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ABSTRACT 

Poly (Lactic-co-Glycolic Acid) (PLGA) based bio-composites for orthopedic implants are 

becoming more important as surgical techniques develop. Enhancers such as hydroxyapatite 

(HA) are used to enhance the biocompatibility and bone formation.  Studies on HA surface 

treatment have been proposed to enhance the bonding force between particles HA and PLGA. 

Conventional monomer-based grafting techniques have limitations in copolymer grafting and 

improving mechanical strength of composites. In this study, PLGA can be directly grafted to HA 

surface in polymer state using melt grafting with transesterification. With this method, the 

grafting efficiency of PLGA is improved compared to previous studies. The grafting efficiency 

of PLGA was analyzed and the structure at the surface was confirmed. It was confirmed that a 

polymer having a large molecular weight can be grafted on the HA surface when PLGA is in an 

abundant state by indirectly analyzing the size of the grafting polymer through molecular weight 

evaluation. A composite materials using PLGA-g-HA prepared under optimized conditions have 

tensile strengths increased by more than doubled compared with a n-HA blended composite. The 

direct grafting technique of polymer was found to be effective in forming the anchoring structure 

between HA particles and PLGA. 

 

KEYWORDS: Poly (Lactic-co-Glycolic Acid), Hydroxyapatite, Medical Composites, Surface 

treatment, Direct Polymer Grafting, Melt grafting with Transesterification, Interface, 

Characterization 
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1. INTRODUCTION 

Many procedures have been performed to fix broken bones or to connect torn ligaments or 

tendons between joints. These surgeries are often required due to the extension of the typical life 

span caused by the development of medical technologies and the expansion of leisure activities 

due to social and cultural changes. The average life span is expected to steadily grow as society 

continues to change[1-3]. A rotator cuff tear is the rupture of a tendon to the essential muscle in 

the shoulder joint and is the most common degenerative problem in adults. The number of 

patients requiring rotator cuff repair is rapidly increasing due to aging and improvement in the 

quality of life, and the social costs associated with the treatment and its aftereffects are 

increasing. In the United States, more than 300,000 surgeries are performed each year[4, 5] 

Conventionally, the methods for fixing a broken bone or repairing a ligament or tendon 

requires the use of various surgical instruments, which complicates the operation and prolongs 

the operation time. Therefore, the development of a ligament fixation screw that is easy to 

operate, economical and not a physical burden to doctors and patients is required. The screw 

used for such a surgery is called a bio-screw.[6, 7] Recently, an arthroscopic technique has begun 

to be used. In the arthroscopic technique, a small tube is inserted at the surgical site, and surgery 

is performed through this tube. Therefore, the strength of the screw used to make the repair is 

very important because the diameter of the tube that the screw is inserted through is small.[8-10] 

Bio-screws prepared using biodegradable polymers effectively overcome the disadvantages of 

metal-based bio-screws. Since the screw decomposes in the body and does not interfere during 

imaging, it can improve the outcome of surgery. The biodegradable bio-screws, which mainly 

used poly (lactic acid) (PLA), Poly(L-lactic acid) (PLLA)  and poly(lactic-co-glycolic acid) 

(PLGA). However, pure biodegradable polymer screws have a disadvantage in that they are not 
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only slow to degrade but also do not accelerate the growth of bone tissue because these polymers 

itself is not compatible with the bone tissue.[11, 12]. To overcome these disadvantages, 

inorganic ceramics, called enhancers, such as beta-tricalcium phosphate (b-TCP) and 

hydroxyapatite (HA) are used together with polymers. These enhancers have components that 

are similar to bone and thus accelerate bone growth and minimize the side effects in the screw 

space. Biomaterials are all recognized as foreign substances by living organisms, so foreign 

substances are highly reactive and become breeding grounds for bacteria and are thus likely to 

cause infection. By modifying the surface of such an artificial material with a biomaterial 

capable of inducing cell growth, the existing tissue growth and compatibility can be improved 

while minimizing the reactivity of the foreign matter and protecting against infection.[13, 14] 

Materials such as enhancers are poorly compatible with polymer matrices and therefore 

decrease the strength of the bio-screw. Traditionally, composite materials utilizing both 

inorganic and organic materials have been studied in various ways. The most important issue in 

this process is to find ways to enhance the compatibility with organic materials by treating 

inorganic surfaces [15, 16]. In the past, research has been focused on attaching monomers of 

polymers to inorganic surfaces, but recently, eco-friendly and human-friendly technologies are 

being introduced using biomimetic technologies. Surface modification studies using mussel or 

lignocellulose materials are a prime example [15, 17, 18]. This technique has yielded effective 

results for selectively controlling the surface of the inorganics. However, these technologies have 

limitations for use in the technology immediately available in the medical field. Previous studies 

have applied compatibilizers in composite materials by attaching monomers to the surface of the 

ceramic and growing polymers from the adhered monomers [19-21]. In particular, various 

techniques for polymerizing PLA on the surface have been proposed. These studies were 
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conducted to prepare PLA-g-HA through graft polymerization from the HA surface and to 

enhance the binding force with PLGA or PLA [22-24]. Previous monomer-based grafting 

techniques have limitations in copolymer grafting. The methods cannot graft copolymer at an 

exact ratio. In addition, this approach could not be used to grafting polymers of sufficient length 

on the surface, resulting in improved compatibility, while not having a significant effect on 

improving mechanical strength [25, 26]. One of the reasons PLGA is used in the medical field is 

to reduce crystallinity and enhance biodegradability through the ratio of L and G. And, the 

previous studies have focused on the analysis of grafting weight traction rather than the structure 

of grafting [27, 28]. 

