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Abstract 

Porous poly(ε-caprolactone)-hydroxyapatite/cellulose acetate (PCL-HAP/CA) core-shell 

fibrous scaffolds were fabricated by cryo-coaxial electrospinning and post treated by 

controlled alkaline hydrolysis to modify their surface chemistry and wettability. This 

treatment induced partial hydrolysis of the PCL ester bonds and deacetylation of CA, 

thereby increasing the number of hydroxyl and carboxyl groups on the scaffold surface. 

These changes were evaluated by Fourier transform infrared spectroscopy and Toluidine 

Blue O assay. The scaffold morphology and core-shell structure were analysed using 

scanning and transmission electron microscopy, whereas the thermal, structural, and 

mechanical changes were assessed using thermogravimetric analysis, differential scanning 

calorimetry, X-ray diffraction, and tensile testing. Alkaline hydrolysis markedly improved 

scaffold hydrophilicity, decreasing the water contact angle from 94.7 ± 2.8° to 16.5 ± 5.1° 

after 25 min of treatment, and increased phosphate buffered saline uptake. The fibrous 

structure was preserved after shorter treatment times, whereas prolonged treatment induced 

local fibre damage. After loading with transforming growth factor β3, the alkaline 

hydrolysis treated scaffolds showed a lower day-1 burst release than the untreated scaffolds 

(30.7% and 39.4%, respectively) and maintained gradual release over 7 days. These results 

show that alkaline hydrolysis can be used as a post treatment method to increase the 

surface functionality and hydrophilicity of cryo-coaxially electrospun PCL-HAP/CA core-

shell scaffolds and to reduce the initial burst release of TGF-β3. 

Keywords: alkaline hydrolysis treatment, controlled TGF-β3 release, enhanced surface 

properties, fibrous scaffolds.  



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 3  
 

1. Introduction 

 

Treating cartilage defects remains a major challenge in modern orthopedics  [1,2]. Cartilage 

protects joints against friction and enables movement, however, the regenerative capacity of 

damaged articular cartilage is limited, and untreated defects eventually lead to osteoarthritis  

[3,4]. Metal and plastic prostheses are currently used for bone and cartilage replacement, 

however, friction and wear can cause implant degradation and inflammation of adjacent 

tissues [5,6]. Therefore, cartilage regeneration implants and scaffolds are increasingly being 

explored as alternative strategies [7]. Tissue implants or scaffolds composed of different 

materials and structures can be adapted to promote the regeneration of defective natural 

tissues [8]. To achieve this, the scaffold must possess biocompatibility, biodegradability, and 

sufficient hydrophilicity, which are important for nutrient diffusion, cell attachment, and cell 

migration throughout the scaffold volume [9,10]. Natural additives, such as cellulose (CEL) 

and hydroxyapatite (HAP), have been widely used to improve scaffold performance and 

bioactivity [11,12]. 

Electrospinning is one of the most widely used methods for the fabrication of fibrous 

scaffolds because it enables the production of fibres with high surface area and extracellular 

matrix like (ECM) morphology [13]. Recent developments show that electrospinning has 

advanced from conventional single fluid systems to coaxial and other multi chamber 

configurations, allowing better control of fibre architecture, compartmentalisation of active 

compounds, and release behaviour [14–16]. The morphology and internal structure of 

electrospun fibres are strongly influenced by the solution and process parameters, including 

viscosity, flow rate, applied voltage, and collection distance [17]. In addition, most 

electrospinning studies are performed under conventional collection conditions, whereas cryo-

electrospinning enables fibre collection in the presence of ice crystals, which can increase 

scaffold pore size and improve the openness of the fibrous network [17,18]. Coaxial 
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electrospinning is particularly useful for producing layered fibres because the shell can 

determine the initial interaction with the surrounding medium, whereas the core can provide 

structural support and serve as a reservoir for active compounds  [15,19]. Recent reviews and 

research studies on core-shell and multi chamber electrospinning confirm that these 

architectures can be used to regulate loading location, protect sensitive compounds, and 

modify release profiles [15,16]. However, fewer studies have addressed fibrous systems in 

which the shell layer is not only a barrier but also a chemically transformable compartment 

that can be converted after scaffold fabrication. 

Poly(ε-caprolactone) (PCL), one of the most commonly used polymeric materials, is 

characterised by good processability, biodegradability, and mechanical stability, however, its 

low hydrophilicity and limited density of accessible functional groups restrict further 

biofunctionalisation and growth factor interactions [20]. Various chemical modifications have 

been used to increase the surface reactivity of PCL based scaffolds, including ozonation, 

alkaline hydrolysis, and grafting reactions  [21,22]. Recent studies have further shown that 

surface functionalization of PCL scaffolds with peptide containing or bioactive coatings can 

improve wettability and cell interactions, while also emphasizing the need for controlled and 

well characterized modification procedures [23–25]. 

