energy 

balance, predicting that cell spreading will be pronounced if the following condition is met such 

as: 

∆𝐹𝐹𝑎𝑎𝑎𝑎ℎ ≈ 𝛾𝛾𝑐𝑐𝑐𝑐 − 𝛾𝛾𝑐𝑐𝑙𝑙−𝛾𝛾𝑐𝑐𝑙𝑙 < 0      (1) 

and cell spreading will be low if the following condition is met such as: 

     ∆𝐹𝐹𝑎𝑎𝑎𝑎ℎ> 0                 (2) 

where ∆𝐹𝐹𝑎𝑎𝑎𝑎ℎ is the interfacial free energy of adhesion, 𝛾𝛾𝑐𝑐𝑐𝑐 is the cell-solid interfacial free energy, 

𝛾𝛾𝑐𝑐𝑙𝑙 is the cell-liquid interfacial free energy, and 𝛾𝛾𝑐𝑐𝑙𝑙 is the solid-liquid interfacial free energy. 

∆𝐹𝐹𝑎𝑎𝑎𝑎ℎ can be calculated from the dispersion (𝛾𝛾𝑎𝑎) and polar (𝛾𝛾𝑝𝑝) components of the surface free 

energy of the solid 𝛾𝛾𝑐𝑐, cell 𝛾𝛾𝑐𝑐 and the liquid 𝛾𝛾𝑙𝑙 (tissue culture medium) as described by Busscher 

et al. [70]. 

The effect of DEX on cell growth should be noted. It is possible that the decrease in cell growth 

activity is also associated with the inhibitory effect of this drug. It has been reported that gluco-

corticoids, including DEX, are important regulators of cell proliferation, and fibroblasts are one 

of the main targets of steroid action. Numerous studies aimed at investigating the effect of DEX 

have shown its inhibitory behavior on cell growth. 

For example, the authors of the study [71] investigated the role of DEX in inhibiting inflamma-

tion and cartilage damage in a model of posttraumatic osteoarthritis. It was shown that DEX sig-

nificantly decreases the concentration of basic fibroblast growth factor. The results obtained by 

Sun R. et al [72] have also shown that DEX can significantly inhibit human Tenon's capsule fi-
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broblast growth in a cell culture model from days 1 to 7. The inhibitory effect was not observed 

when the cultures were switched after 24 hours to drug-free culture medium. 

Liu L. et al [73] investigated the effect of DEX on resident naive cells. They used genome mi-

croarray and microRNA (miR) analyses to evaluate the global gene and miR expression of hu-

man corneal fibroblasts in response to treatment with DEX. The authors noted that some of the 

cell genes were downregulated more than threefold after DEX treatment. In addition, the expres-

sion of several miRs, including miR-100, was downregulated, whereas miR-16, miR-21, and 

miR-29C in fibroblasts were upregulated by DEX. All these results reflect the diverse and poten-

tially tissue-specific nature of DEX action. 

Different (stimulatory and inhibitory) DEX influences on cell growth were also reported for dif-

ferent cell types. It has also been suggested that the extent and direction of a given response to 

DEX can vary within the same cell type, depending on the metabolic state of the cells [74]. It has 

also been demonstrated that DEX inhibits the proliferation of mouse fibroblasts in vitro and rat 

fibroblasts in sparse cultures independent of cell density [75]. The main mechanism of glucocor-

ticoid action is predominantly mediated through the glucocorticoid receptor (GR), which is ex-

pressed both in vivo and in vitro. However, the real mechanism of action is quite complex, since 

it was established that glucocorticoids act not through a single GR but through a diverse collec-

tion of receptor isoforms [76]. In the context of the obtained results, it should be considered that 

glucocorticoids in general and DEX in particular are systemic drugs. At the same time, the influ-

ence of glucocorticoids in certain conditions may not be well pronounced in cell cultures, or their 

impact will be weak. These hormones have the ability to suppress most inflammatory parame-

ters, which makes glucocorticoids extremely effective anti-inflammatory drugs [77]. Therefore, 

the effects of glucocorticoids are largely manifested at the microorganism level, causing a cas-

cade of reactions that cannot be simulated in vitro. First, the effects of glucocorticoids are real-

ized in cooperation with the hypothalamic-pituitary system of the brain and the regulation of 

inflammatory processes by the humoral link of the immune system and effector immunocompe-
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tent cells. The impact and regulation of immune processes is an important challenge that must be 

considered when creating biomaterials [78]. The complex, multicomponent signals of the endo-

crine system acting through cell receptors or neuroendocrine pathways can influence regenera-

tion by modulating the immune response to injury or by enhancing or suppressing proliferation 

and differentiation pathways in target tissues [79]. Maladjustment of regulation leads to numer-

ous undesirable effects of glucocorticoids [80]. It is also important to note that at present, the 

adaptive and regulatory role of the cellular microenvironment is undoubted [81]. As applied to a 

macroorganism, this can have an important effect on the biocompatibility of artificial materials 

and the adaptation of connective tissue to them. In this context, the role of DEX may be key in 

this process, allowing for a reduction in local inflammation and having a positive effect on tissue 

regeneration in vivo. 