In this study, PLGA-grafted HA (PLGA-g-HA) was prepared by direct grafting PLGA 

molecules on the surface of HA using the melt reaction with transesterification. We analyzed the 

changes in PLGA-g-HA as a function of the ratio of the materials and the environmental 

conditions of the reaction process and examined the possibility of using the composite materials. 

FT-IR, NMR, TGA, FE-SEM, XRD, DSC, and GPC were used in order to observe the change of 

surface state according to process conditions. Finally, composite materials were prepared using 

PLGA-g-HA, and their mechanical properties were evaluated to confirm the effect of direct 

grafting. 

 

2. EXPERIMENTAL 

2.1. Materials 

PLGA exhibits a variety of properties depending on the ratio of lactic acid to glycolic acid. For 

example, the crystallinity and decomposition characteristics are determined by the ratio of the 

two materials. PLGA decomposes most rapidly when the ratio of lactic acid to glycolic acid is 
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50:50. However, a bio-screw should decompose slowly over 6 to 24 months in the body, so 

PLGA with an appropriate ratio should be selected and used.[28, 29] In the case of bio-screws, 

the ratio of lactic acid should be large because the screw must possess rigid properties. In this 

study, PLGA (Corbion Purac, Netherlands) with a lactic acid to glycolic acid ratio of 82:18 was 

used. To maximize the dispersibility, a solvent dispersion technique was used. The solubility of 

PLGA varies with the ratio of the two materials and is excellent in chloroform when the ratio of 

lactic acid is large.[30] In this study, chloroform of 99.8% purity (Samchun Pure Chemical, 

Republic of Korea) was used without purification, and HA (Sigma-Aldrich, USA) was used as 

the enhancer. 

2.2. Grafting Reaction of PLGA on the Surface of HA 

Figure 1 shows the whole process for making PLGA-g-HA. PLGA was dissolved in 

chloroform under magnetic stirring at 50 � for 6 h. After the PLGA pellets dissolved, HA was 

added to the solution and blended by magnetic stirring at 50 � for 6 h. To uniformly disperse 

HA with the polymer chains, the PLGA/HA suspension was sonicated at room temperature for 3 

hours and then dried at 50 � for 6 hours to remove the chloroform. The dried sample was 

transferred to a 200� oven to induce the reaction between PLGA and HA. The reaction 

proceeded for 3 to 120 minutes. After reaction, the mixture was transferred to a conical tube and 

dispersed in chloroform by sonication at room temperature for 3 hours, and then the supernatant 

and sediment were separated by centrifugation at 3,000 rpm for 10 min. The molecular weight of 

the dissolved PLGA was measured using the solution obtained from the first purification step. 

The first purified product was resuspended in chloroform and subjected to ultra-sonication at 

room temperature for 3 hours. The centrifugation procedure was carried out again using the 
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solution from the first purified product. The particles obtained through centrifugation were 

washed and dried at 50 ° C for 24 hours to obtain the final sample. 

 

Figure 1. Process for preparing PLGA-g-HA. 

2.3. Characterization of the PLGA-g-HA Particles 

2.3.1. Fourier Transform Infrared (FT-IR) Spectroscopy 

Infrared spectra were obtained using an FT-IR spectrometer (FT/IR-6100, JASCO, MD 21601 

USA) equipped with a Mylar beam splitter and an attenuated total reflectance (ATR) accessory 

composed of a zinc selenide (ZnSe) crystal (refractive index = 2.4) with a 45° angle of incidence. 

The spectra were collected from 4000 cm-1 to 400 cm-1 for 32 scans with a resolution of 4 cm-1. 

All spectra were corrected through CO2 reduction, H2O reduction, noise elimination and baseline 

correction. 

2.3.2. Solid-State Nuclear Magnetic Resonance (NMR) Spectroscopy 
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Solid-state 1H NMR spectra were obtained with a 500 MHz solid NMR system (AVANCE II 

500, BRUKER, MA 01821, USA) with the cross polarization (CP) and magic-angle spinning 

(MAS) technique. The spectrometer was operated at the Larmor frequency of 500.13 MHz in a 4 

mm CP/MAS probe head. The spinning frequency of MAS was 10 kHz, and the 90° pulse length 

was 3.3 µs. A total of 32 scans were recorded with a recycle delay of 3 s. For the solid-state 31P 

NMR spectra, the spectrometer was operated at the Larmor frequency of 202.45 MHz in a 4 mm 

CP/MAS probe head. The spinning frequency of MAS was 10 kHz, and the 90° pulse length was 

2.0 µs. A total of 256 scans were recorded with a recycle delay of 1 s. 