In this study, cryo-coaxial electrospinning was used to fabricate a fibrous scaffold with an 

enhanced pore size, comprising a PCL-HAP core and a cellulose acetate (CA) shell. This 

design was selected to combine the structural role of the PCL-HAP core with a shell layer that 

could be modified after fabrication. The selected alkaline hydrolysis treatment was expected 

to produce a dual effect by partially hydrolysing the PCL surface and simultaneously 

deacetylating CA to CEL, thereby increasing the concentration of hydroxyl and carboxyl 

groups and improving the hydrophilicity of the scaffold surface [26,27]. As transforming 

growth factor-beta 3 (TGF-β3) plays an important role in cartilage regeneration and 
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chondrogenic differentiation, it was selected as a growth factor for scaffold loading and 

release evaluation [28]. 

The effect of alkaline hydrolysis on cryo-coaxial PCL-HAP/CA core-shell scaffolds is still 

not well defined. Most published studies address either PCL modification or CA conversion 

alone, whereas the coupled effect of PCL hydrolysis and CA deacetylation within a single 

fibrous scaffold has received less attention. It also remains unclear how treatment time affects 

the surface chemistry, wettability, morphology, and growth factor release in the same system. 

Therefore, it was hypothesised that the controlled alkaline hydrolysis of cryo-coaxially 

electrospun PCL-HAP/CA core-shell scaffolds would increase the number of surface 

hydroxyl and carboxyl groups, improve wettability and PBS uptake, and reduce the initial 

TGF-β3 burst release without fully disrupting the fibrous architecture. Based on this 

hypothesis, the present study evaluated the effect of alkaline hydrolysis time on scaffold 

morphology, physicochemical properties, and in vitro TGF-β3 release. 

2. Methods 

2.1 Materials 

Poly[]caprolactone (PCL, IUPAC name: (1,7)-Polyoxepan-2-one, CAS: 24980-41-4, Mn ~ 

80 kDa, Cat. No: 440744), cellulose acetate (CA, 39.7% acetyl content, Mn~50 kDa, CAS: 

9004-35-7), hydroxyapatite (HAP, <15µm particle size, CAS: 1306-06-5), Toluidine Blue O 

(TBO, Mw: 305.83 g/mol, CAS: 92-31-9), Dulbecco’s Phosphate Buffered Saline (PBS 

RNBH1585), sodium dodecyl sulfate (SDS, ≥98.5%, CAS: 151-21-3), aluminum foil (Lot 

No. 515981) and TGF-β3 ELISA kit (Cat. No.: DY243, R&D Systems, Bio-techne Brand, 

USA) were purchased from Sigma-Aldrich Corp. (USA). Sodium hydroxide (NaOH, CAS N 

1310-73-2) was purchased from Eurochemicals (Spa, Italy). Ethanol (96.3%, food origin) was 

purchased from Stumbras (Lithuania). Growth factors (Human TGF-β3 Recombinant Protein, 
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Cat. No: RP-8600, Invitrogen, USA) was obtained in a freeze-dried form and used without 

further purification. 

2.2 The conceptual design of the enhanced pore size core-shell fibrous scaffolds 

A fibrous scaffold with a PCL-HAP core and a CA shell was designed using cryo-coaxial 

electrospinning to obtain an interconnected structure with an enhanced interfibrous pore size. 

After fabrication, the scaffolds were treated with 0.25 M NaOH to modify the outer fibre 

surface. Under these conditions, partial hydrolysis of ester bonds on the PCL surface and 

deacetylation of CA were expected to increase the concentration of hydroxyl and carboxyl 

groups and to convert part of the shell layer to cellulose. After surface modification, TGF-β3 

was loaded onto the scaffolds, and its in vitro release properties were investigated. 

2.3 Fabrication of core-shell fibrous scaffolds 

A core-layer polymer solution was prepared by dissolving the PCL pellets in a 2:3 (v/v) 

mixture of acetone and N, N-dimethylformamide and heating to 40 °C on an LBX H03D 

series magnetic stirrer (3 L, IBX Instruments, Spain) at 200 rpm for 6 h. HAP powder was 

then added to the final mixture at a concentration of 10% (w/v) PCL, and stirring was 

continued for 12 h to obtain a homogeneous solution. A shell layer polymer solution was 

prepared by dissolving CA powder in a 2:3 (v/v) mixture of acetone and dimethylformamide 

at a concentration of 17% (w/v), heating the mixture to 40 °C, and stirring at 200 rpm for 6 h.  