The spatial and mechanical properties of microparticles can also affect cell behavior. For exam-

ple, Evans found [82] that hydroxyapatite particles with a mean size of approximately 250 µm 

had no effect on cell growth. Particles with a mean size of 6-7 µm caused a reduction in the cell 

numbers to approximately one-third, and particles with a mean size of approximately 3.5 µm 

caused a reduction in cell numbers to approximately one-sixth at four days. This finding extends 

the earlier observations of Rae [83] that particulate metals may damage macrophages and fibro-

blasts in culture and may be hemolytic to red blood cells. Another experiment was carried out 

with three fractions of biphasic calcium phosphate microparticles, <20, 40–80 and 80–200 μm, 

after crushing [84]. The number of macrophages was relatively higher for the smallest than for 

the intermediate and largest fractions (p< 0.0001). The relative percentage of giant cells was 

higher for the intermediate and largest sizes of particles than for the smallest. Therefore, biphasic 

calcium phosphate microparticles with sizes <20 μm initiated an inflammatory response that 

might play an important role in osteogenesis. Lu et al [85] studied the influence of microparticle 

concentrations using hydroxyapatite, β-tricalcium phosphate and a 40% β-tricalcium phos-

phate/60% hydroxyapatite mixture in vitro. A decrease in cell viability was observed with the 
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increase in particle concentration. At 10 000 particles per cell, there were no viable cells, and 

their proliferation was completely inhibited. 

Analysis of the literature has shown that the polymer layers that cover the particles also affect 

cell proliferation. At titanium surfaces covered with PAH/PSS composite films, cells showed fast 

proliferation and a large spreading area and formed numerous and well organized adhesion 

points. This indicated the great affinity of fibroblasts for the LbL-assembled nanocomposites 

[86]. 

The authors of the study [87] noted that for PSS/PAH films, PAH-terminated films result in bet-

ter cell proliferation than PSS-terminated films. On the other hand, the PSS-terminated films, 

which were previously found to be biocompatible with PDL fibroblast cells [88], do not cause 

enhanced proliferation. 

There are different opinions on the effect of surface roughness on cell behavior. According to the 

results reported elsewhere on the effects of surface roughness, fibroblasts reveal a more uniform 

distribution on compact scaffolds than on porous scaffolds [68]. Kunzler et al. [89] showed that 

fibroblasts exhibited a higher initial attachment on a rougher sample surface, proliferation 

slowed down rapidly after 4 days, and the number of cells on the smooth surface exceeded that 

on the rougher sample surface after 8 days. Thus, in addition to the surface roughness, there are 

another factors affecting proliferation of cells on the surface such as chemistry, wetting behavior 

etc. 

 

Conclusion 

We functionalized additively manufactured Ti6Al4V scaffolds using CaCO3 microparticles load-

ed with DEX at three different concentrations and coated with the PE bilayers PAH/PSS. With 

the proposed method of synthesis, the microparticles are spherical with a rather narrow size dis-

tribution between 0.5 and 2.5 µm. Such a synthesis also allows for the increased loading of mi-

croparticles with the drug. As confirmed by UV spectroscopy, the DEX concentration in the mi-
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croparticles reached 40 %. Drug loading can be further increased by increasing the number of 

polymer layers. The DEX-loaded particles showed a two-stage drug release profile: burst release 

at early hours followed by a sustained release period that lasted up to 7 days. IR analysis re-

vealed the presence of bonds typical for DEX, CaCO3 and the polymers involved in the synthesis 

of the microparticles. After deposition, the microparticles show a well-defined distribution on the 

surface after deposition. With increasing microparticle surface density, the average roughness 

decreases. In addition, functionalization of the titanium alloy scaffolds promoted the change 

from hydrophobic surface to hydrophilic one with a water contact angle below 5°. A higher 

number of cells on the Ti6Al4V scaffolds without modification reveal a spherical shape, while 

cells seeded on the functionalized scaffolds were better spread and reveal spindle-shaped cell 

morphology. In further, in vitro results revealed that scaffolds modified with CaCO3 microparti-

cles loaded with DEX have no toxic effect and can be used for further in vivo tests as anti-

inflammatory drugs. 
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