2.3.3. Thermogravimetric Analysis (TGA) 

TGA (TGA 4000, PerkinElmer, MA 02451, USA) was used to determine the occurrence of the 

grafting reaction and to qualitatively measure the weight of the grafted PLGA on the HA surface. 

A 15 mg to 20 mg portion of the sample was loaded in the chamber, and a 20.0 ml/min flow of 

nitrogen gas was used as the purge gas. After holding for 1 minute at 30 �, the temperature was 

scanned from 30 � to 700 � at a heating rate of 10 �/min. The TGA furnace was cooled by a 

circulating water device. 

2.3.4. Gel Permeation Chromatography (GPC) 

The oven-dried supernatant from the first separation was dissolved in tetrahydrofuran (THF) 

and sonicated at room temperature for 30 min. The concentration of the solution was 1.5 wt %. 

Molecular weights were measured using a GPC instrument (YL9100 GPC System, YoungLin 

Instruments, Anyang-si 14042, Republic of Korea) equipped with a refractive index (RI) detector 

(YL9170, YoungLin Instruments). The GPC columns were eluted with THF at 35 � and a flow 

rate of 1 ml/min. The number-average (Mn) and weight-average (Mw) molecular weights were 

calculated using a calibration curve made from polystyrene standards. 
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2.3.5. Scanning Electron Microscopy (SEM) 

SEM was conducted using a SUPRA 55VP FESEM system (Carl Zeiss, German) to 

characterize the morphology of the PLGA-g-HA particles. After being oven-dried at 50 � for 24 

h, the particles were fixed on a cupreous stub with carbon tape and coated with a thin layer of 

platinum at a sputter current of 30 mA for 140 sec. Imaging was performed at an accelerating 

voltage of 2 kV and a working distance of 3.6 mm to capture SEM images of pure HA and 

PLGA-g-HA. 

2.3.6. X-ray Diffraction (XRD) 

XRD patterns were obtained using an Ultima III Powder diffractometer (Rigaku, Japan) to 

determine the crystalline structure of the PLGA-g-HA powders. The powders were thoroughly 

compressed on the sample holder. The diffractometer was operated with Cu Kα radiation (λ = 

1.54 Å) at 40 kV and 30 mA from a fixed graphite monochromator. The scanning range of the 

Bragg angle (2θ) was from 2° to 60° at a rate of 2°/min with a step size of 0.02°. The crystallite 

size (D) of the HA and PLGA-g-HA powders was determined using the diffraction peak for the 

(002) plane and Scherrer’s equation. 

2.3.7. Differential Scanning Calorimetry (DSC) 

DSC was performed using a DSC Q200 system (TA Instruments, USA) with an RCS 90 

refrigerator cooler to determine the glass transition (Tg), crystallization (Tc), and melting 

temperatures (Tm) of PLGA-g-HA. Approximately 5 mg of the sample was loaded in a Tzero 

aluminum pan, and a 50.0 ml/min flow of high-purity nitrogen gas was used as the purge gas. 

The samples were first scanned from 30 � to 200 � at a heating rate of 10 �/min to erase any 

previous thermal history. After being rapidly quenched to -50 �, the samples were scanned again 
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from -50 � to 200 � at a heating rate of 5 �/min. The degree of crystallinity (Xc) was calculated 

using the following equation: 

2.4. Preparation of the PLGA/PLGA-g-HA Composites 

A mass of PLGA-g-HA was ground into powder, and PLGA pellets were milled in a mortar. 

PLGA/PLGA-g-HA composites were prepared through three different methods of blending 

before injection molding. All composites were prepared with a PLGA to PLGA-g-HA ratio of 

70:30 by weight. The first method was extrusion using a twin-screw compounding extruder (BA-

7, L/D = 40/7, Bautek, Republic of Korea). In the preparation method, PLGA and PLGA-g-HA 

were dispersed in chloroform under magnetic stirring at 50 � for 6 h. The suspension was dried 

at 50 � for 24 h to remove the residual chloroform, and then the product was cut into small 

pieces. For the control group, a 70:30 weight ratio of PLGA to HA was heat-treated at 200 � for 

3 min to anneal the sample. 

2.5. Characterization of the PLGA/PLGA-g-HA Composites 

2.5.1. Tensile Strength Test 

Indicators of mechanical strength of bio-screws are pull-out strength and torsional strength. 

Both tests are a measure of the performance of bios-crews immobilized on bones, and their 

performance varies greatly depending on screw designs and bone conditions, making it difficult 

to quantitatively compare them. Among the mechanical strengths of the material, it was 

confirmed through the clinical test that the mechanical strength of the bio-screw and the tensile 

strength of the material. In this study, the tensile strength was evaluated to predict the strength of 

the bio-screw. 

Dog bone-shaped tensile strength specimens were prepared according to ASTM D638 (Type 

V). The tensile strength test was carried out using an AllroundLine Z010 Universal Testing 
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Machine (UTM, Zwick, German) at a crosshead speed of 10 mm/min at room temperature. A 

200-kN load cell with a pincer 8222 grip using an extensometer was used for the test. The grip-

to-grip separation was 20 mm, and the pre-load was 1 N at a rate of 5 mm/min. At least five 

specimens were tested, and the tensile strength, modulus and elongation were obtained by 

averaging the data of five specimens. 