The prepared solutions were used to fabricate core-shell fibrous scaffolds via cryo-solution 

electrospinning using a custom made solution cryo-electrospinning setup (Model SE-01C, 

Bious Labs, Lithuania, Fig. 1). 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 7  
 

 

Fig. 1. Cryo-electrospinning setup (A), side view of fibre deposition during ice crystal formation on 

the collector surface (B), and side-view photograph of the tip of the coaxial needle (C). 

 

The polymer solutions were loaded into 10 mL plastic Luer-lock syringes (B. Braun, 

Bethlehem, Pennsylvania, USA) fitted with a blunt 22/18 gauge coaxial steel needle (Ramé-

Hart Instrument Co., USA). The flow rates of 2.0 mL/h (core) and 3 mL/h (shell) were 

controlled using two separate syringe pumps (RobotDigg XK-syringe-full, China), and the 

rotation speed of the grounded rotating cylindrical collector, which was cooled to -78.5 °C 

using dry ice, was set to 20 rpm, 10 cm from the tip. A high voltage of 16 ± 2 kV (dual-

positive DC 0-50 kV) was applied. The chamber was maintained at a relative humidity of 

30% and temperature of 30 °C. These conditions are appropriate for the formation of ice 

crystals on the collector during the cryo-electrospinning process. The formation of ice crystals 

from air humidity on the surface of the cylindrical collectors helps to enhance the interfibrous 

pore size distribution.  

An infrared (IR) lamp was used to heat the solution to 40 °C to prevent polymer gelation in 

the syringe and the connecting tubes. After formation by electrospinning, the samples were 

frozen at -20 °C for 12 h and freeze-dried for 24 h to remove water ice from the samples and 

maintain an enhanced porous scaffold structure. The selected electrospinning conditions were 

used to maintain continuous jet formation and stable fibre collection in the cryo-coaxial setup. 
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Heating of the solution line with an IR lamp was necessary to limit the increase in viscosity 

and partial gelation of the polymer solutions in the syringes and connecting tubes during 

spinning. 

2.4 Alkaline hydrolysis treatment of the fibrous scaffolds 

Initially, cryo-coaxially electrospun PCL-HAP/CA core-shell scaffolds (50 × 80 × 0.7 mm) 

were immersed in 70% ethanol to enhance diffusion between the sample fibres [29]. 

Subsequently, the samples were placed in 100 mL of 0.25 M NaOH solution at 21 °C for a 

predetermined period, the concentration of which was chosen based on previous studies 

[22,29]. Following treatment, the samples were thoroughly washed with MilliQ water (to 

neutral pH) and dried in a vacuum chamber at 35 °C for 24 h to a constant weight. 

2.5 Growth factor immobilization and release kinetics 

TGF-β3 was reconstituted according to the manufacturer’s instructions in 4 mM HCl and 

diluted with PBS before loading. Each scaffold disc (6 mm in diameter and approximately 2 

mg) received 10 μL of TGF-β3 solution and was incubated for 1 h. The loaded samples were 

then frozen and freeze-dried for 24 h. For the release studies, each sample was immersed in 4 

mL of PBS at 37 °C. At each sampling point (1, 3, and 7 days), the release medium was 

collected and replaced with fresh PBS. The collected samples were stored at 4 °C until 

ELISA. TGF-β3 concentration was determined using a human TGF-β3 ELISA kit, according 

to the manufacturer’s protocol. Each condition was analysed using three independent samples. 

The growth factor release profile was fitted to the nonlinear first-order, Higuchi, and 

Korsmeyer-Peppas kinetic models [30]. Fitting was performed using the OriginPro software 

(SimpleFit v3.10 app, Origin Lab Corporation, United States). The regression coefficient (R2) 

values generated by nonlinear regression were compared to determine the best-fitting model. 
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The best-suited data model was chosen to estimate the release rate constants (k) and exponent 

coefficients (n) of the release model, which describes the release mechanism [31] 

The mathematical equations for the different release kinetic models were calculated as 

follows:   

First order:  ln(100 − 𝑦) = −𝑘𝑡   (Eq. 1.) 

Higuchi:  𝑦 = 𝑘𝑡0.5    (Eq. 2.) 

Korsmeyer-Peppas:  𝑦 = 𝑘𝑡𝑛   (Eq. 3.) 

where y denotes the cumulative percentage of the drug released at time, t denotes the time, k 

denotes the rate constant, and n denotes the release exponent. 