2.5.2. Dynamic Mechanical Analysis (DMA) 

Rectangular DMA specimens were prepared with dimensions of 60 mm × 12 mm × 3 mm, and 

DMA was carried out using a DMA Q800 system (TA Instruments, USA). The measurements 

were performed under DMA multi-frequency-strain mode at a fixed frequency of 1 Hz with a 

dual cantilever clamp having a span length of 35 mm while purging with 50 ml/min of liquid 

nitrogen. The oscillating amplitude was 40 µm. The temperature scanning range was from 30 � 

to 140 � at the heating rate of 3 �/min. The storage modulus, loss modulus, and tan delta 

(damping factor) were measured. 

3. RESULTS & DISCUSSION 

The PLGA present on the HA surface must be directly bonded to the HA for composite 

stability. In the surface treatment process, PLGA is physically covered with HA surface and 

chemically combined with HA. Chemical bonding is important for stability in the process of 

making composites. Therefore, it is very important to confirm the chemical bonding structure 

between HA and PLGA. The chemical structures of pure HA and PLGA-g-HA were determined 

by FT-IR (Figure 2A). The change in the IR spectra can be observed by monitoring intervals (a) 

and (b). The carbonyl band in the ester structure has a strong stretching intensity in the range of 

1735-1750 cm-1.[31, 32] Interval (a), which has a peak position of 1782.5 cm-1, corresponds to 

the carbonyl region, and the absence of a peak in this region of the HA spectrum confirms that a 
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carbonyl bond structure does not exist on the surface of pure HA. Since the unreacted PLGA was 

completely removed by centrifugation after the reaction of HA and PLGA and subsequent 

dissolution of the product, the detected carbonyl peak in the reacted samples arose from the 

surface of the reacted HA. The carbonyl structure can be observed in two major locations of the 

reacted HA. The first results from an esterification substitution reaction (transesterification) 

between the OH group present on the HA surface and PLGA. As shown in Figure 2B (a), the 

group with the OH unit replaces the existing ester structure. This process involves nucleophilic 

attack of the carbonyl carbon of PLGA (RCOOR1) by the incoming alkoxide of HA (R2O-) to 

give a tetrahedral intermediate, which reverts to the PLGA structure or proceeds to the 

transesterified product (RCOOR2). The existing PLGA molecules are expected to be cut off 

during this process, and the molecular weight will decrease as a result. The second carbonyl 

structure results from reaction of the repeated ester units in the polymer chain (Figure 2B (b)). 

The C-O bond in the ester structure exhibits two bands from 1000-1300 cm-1. This ether structure 

appears within interval (b), which indirectly confirms the occurrence of a chemical reaction 

between PLGA and HA.  
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Figure 2. Results of FT-IR spectral analysis of PLGA-g-HA with a 70% HA content after 

various reaction times. 

[A]: FT-IR spectrum and peak area for each reaction time 

[B]: Main peak area analysis: (a) C=O groups with ester linkage, (b) C-O groups with ester 

linkage 

*Grafted PLGA: Chemically bound to HA 

**Covered PLGA: Physically bound to HA 

Figure 3A depicts the results of 1H-NMR analysis, in which changes in three regions are 

observed. The peak in region (a) of the spectrum of pure HA results from moisture on the surface 

The range from 1 to 2 ppm is the region where proton and PO4
3- are bonded. As the reaction 

proceeds, the bound water drops off based on the broadening of the apatite PO4
3- region. In the 

initial stage of the reaction, the area under this peak decreases, and then the peak subsequently 

increases as the reaction time increases. The peaks of CH and CH2 groups appear in the range 4.5 

to 5.5 ppm marked by region (a). Signals in this region correspond to the CH units in the lactic 

acid sites and the CH2 units in the glycolic acid sites of PLGA. Therefore, we conclude that 

PLGA is continuously grafted throughout the reaction period. The peaks of CH3 groups appear in 

region (b). Pure HA does not exhibit a peak in region (b), but as the reaction progresses, a new 

peak continuously grows. The CH3 unit corresponds to the lactic acid structure of PLGA. 

Hydroxyl groups appear in region (c), and the peak observed in this region rapidly decreases as 

the reaction proceeds. Since the hydroxyl group is not removed in the low-temperature reaction, 

the observed changes confirm that this group has changed into another structure, which can be 

attributed to the grafting of PLGA.[33] On the other hand, the peak in the P-NMR spectrum 
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(Figure 3B section) does not change throughout the reaction. That is, the phosphate group is not 

involved in the reaction and does not undergo swelling or additional changes in the chemical 

structure. 

 

Figure 3. Solid NMR results for PLGA-g-HA with a 70% HA content after various reaction 

times. 
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[A]: 1H-NMR results: (a) Peak increase due to surface H2O desorption and increase in the 

number of CH and CH2 bonds. (b) Peak increase with increasing number of CH3 bonds. (c) Peak 

decrease due to OH reaction 

[B]: 31P-NMR results 

To investigate the content of polymer grafted on the surface of HA, the products were 

examined by TGA. HA is an inorganic substance and therefore has a high heat resistance except 

for a small amount of moisture and other contaminants. The PLGA polymer structure grafted on 

the HA surface has a lower heat resistance than pure HA. When the temperature at which all of 

the polymer chains are pyrolyzed is reached during the test, all the PLGA chains that participated 

in the reaction are removed, and only HA is left. We thus analyzed the mass difference between 

samples at this temperature. To carry out these experiments, pyrolysis was performed at a 

temperature of 650� or more, at which point the organic matter was completely decomposed. 