2.6 Physicochemical characterization 

Morphology and fibre analysis. The fibrous scaffolds (surfaces morphology) were analysed 

using an scanning electron microscope (SEM, S-3400N, Hitachi, Germany). Cross-sections of 

the samples were analysed using transmission electron microscopy (TEM, Tecnai G2 F20 X-

TWIN (FEI, Netherlands).  

Mechanical testing. The mechanical properties were determined in the uniaxial tensile 

mode using a material testing machine (Zwick/Roell BDO-FB 0.5 TH, GmbH & Co., Ulm, 

Germany). The samples were cut into rectangular strips measuring 10 × 60 mm and tested at a 

constant crosshead speed of 5 mm/min. 

Fourier transform infrared (FTIR) spectra analysis. FTIR spectroscopy was used to 

evaluate the potential chemical modifications of the cryo-coaxially electrospun PCL-HAP/CA 

core-shell scaffolds. The spectra were recorded using an IR spectrometer (Spectrum GX FT-

IR, Perkin Elmer Inc., USA). The scaffold samples were firmly pressed against a diamond 

crystal plate to ensure consistent sample-crystal contact. Spectra were collected in 

transmission mode from 4000 to 650 cm-1, with five scans at a resolution of 4 cm-1. Baseline 
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corrections and normalisation procedures were systematically applied using Spectrum (Perkin 

Elmer) software. 

Toluidine Blue O (TBO) assay. The number of carboxyl groups was determined using the 

TBO assay. The sample was incubated for 24 h at 37 °C in 3 mL of a 0.1% TBO solution 

prepared by dissolving it in 1mM NaOH. Unbound TBO was removed by washing the sample 

with NaOH. The attached TBO dye was then removed by soaking the sample in a 3 mL 

solution of 20% sodium dodecyl sulfate (SDS) for 24 h. The absorbance was measured at 625 

nm, and the number of carboxylic groups was calculated from the calibration curve of the 

standard TBO solution.  

Water contact angle (WCA) measurements. The WCA (θ) was measured using a Theta Lite 

TL 101 optical tensiometer at room temperature (20 ± 1 °C) (manufactured by Biolin 

Scientific and operated with OneAttension v1.0, Finland) to evaluate the hydrophilicity of the 

samples.  

PBS uptake. PBS uptake was measured by immersing the sample discs (6 mm diameter) in 

PBS (pH 7.4) at 37 °C. The samples were weighed before and after immersion in 5 mL of 

PBS, wiped with filter paper, and PBS uptake was calculated using the following equation: 

 PBS uptake (%) =
Ww−Wd

Wd
∙ 100    (Eq.  4.) 

 where Ww and Wd are the weights of the wet and dry samples, respectively.  

X-ray diffraction (XRD). The degree of crystallinity (CI, %) of the samples was determined 

by XRD analysis using a diffractometer (D8 Advance, Bruker AXS, Germany). The 

parameters used were Ni-filtered Cu Kα radiation, detector moving rate of 0.02°, 

measurement intensity of 0.5 s, 40 kV anode voltage, and 40 mA current. The CI was 

determined using the following equation: 

 CI =
A1

A2
× 100   (Eq. 5.) 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 11  
 

where A1 is the area of the crystalline peak and A2 is the area of all the peaks, measured 

using OriginPro software. 

Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC). The 

thermal properties were evaluated using TGA and DSC. For the TGA thermal analyser (TGA 

4000, Perkin Elmer, JAV), a scan was performed in a nitrogen atmosphere from 40 °C to 600 

°C at 10°C/min. DSC (DSC 8500, Perkin Elmer, JAV) was conducted in a nitrogen 

atmosphere using an aluminum crucible and heated from 0 °C to 250 °C at a rate of 5 °C/min. 

2.7 Data analysis and quality control 

The geometric parameters of the fibre and pore size were measured from the SEM 

micrographs using image analysis software (ImageJ, University of Wisconsin-Madison, 

USA). The SEM image was divided into four equal quartiles, and the size distributions were 

estimated by measuring all the fibres in a quarter of an image, with at least 100 fibres from 

each image. Randomly selected pores were analysed along both the long and short pore axes. 

Data are expressed as the mean ± standard deviation or mean value and interquartile range 

(IQR), depending on the normality of the distribution results. Differences between samples 

were assessed using two-sample t-tests (v2021, Origin Lab Corporation, United States), with 

statistical significance set at p < 0.05. Each sample was prepared and analysed using a 

minimum of three specimens.  