Bound water is eliminated from pure HA in the region from 450� and below, and since 

dehydroxylation occurs above 900 �, no further mass reduction is observed in the 

experiment.[34] The residual weight of pure HA was estimated to be 96.3%. Figure 4 shows the 

results of the TGA experiments for each reaction time with an HA ratio of 70%. The weight loss 

observed between 400 and 450 � is attributed to the removal of moisture from inside the HA. As 

the reaction time increases, the residual weight continuously decreases and then increases 

slightly in the 120 min reaction. As mentioned above, the difference between the residual weight 

of pure HA and that of the PLGA-g-HA product is related to the ratio of PLGA that was 

substituted on the HA surface; thus the proportion of PLGA tends to increase with increasing 

reaction time and then decrease in the 120 min reaction. The change in the weight at 650� 
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caused by grafting was calculated for various reaction times and HA contents using the following 

equation, and the results are shown in Figure 5 (a) and Table 1. 

 

Figure 4. TGA results for PLGA-g-HA with a 70% HA content after various reaction times: (a) 

H2O elimination region (b) final residue. 

 

Figure 5. Results of the TGA tests for different HA contents and reaction times: 
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(a) PLGA residual weight ratio at 650 �. (b) Estimated number of PLGA molecules (residual 

weight/molecular weight) on the HA surface. 

Table 1. Residual Weight of PLGA-g-HA (650� in TGA), PLGA Weight Fraction (Calculated 

from the Residual Weight), and Molecular Weight (Primary Suspension) for Various HA 

Contents and Reaction Times. 

HA 
Content 

(%) 
50 70 80 90 

Reaction 
time 
(min) 

Residual 
Weight 

(%) 

PLGA 
Fraction 

(%) 

Molecular 
Weight 
(Mw) 

Residual 
Weight 

PLGA 
Fraction 

Molecular 
Weight 

Residual 
Weight 

PLGA 
Fraction 

Molecular 
Weight 

Residual 
Weight 

PLGA 
Fraction 

Molecular 
Weight 

3 90.09 6.9% 159,929 88.30 9.1% 80,989 89.16 8.0% 53,477 91.36 5.4% 20,862 

5 89.29 7.9% 148,205 88.26 9.1% 74,866 89.08 8.1% 39,485 91.06 5.8% 19,061 

10 87.46 10.1% 152,283 87.85 9.6% 97,798 88.02 9.4% 51,829 90.03 7.0% 11,980 

30 85.54 12.6% 133,595 86.30 11.6% 96,622 87.28 10.3% 40,668 90.00 7.0% 8,984 

60 86.07 11.9% 126,754 86.30 11.6% 73,133 87.20 10.4% 30,935 89.76 7.3% 9,166 

120 86.98 10.7% 108,873 87.12 10.5% 57,301 87.03 10.7% 34,118 89.86 7.2% 10,122 

 

Grafting	weight	fraction = �������	����
��� = 	

��� −	� ��
� ��

 

In this equation, RHA represents the residual weight of HA as a baseline, and RPHA represents 

the residual weight of PLGA-g-HA. The grafting weight fraction was expected to increase 

proportionally with the reaction time. However, the weight fraction reaches a maximum and then 

decreases or remains stable. In addition, the weight fraction decreases with increasing HA 

content. To confirm this trend, we tested the change in the molecular weight of the PLGA 

dissolved in solution after the reaction of HA with PLGA by GPC. The results of the molecular 

weight measurements are shown in Table 1. Although the measured PLGA molecules are not 

directly attached to the HA surface, the results indirectly indicate that cleavage of the chains 

occurred and can be used to estimate the molecular weight of the PLGA attached to the HA 

surface. Unreacted PLGA has a molecular weight of 235K, which tends to decrease as the 
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reaction time with HA increases. Polymeric materials such as PLA are known to undergo 

continuous decomposition during thermal processing.[35, 36] The branched structure of PLA 

forms radicals more easily than other polymers. Therefore, cleavage of the polymer chains by 

radicals occurs easily. The molecular weight of PLGA also tends to decrease significantly as the 

HA ratio increases, and the changes in the HA content cause a greater mass loss than the changes 

in the reaction time. Based on the change in the molecular weight, the number of molecules that 

reacted under each reaction condition was calculated through the following equation. 

Grafting	number	fraction = 	
�����$%&	'�$&ℎ�	���)�$*%	(%)

.*/�)0/��	'�$&ℎ�	(&/2*/)
 

Figure 5 (b) shows the grafting number fraction as a function of the reaction time for PLGA-g-

HA samples with various HA contents. The change in the number of reaction molecules with 

increasing content of HA shows the opposite trend as the weight reduction; as the content of HA 

increases, the number of reaction molecules increases. In the pyrolysis reaction of PLGA, the 

surface OH groups of HA accelerate the reaction. The ability of these groups to directly 

participate in the substitution reaction maximizes the cleavage of the molecule. Therefore, as the 

HA ratio increases, the decomposition of PLGA is accelerated. When the reaction begins, the 

OH groups of HA react with PLGA to continuously reduce the molecular weight. Furthermore, 

the reaction characteristics depend on whether the ratio of PLGA or HA is dominant. 