3. Results and Discussion 

3.1 Effects of alkaline hydrolysis treatment on morphology of fibrous scaffolds 

Randomly oriented core-shell fibrous scaffolds were produced via cryo-coaxial 

electrospinning. The fibre diameter of the produced fibrous scaffold is presented as median 

values and interquartile ranges (IQR: 25th and 75th percentiles). The median fibre diameter of 

the untreated fibrous scaffold was 0.6 (IQR 0.5-0.9) µm. The surface treatment of alkaline 
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hydrolysis influenced the fibre diameter of the fibrous scaffolds, increasing it from 0.7 (IQR 

0.5-0.9) µm (1 min) to 0.9 (IQR 0.6-1.2) µm (25 min) (Fig. 3B). Statistical analysis showed 

that there was no significant difference between 1 min (0.7 (IQR 0.5-0.9) µm) and the 

duration of treatment of 5 min compared to the 0.6 (IQR 0.5-0.9) µm of untreated scaffolds (0   

min). However, a difference in fibre diameter was observed after 25 min of alkaline 

hydrolysis treatment compared to that at 0 min. SEM images revealed uneven fractures in the 

fibrous scaffolds with the longest alkaline hydrolysis treatment duration (Fig. 2A). Even after 

5 min, some fractures were observed, although no differences were indicated by fibre 

diameter analysis. 

The pore size distribution was also analysed as a function of the alkaline hydrolysis 

treatment time. The alkaline hydrolysis of the scaffolds changed the interfibrous pore sizes, 

decreasing from 7.5 (IQR 5.4-9.7) µm (0 min, untreated) to 4.5 (IQR 3.5-5.5) µm (25 min of 

alkaline hydrolysis treatment), with all results statistically different from each other except 

between 5 min (5.4 (IQR 4.0-6.9) µm) and 25 min (Fig. 3C). 
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Fig. 2. Morphology of PCL-HAP/CA core-shell fibrous scaffolds fabricated by cryo-coaxial 

electrospinning: SEM images of alkaline hydrolysis-treated fibrous scaffolds (0, 1, 5, and 25 min) (A), 

TEM images of PCL (B), and PCL/CA core-shell fibres (C). 

 

The changes in fibre diameter and pore size between the fibres of the scaffolds can be 

attributed to the effects of the alkaline hydrolysis treatment. During alkaline hydrolysis, the 

ester bonds in the polymer chains are cleaved, leading to the partial degradation of the 

polymer matrix [32]. This degradation causes the fibres to swell, increasing their diameter. 

Additionally, the deacetylation of CA to cellulose introduces hydroxyl groups, which enhance 

the hydrophilicity of the fibres, further contributing to the swelling effect [33]. The increased 

fibre diameter, combined with the partial dissolution and reorganisation of the polymer 

chains, resulted in a denser fibre network. This denser network reduces the size of the 

interfibrous pores because swollen fibres occupy more space within the scaffold structure. 

These morphological changes are influenced by the duration and concentration of the alkaline 

treatment, with longer exposure times leading to more pronounced effects on fibre swelling 

and pore size reduction. 

The differences between the single PCL fibres (Fig. 2B), and PCL core-shell fibres (Fig. 

2C) is shown in the TEM images. The shell layer (CA) was approximately five times smaller 

than the core diameter (1.2 µm), indicating a core-shell size ratio of 5:1, which is consistent 

with PCL and HAP.  

3.2 Effects of alkaline hydrolysis treatment on mechanical properties of fibrous scaffolds 

The mechanical properties were analysed by examining the Young’s modulus and 

elongation as a function of the duration of the alkaline hydrolysis treatment. The results 

showed that the Young’s modulus gradually decreased from 6.5 ± 0.8 MPa (0 min, untreated) 

to 3.9 ± 0.6 MPa (25 min) as the alkaline treatment time increased (Fig. 3A). Statistical 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 14  
 

analysis revealed that all the results were statistically different from those of the untreated 

sample; however, the difference between the adjacent values was between 0 and 5 min. 

Furthermore, the elongation results were found to be inversely proportional to the duration of 

the alkaline treatment, increasing from 17.3 ± 5.8% (0 min, untreated) to 36.8 ± 5.8% (25 

min). 

The only statistically significant difference between the values was observed between the 0 

and 25 min treatment groups. These results suggest that as the treatment duration increased, 

the samples became mechanically weaker but more elastic, as evidenced by the increase in 

relative elongation. This coherence between Young’s modulus and elongation has been 

described in other studies [34,35]. This is because surface modification by alkaline hydrolysis 

treatment of the fibres causes disintegration of the crystals within the polymer chains, 

resulting in a more amorphous and flexible structure [36]. 