Figure 6 shows schematics of PLGA degradation and HA surface grafting for different ratios 

of PLGA and HA. In the PLGA-rich state shown in Figure 6A, PLGA is assumed to sufficiently 

cover the HA. A transesterification reaction with PLGA proceeds on the HA surface, and the 

section of polymer that is cut off of the chain is called the cleaved chain. The PLGA chain that is 

attached to the HA particle prevents another PLGA molecule from approaching the particle. This 

steric effect reduces the reactivity of the OH groups on the surface, and the reaction proceeds 
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only in the remaining space. As a result, in the case of a large amount of PLGA, PLGA chains 

with large molecular weights are grafted on the HA surface, and a partially unreacted hydroxyl 

structure remains. 

 

Figure 6. Analysis of the shape of PLGA-g-HA for representative PLGA/HA ratios. 

[A]: PLGA-rich state: (a) Transesterification between PLGA and HA. (b) Cleaved PLGA (c) 

Steric effect of grafted PLGA. (d) Selective grafting of PLGA 

[B]: HA-rich state: (a) Transesterification between PLGA and HA. (b) Additional 

transesterification between grafted PLGA and other HA particles. (c) Transesterification between 

cleaved PLGA and other HA particles. (d) Continuous reaction between the remaining OH 

groups and shortened PLGA chains 

On the other hand, in the HA-rich state shown in Figure 6B, HA is capable of sufficiently 

reacting with PLGA, and even the PLGA chains that have already participated in the reaction 
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undergo additional reactions with external HA, resulting in continuous molecular weight 

attenuation. These phenomena lead to an increase in the amount of low-molecular-weight PLGA 

chains, which can participate in reactions with the remaining surface of the HA, producing a 

sustained response. The molecular size plays a very important role in determining the surface 

reactions of the materials. The smaller the molecular weight is, the easier it is for the molecule to 

participate in the primary reaction with the surface of HA. Therefore, when the content of HA is 

high, many low-molecular-weight PLGA chains are formed, and a large number of molecules 

react with the surface of HA. 

The ratio of PLGA to HA has a large effect on the grafting number with respect to the reaction 

time, which can be confirmed by Figure 5 (b). For HA contents of 50% and 90%, the increase in 

the grafting number from the initial stage (3 minutes) to the final stage of the reaction (120 

minutes) is 120% and 168%, respectively. When the HA content is high, the reaction proceeds 

continuously, and more molecules are grafted. As a result, it can be seen that the structural 

difference may occur as well as the amount of PLGA grafted on the HA surface according to the 

change in the ratio of PLGA and HA and the reaction time. Even if the same molecule is 

substituted on the surface, if the long molecule is structurally substituted, the polymer anchoring 

effect can be expected in the process of being used as a composite material. Therefore, 

mechanical strength improvement can be expected based on these condition. 

We investigated the changes in the morphology of HA during the course of the grafting 

reaction by SEM. Figure 7A provides images showing the changes in the surface of the sample 

with an HA content of 70% at different reaction times. In pure HA, the particles are randomly 

aggregated. At the beginning of the reaction, the attachment of molecules to the surface of HA is 

confirmed, and at the same time, the stacking of particles thicker than the conventional HA 
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particles is observed. Large clusters are also distributed on the surface. This stacked structure is 

interpreted as the planar PLGA-g-HA structure formed by the reaction of the hydroxyl groups at 

the corners of the HA crystals and the PLGA.[37] Large clusters are also distributed on the 

surface. As the reaction progresses, the amount of these aggregated structures decreases, and a 

cleaner structure is formed. This trend is consistent with the increase in the particle content. The 

higher the particle content is, the smaller the aggregate structure surrounding HA and the more 

uniform the stacking. In addition, since the surface-treated HA weakens its self-aggregation 

property, it can be said that the dispersing property is enhanced in the process of making a 

composite material. Previous research on bio-composites using inorganic materials has 

continuously reported that the morphology changes according to the content or condition, and 

that such changes affect the product characteristics. [38, 39].  
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Figure 7. Evaluation of the surface of PLGA-g-HA with a 70% HA content after various 

reaction times. 

[A]: Evaluation of the surface change at each reaction time 

[B]: Schematic of the change in the aggregated structure during the reaction of HA: a) Pure HA 

stacking. b) Few grafted long chains on the corners of HA. C) Fully grafted short chains on the 

corners of HA 

This change in the HA morphology is caused by the aforementioned grafting reaction and the 

change in the grafted PLGA molecular weight. Figure 7B shows a scheme of this process. Figure 

7B (a) corresponds to the pre-reaction stage in which HA aggregates as particles. When the 
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reaction starts, PLGA is grafted to a portion of the HA surface. During this process, the PLGA 

chains have a large molecular weight and form a wide plate-like stacked structure (Figure 7B 

(b)). When the reaction continues, the grafting fraction of PLGA increases, as shown in Figure 

7B (c), but the total molecular weight tends to decrease. Thus, the surface becomes more 

uniform, and the molecules on the surface form smaller clusters. 

To confirm whether this structure results from crystallization, we monitored the change in the 

XRD peaks at various reaction times. The peaks of pure HA do not change at all throughout the 

reaction (Figure 8). Thus, this stacking structure can be attributed to amorphous PLGA 

surrounding the HA. As the content of HA increases, the reduction in the molecular weight of 

PLGA and the decrease in the grafting fraction can be interpreted as the formation of more 

homogeneous HA particles and, consequently, a change in the stacking shape. From the result of 

decreasing only the height without changing the shape of the peak, we can confirm again that the 

change of SEM image with time (Figure 7) is not the change of the stack structure of HA but the 

change of the structure of PLGA 
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Figure 8. Analysis of the crystal structure of PLGA-g-HA with a 70% HA content at various 

reaction times by XRD. 

DSC measurements showed that the thermal properties of PLGA-g-HA changed throughout 

the course of the reaction. Figure 9A shows the results of the DSC measurement of neat PLGA. 

Part (a) of the figure corresponds to the Tg and Tm of PLGA in the 1st scan. A Tg value of 

approximately 53.5 was determined from the 2nd scan shown in part (b). First, crystallization of 

PLGA clearly does not occur. The lactic acid region could crystallize, but the interruption by the 

glycolic acid region makes crystallization more difficult.[40, 41] The crystallization properties of 

the component materials tend to be quite different when composite materials are produced. 
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Figure 9. Results of DSC measurements of PLGA-g-HA with a 70% HA content after various 

reaction times. 

[A]: DSC measurement results of neat PLGA: (a) 1st scan. (b) 2nd scan 

[B]: DSC measurement results of PLGA-g-HA: (a) 2nd scan. (b) Analysis of the major peaks  

Figure 9B section shows the DSC results of the composites prepared from PLGA-g-HA and an 

HA content of 70%. Although PLGA is strongly bound to the HA surface, it exhibits similar 

behavior to that of a general PLGA polymer. It can be assumed that PLGA is grafted as it is as a 

polymer phase. First, in region (a), a reduction in Tg compared with that of conventional PLGA 

can be confirmed. The largest decrease in Tg occurs at the beginning of the reaction, which is 
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influenced by the fact that the largest initial molecular weight reduction occurs at this point. As 

the initial molecular weight continues to decrease, Tg decreases because the mobility between 

molecules increases. Two major causes of this phenomenon are proposed. The first is the 

decrease in the molecular weight caused by the thermal degradation of PLGA that occurs when 

the composite material is produced. A reduction in the Tg value of a polymer caused by a 

decrease in the molecular weight has been previously described in the polyester research on 

PLLA and similar polymers. The second cause is the occurrence of transesterification by HA and 

the corresponding reduction in the molecular weight. A further reduction in the molecular weight 

could occur as a result of thermal degradation. However, since the PLGA chains are already 

grafted on the HA surface, the effect of thermal degradation is not expected to be large. 

As heating of the composite material progresses, cold crystallization starts at an exothermic 

peak of 80 °C or higher. The crystallization temperature of the PLGA-g-HA formed at the 

beginning of the reaction is high, as PLGA is generally a non-crystalline polymer. Section A 

confirms that although the fraction of lactic acid is high and may be partially crystalline, it does 

not undergo marked crystallization. PLGA-g-HA plays a role in crystal formation in which HA 

acts as the nucleus. The degraded polymer block can be expected to be predominantly lactic due 

to the steric effects of this portion, and the resulting monomolecular polymer is expected to form 

crystals. In addition, a double melting phenomenon is observed, which can be interpreted as a 

reflection of the influence of the decomposed polymers. The melting behavior of the low-

molecular-weight PLGA and of the crystalline structure formed previously affect the double 

melting phenomenon. 

The indicators of bio-screw performance are pull-out strength and torsional strength. However, 

the performance is difficult to use as a relative comparative indicator because it is affected by the 
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injection process to manufacture the bio-screw and affected by bone condition or suture. 

Therefore, the results of tensile testing are the most important indicators of the applicability of 

PLGA-g-HA as a bio-screw. Thus, we investigated the effect of grafting PLGA on the HA 

surface by evaluating the tensile strength. For this experiment, composites were prepared from 

PLGA-g-HA with varying conditions of HA (4 types of pre-dispersion system) and a fixed 

reaction time of 30 min. Finally, the proportion of HA in the composite is all the same. In view 

of the results of the clinical application of the existing PLGA composite material, when the filler 

was used about 25 ~ 30%, the stability and bone regeneration characteristics of the material 

reached the appropriate level at the same time. Therefore, this study designed the final content of 

HA to be 30% [42]. Figure 10A shows the results of the tensile strength tests of neat PLGA, the 

blended PLGA/HA system and the composite prepared from the PLGA-g-HA master batch. All 

three systems have the same pure HA ratio of 30%. The simple blended PLGA/HA system 

exhibits a sharp, approximately 3-fold decrease in the strength compared to that of neat PLGA. 