 

Fig. 3. Mechanical and morphological properties: Young’s modulus and elongation of alkaline 

hydrolysis-treated PCL-HAP/CA core-shell fibrous scaffolds (0, 1, 5, and 25 min) (A), fibre diameter 

distributions (n=100) (B), pore diameter distributions (n=30) (C), (*) indicates statistically significant 

difference, p < 0.05. 
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3.3 Effects of alkaline hydrolysis treatment on chemical and physical properties of 

fibrous scaffolds 

Chemical characterisation was conducted using FTIR and TBO assays to identify any 

changes after the alkaline treatment of the scaffolds (Fig. 4 A, B). As the samples comprised 

several materials, the spectra revealed the typical FTIR peaks of these materials (Fig. 4A).  

The PCL absorption peaks at 2938 and 2868 cm-1 were attributed to the asymmetric and 

symmetric stretching of the methylene groups. Moreover, a major absorption band at 1721 

cm-1 was associated with the carbonyl peak of the ester. Additionally, the bands at 1287, 

1237, 1162, and 1035 cm-1 were attributed to C-O and C-C, asymmetric C-O-C, symmetric C-

O-C, C-O, and C-H stretching vibrations, respectively. 

 

Fig. 4. FTIR spectra (A), COOH group concentration (TBO analysis) (B), PBS uptake (C) and WCA 

(D) of alkaline hydrolysis treated PCL-HAP/CA core-shell fibrous scaffolds, (*) indicates statistically 

significant difference, p < 0.05. 
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Furthermore, CA adsorption peaks at 1237 cm-1, attributed to C-O-C, were observed  [37]. 

Additionally, peaks were observed at 1585 cm-1 for the asymmetric group and 1402 cm-1 for 

the symmetric -COO- group [38]. Prolonged treatment led to a broad range of values from 

1184 to 1040 cm-1, which may be related to the conversion of CA to CEL after treatment. 

Similar results have been reported previously [39]. The 3700-3000 cm-1 broad band is related 

to the -OH peaks [40].  HAP particles were also present in the samples, and a typical peak 

was observed in the 1100-1000 cm-1 spectrum of the PO4 group [41]. 

The complexity of the substances and the chemical interactions between the core and shell 

cause several characteristic band peak shifts and overlapping spectra, making it difficult to 

identify more HAP peaks. However, treatment with an alkaline solution increased the number 

of hydroxyl and carboxyl groups, resulting in a significant increase in the intensity of the 

peaks at 1585, 1402, and 3700-3000 cm-1 in the spectrum. 

TBO analysis was used to validate the FTIR results by quantifying the concentration of 

carboxylic groups (-COOH) in the samples. As -COOH functional groups are the main 

components of the attachment sites of growth factors, it is essential to accurately measure 

their contents. The results obtained indicated that the -COOH concentration increased from 

(2.4 ± 0.03) × 104 to (4.2 ± 0.8) × 104 µmol/g with increasing duration of treatment from 0 to 

25 min (Fig. 4B). There were no significant discrepancies between 0 and 1 min ((2.6 ± 0.2) × 

104 µmol/g) and between 1 and 5 min ((2.9 ± 0.2) × 104 µmol/g). However, a significant 

difference was observed between 5 and 25 min treatments. When comparing the treated and 

untreated samples, a significant difference was observed when the alkaline treatment time was 

5 min or longer. These results corroborate the trend observed in the FTIR analysis, which 

showed that the concentration of -COOH groups also increased with increasing alkaline 

hydrolysis duration. 
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WCA and PBS uptake were analysed to observe the hydrophilicity and sorption properties 

essential for cell growth (Fig. 4C, D). As the treatment duration increases, the theory suggests 

that the hydrophilicity of the sample also increases owing to the presence of hydrophilic 

functional groups (hydroxyl and carboxyl). Polar functional groups (carboxyl and hydroxyl) 

have a high affinity for water through polar interactions and can assemble on hydrophilic 

surfaces [42]. The WCA of the untreated scaffold samples was 94.7 ± 2.8°. By increasing the 

duration of the surface treatment via alkaline hydrolysis, the WCA changed to 88.1 ± 3.6° (1 

min), 67.2 ± 4.6° (5 min), and 16.5 ± 5.1° (25 min), respectively (Fig. 4D). All values were 

statistically different from each other and were compared with those of untreated samples. 

The WCA and PBS uptake results followed the same direction as the TBO data. With 

longer alkaline treatment, the PCL-HAP/CA core-shell scaffold surface became more 

hydrophilic, as reflected by the decrease in the WCA and increase in PBS uptake. The parallel 

changes in WCA, PBS uptake, and carboxyl group concentration indicate that alkaline 

hydrolysis altered the surface chemistry and water-scaffold interactions of the fibrous 

scaffolds. These changes may also influence the loading and release behaviours of TGF-β3. 

However, because the growth factor binding efficiency was not measured directly in the 

present study, this relationship should be interpreted as an indirect association rather than 

direct proof of enhanced growth factor absorption. Samples with higher PBS uptake have a 

greater potential to absorb growth factors and improve 3D cell spreading [43].  
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Fig. 5. Thermogravimetric analysis (TGA) curves (A), X-ray diffractograms (XRD) (B), and  differential scanning 

calorimetry (DSC) (C) ofthe  PCL-HAP/CA core-shell fibrous scaffolds. 

The thermal properties and crystallinity of the treated samples are shown in Fig. 5 and were 

analysed using TGA (Fig. 5A) and DSC (Fig. 5C). The main change in the sample weight 

during the heating process was observed in the temperature range of 200-500 °C. The TGA 

curves demonstrate similar degradation behaviours for all samples, but at different 

temperature ranges. The degradation temperature ranged from 347 to 429 °C for the untreated 

sample and from 207 to 385 °C for the sample treated for 25 min. The results for 1 and 5 min 

durations were similar to each other but different from those of the untreated and treated 

samples (25 min). Treatment durations of 0, 1, and 5 min resulted in a one-step thermal 

transition, which was associated with the structural decomposition of the polymer blends [44]. 

The 25 min treated sample showed a two-step transition, which was due to the loss related to 

moisture evaporation and depolymerisation of cellulose [45]. These findings confirm that 

alkaline treatment changes not only the functional groups on the surface of the sample fibres 

but also the composition of the sample by regenerating cellulose from cellulose acetate. 

The decomposition temperatures of the untreated samples were higher than those of the 

untreated samples. However, as the treatment duration increased, the decomposition 

temperature decreased. This was further supported by the DSC analysis, which showed that 
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the melting peak decreased from 57.2 °C (0 min) to 57.1 °C (1 min) and further decreased to 

57.0 °C (5 min) and 56.8 °C (25 min) during treatment. 

The XRD patterns of the core-shell samples are shown in Fig. 5B, with the two most 

prominent peaks at 21°and 23.6°, which are attributed to the (110) and (200) crystallographic 

peaks characteristic of pure PCL polymer [46]. Additionally, the peak at (110) was assigned 

to the characteristic peak (002), and the wide range with a small peak at 31.6° was assigned to 

the crystallographic peak (040) [47].  As the treatment time increased, the CEL peak at 19° 

also increased, which is similar to that observed in composites where the amount of CEL 

increased, as CEL can act as a nucleating agent and promote PCL crystallization [48]. 

The crystallinity index (CI) was determined from the area of the peaks in the XRD patterns. 

As the treatment duration increased, the CI increased from 34.8% (0 min) to 36.1% (1 min), 

37.0% (5 min), and 43.2% (25 min). This was further supported by the TGA analysis, which 

showed that the thermal decomposition of the samples with a longer treatment duration (25 

min) included a stage of regenerated cellulose decomposition. 

3.4 Effects of alkaline hydrolysis treatment on TGF-β3 release from core-shell fibrous 

scaffolds 

TGF-β3 is one of the key growth factors involved in cell differentiation and ECM 

formation [49]. Therefore, incorporation of TGF-β3 into polymer scaffolds may be useful for 

tissue regeneration and in vitro modeling. In cartilage tissue engineering, the scaffold does not 

only provide structural support, but may also act as a carrier for controlled delivery of 

biologically active molecules. Therefore, the release profile of TGF-β3 is important, because 

uncontrolled release may reduce local effectiveness and shorten the period of action [28]. The 

release profile of TGF-β3 from the core-shell fibrous scaffolds showed an early release phase 

within the first day, followed by a slower release up to day 7 (Fig. 6).  
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Fig. 6. Comparative fitting of TGF-β3 release data from untreated and 5 min alkaline hydrolysis-

treated core-shell fibrous scaffolds. 

The untreated scaffold released 39.4% of the loaded TGF-β3 within the first day, whereas 

the core-shell fibrous scaffolds treated with alkaline hydrolysis for 5 min released 30.7%. 

After 7 days, the cumulative release reached 52.7% for the untreated scaffold and 50.5% for 

the treated scaffold (Table 1). Thus, alkaline hydrolysis reduced the day-1 burst release by 

8.7 percentage points while maintaining a gradual release during the remaining period. 

Table 1. Comparative fitting parameters of TGF-β3 release data from untreated and 5 min alkaline 

hydrolysis-treated fibrous scaffolds. 