On the other hand, PLGA-g-HA shows very good strength compared with that of the PLGA/HA 

blended system. The specimens with an HA content of 50% in the pre-dispersion process (PRE 

(50)) show an increase in strength of more than 100% compared with that of the PLGA/HA 

blended system. Comparison of the modulus of elasticity does not reveal a large overall change. 

However, the modulus of PRE (50) is considerably higher than that of neat PLGA. Furthermore, 

the elongation ratios of both the blended system and the PLGA-g-HA system both decrease 

dramatically relative to that of neat PLGA. Existing studies report that the mechanical strength 

changes with or without surface treatment. These studies basically use fibrous materials or 

materials with high aspect ratios. In this case, the surface modification can enhance the 

dispersibility and bonding properties can be expected to have the physical properties of the filler 
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itself. On the other hand, this study makes a difference from previous studies because it uses 

particulate matter. [43, 44] 

 

Figure 10. Evaluation of the tensile strength of the composites using PLGA-g-HA with various 

HA contents 

[A]: Tensile strength measurement results: (a) Tensile strength. (b) Tensile modulus and 

elongation 

(Black - neat PLGA, Blue - Simple blended specimen, Red - PLGA-g-HA composites) 
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[B]: Schematic diagram of the interactions in the tensile strength evaluation of the simple 

blended specimen and the PLGA-g-HA composites: (a) Simple blended specimen. (b) PLGA-g-

HA composites 

Figure 10B is a schematic diagram that illustrates the difference in the tensile strength between 

the blended system and the PLGA-g-HA system. Because HA is not directly associated with 

PLGA in the first system, it acts like a foreign substance inside the PLGA, and HA and PLGA 

cannot interact with each other during the tensile test. This mixed structure reduces the PLGA 

cross-section in the composite and simultaneously acts as a crack initiation point. On the other 

hand, the surface of PLGA-g-HA interacts homogenously with the PLGA matrix. The PLGA 

chains grafted on the HA surface diffuse into the PLGA matrix, forming anchor points between 

the diffused PLGA and the matrix. This effect is influenced by the molecular length of the PLGA 

chains grafted on the surface.[45] Therefore, the PRE (50) specimen prepared from the master 

batch having a 50% HA content, which is expected to have the longest molecular chains based 

on the results of TGA analysis, exhibits the best properties. Additionally, the elastic modulus 

increases to a relatively high value as a result of the anchoring effect between the PLGA matrix 

and HA. On the other hand, the decrease in the elongation ratio can be interpreted as a decrease 

in the physical properties, which is a typical consequence of using a particulate filler, as the 

particles interfere with the alignment of the polymer after the yield point of polymer elongation, 

resulting in crack initiation. As a result, it can be said that the structure has a greater influence on 

the mechanical performance of the composite material than the content of the substituted 

substance on the inorganic surface. It is important to substitute high molecular weight materials 

to allow physical anchoring. 
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The change in the mechanical properties caused by the molecular weight reduction and 

grafting was analyzed by DMA, and the change in the crystallization characteristics was also 

analyzed. Figure 11 shows the storage modulus and loss factor (tan D) of the composite systems 

determined via DMA. The room temperature modulus is the lowest for the sample having the 

highest HA content. Since the size of the grafted molecule is small and the length of the chain is 

short in this sample, the binding force with the PLGA matrix is expected to be low. On the other 

hand, when the content of HA is low, relatively long molecules are formed on the surface, and 

when these molecules bind with PLGA, the high modulus of HA is reflected in the results. This 

change is produced by the same influence of the length of the grafted PLGA chains used to 

describe the tensile test results. 
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Figure 11. DMA measurements of the composite prepared from PLGA-g-HA having various 

HA contents: (a) Storage modulus focused at room temperature. (b) Loss factor (tan D). (c) 

Analysis of the major peak. 
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In the tan D evaluation, the peak tends to decrease as the HA content increases. The tan D peak 

represents the damping ratio of the material, which means that as the value decreases, the energy 

absorption characteristic becomes weaker, and the material becomes increasingly hard. As the 

content of HA increases, the energy absorbed by the entire material tends to decrease. This 

phenomenon can be attributed to two causes. First, as the molecular weight decreases, the length 

of the energy transfers routes inside the material decreases. In addition, the brittle characteristics 

introduced by the high modulus of the ceramic-based composite material also contribute. 

 

4. CONCLUSION 

The new PLGA-g-HA structure was prepared using a melt reaction method. The thermal 

reaction time and content of HA in the preparation of PLGA-g-HA were found to have a strong 

influence on the shape of PLGA-g-HA. As the reaction time increased, the number of reactive 

molecules on the surface increased, and the molecular length continuously decreased. As the HA 

content increased, the number of reactive molecules on the surface increased, while the 

molecular weight decreased. The molecular length of the grafted PLGA had a large effect on the 

performance of the composite material prepared from PLGA-g-HA. The longer the molecular 

length was, the stronger the interaction of PLGA-g-HA with matrix. The use of PLGA-g-HA 

increased the strength to more than twice that of the existing blended system. Through this 

method, the grafting efficiency was higher than that of the existing research, and the mechanical 

strength was improved at the same time. Based on these results, the applicability of PLGA-g-HA 

in forming PLGA composites is very high. 
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