Scaffold Total Release after 7 days, % 

Kinetic model 

First order Higuchi Korsmeyer-Peppas 

R2 k R2 k R2 k n 

0 min 52.7 ± 2.63 0.99 1.38 ± 0.01 0.33 27 ± 0.1 0.66 41.2 ± 3.91 0.14 ± 0.07 

5 min 50.5 ± 2.02 0.99 0.94 ± 0.01 0.33 22 ± 0.4 0.72 33.3 ± 5.08 0.23 ± 0.10 

The reduced initial release from the treated scaffold may be related to the 

physicochemical changes induced by the alkaline hydrolysis. The treated samples showed 

higher hydrophilicity, higher PBS uptake, and a greater number of surface carboxyl groups, 

whereas the morphology analysis indicated a denser fibrous network with reduced 

interfibrous pore size after treatment. Together, these changes suggest that alkaline hydrolysis 

altered both the interaction of TGF-β3 with the fibre surface and the penetration of the 
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aqueous medium into the scaffold. Under these conditions, the early release phase was likely 

influenced by diffusion of weakly bound or surface associated TGF-β3, whereas the later 

phase may have been governed by slower transport through the hydrated fibrous structure. 

The release data were fitted to the first-order, Higuchi, and Korsmeyer-Peppas models (Table 

1). Among the tested models, the first order equation showed the highest R2 values for both 

scaffold groups. However, because the present study included only three sampling time 

points, the model fitting should be interpreted as a comparative description of the release 

profiles rather than as definitive evidence of the release mechanism. Therefore, the lower 

fitted k value of the alkaline hydrolysis treated scaffold indicates a tendency towards slower 

release, but it does not allow a firm conclusion that the release followed first-order kinetics 

under all conditions. Similar observations have been reported for other scaffold systems used 

for TGF-β3 delivery in the literature. Surface modified PCL fibre mats released TGF-β3 in 

amounts that depended on the loading approach and were sufficient to induce chondrogenic 

differentiation of mesenchymal stromal cells [50]. PCL fibre scaffolds with chitosan-based 

coatings have also been used to control the spatial and temporal release of TGF-β3 and BMP-

2 [51]. In another study, nanoparticle mediated delivery from microribbon based hydrogels 

enabled tunable TGF-β3 release and supported cartilage formation in vivo [52]. ECM derived 

scaffolds have also shown controlled release of most of the loaded TGF-β3 during the first 10 

days of culture [53]. These studies indicate that the release behaviour depends on both the 

scaffold structure and the interaction between TGF-β3 and the carrier phase. 

The present results show that alkaline hydrolysis can be used as a post treatment step to 

reduce the initial burst release of TGF-β3 from cryo-coaxially electrospun PCL-HAP/CA 

fibrous scaffolds. Simultaneously, the release remained gradual over 7 days. This effect is 

favourable for further development of cartilage regeneration and in vitro modeling scaffolds 
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because it may help reduce early growth factor loss while maintaining its availability during 

the initial stage of tissue response. 

Conclusions 

Cryo-coaxial electrospinning produced PCL-HAP/CA core-shell fibrous scaffolds with 

an enhanced interfibrous pore size. Controlled alkaline hydrolysis changed both the surface 

chemistry and the physical properties of the scaffolds. The treatment increased the 

concentration of carboxyl groups, reduced the water contact angle, increased PBS uptake, and 

altered the thermal and structural behaviour of the samples, which was consistent with partial 

PCL hydrolysis and cellulose acetate deacetylation reactions. Shorter treatment preserved the 

general fibrous architecture, whereas prolonged treatment induced local fibre damage. For 

TGF-β3 loaded scaffolds, 5 min of alkaline treatment reduced the day-1 burst release from 

39.4% to 30.7% and maintained the release over 7 days. These findings show that alkaline 

hydrolysis can be used as a post treatment step to modify the surface properties and early 

release behaviour of cryo-coaxially electrospun PCL-HAP/CA scaffolds. The present release 

data support a comparative assessment of burst release reduction, whereas a denser sampling 

schedule will be required in future studies to define the release mechanism more precisely and 

evaluate biological performance. 
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Highlights: 

• Cryo-coaxial electrospinning produced porous PCL-HAP/CA core-shell scaffolds. 

• Alkaline hydrolysis increased -COOH/-OH groups and deacetylated CA to cellulose. 

• Water contact angle decreased by 82.6%, indicating improved wettability. 

• Hydrolysis tuned fibre diameter and pore size, preserving core-shell architecture. 

• Initial TGF-β3 burst release was reduced by 9%, enabling more sustained release. 


