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 Background: Parathyroid hormone (PTH) is required for the maintenance of normal bone physiology. This study describes 
the properties of a sustained-release formulation of recombinant human PTH (rhPTH) using chitosan and silk 
fibroin microparticles as carriers for drug delivery, developed using a spray-drying method.

 Material/Methods: Chitosan, silk fibroin, and chitosan/silk fibroin microparticles loaded with rhPTH were studied with scanning 
electron microscopy (SEM) to estimate the particle size and surface morphology. The in vitro release of rhPTH 
was used to assess the developed formulation. The effect of the spray-drying process was assessed by powder 
X-ray diffraction (PXRD) of the microparticles. Quantification of the released rhPTH was performed by enzyme-
linked immune sorbent assay (ELISA). Fourier-transform infrared spectroscopy (FTIR) was used to determine 
the differences in the absorption frequency of samples.

 Results: Surface morphology of the final formulation showed the absence of pure crystals of chitosan and silk fibroin in 
the final formulation and FTIR demonstrated electrostatic interactions between chitosan and silk fibroin, which 
was supported by PXRD. The chitosan/silk fibroin microparticles loaded with rhPTH showed an entrapment effi-
ciency (EE) that ranged from 60.36–72.99% with a 50% rhPTH release profile at pH 7.5 in 24 hours. There was 
no particle aggregation in blood and little hemolysis, indicating stability of the rhPTH-loaded microparticles.

 Conclusions: A silk fibroin/chitosan microparticle formulation loaded with rhPTH was shown to be stable and to provide 
sustained-release of rhPTH, supporting a potential role of this formulation in the treatment of bone diseases 
including osteoporosis and bone fracture.
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Background

Bone contains large amounts of mineral, including hydroxyap-
atite and calcium, keratin sulfate, chondroitin sulfate, collagen, 
lipids, and water [1]. The proportions of the components of 
bone depend on the several factors, including age, gender, site 
and the presence of disease, particularly metabolic disease, 
osteoporosis, and bone trauma, which can lead to bone loss 
or bone fracture [2].

Recombinant human parathyroid hormone (rhPTH) is a geneti-
cally engineered peptide (34 amino acids), approved by the US 
Food and Drug Administration (FDA) as teriparatide (Forteo or 
PTH 1-34) for the treatment of bone diseases, which increases 
bone turnover by stimulating osteoblasts [2]. The sequence and 
structure of rhPTH are similar to the naturally secreted human 
parathyroid hormone (PTH). However, the main problem with 
rhPTH therapy is the long duration of treatment (up to two 
years), rapid drug clearance, and short half-life, which can be 
associated with lack of treatment compliance by patients [3]. 
The half-life of teriparatide rhPTH in serum is five minutes 
when administered intravenously, and approximately one hour 
when administered by subcutaneous injection [3]. There have 
been some studies conducted to develop improved delivery 
systems for the rhPTH formulation, including dry powder inha-
lation [4], and the use of chitosan nanoparticles [5]. However, 
there still remains a need to develop an effective and nonin-
vasive delivery system with the sustained release of rhPTH to 
improve patient treatment compliance.

In recent decades, the use of natural polymers in the treat-
ment of bone defects has been increasing due to their avail-
ability and advantages, which include versatility, biodegrad-
ability, and biocompatibility. Among the most commonly used 
polymers for the treatment of bone defects are hyaluronic 
acid [6,7], alginates [8], chitosan [9], polylactic acid [10], poly-
cyanoacrylate [11,12], collagen [13], silk fibroin [14], and poly-
caprolactone [15].

The natural polymers selected for the delivery of rhPTH-loaded 
microparticles are chitosan, an amino polysaccharide and 
deacetylated form of chitin, and silk fibroin. Chitosan is a natu-
rally occurring linear biodegradable polysaccharide, containing 
N-acetyl-D-glucosamine and D-glucosamine moieties in its 
chemical structure. Recently, chitosan has been extensively 
studied as a potential material for the delivery of therapeutic 
biomolecules, proteins, and gene vectors [16,17]. At neutral pH, 
protein and genes carry negative charge undergo electrostatic 
interactions with large numbers of -NH2 groups at the deacet-
ylated backbone of glucosamine units in chitosan [18,19].

Silk fibroin is a fibrous protein obtained from the domesticated 
silkworm, Bombyx mori, contains glycine and alanine as the 

main amino acid residues, and is widely used as a suture 
material. Several studies have been undertaken on silk fibroin 
to determine its mechanical and structural properties, biocom-
patibility, and biodegradable nature. Silk fibroin is formed from 
b-sheet structures resulting from protein self-assembly, which 
leads to stability and the improved mechanical properties. Silk 
fibroin exists in three molecular conformations, Silk I, Silk II, 
Silk III, which are soluble in water and are characterized by 
a mixture of random coil structures, the a-helix, and b-turn. 
The predominance of b-sheets leads to a stable and water-
insoluble fibroin characterized by a-helix. Tetracycline-loaded 
silk fibroin/chitosan microparticles have previously been 
formulated using a spray-drying method to prolong the release 
of tetracycline [20,21]. In 2009, Yang et al. investigated silk fi-
broin and silk fibroin/chitosan microparticles as cardiac patches 
and their effects on rat mesenchymal stem cells in vitro [21].

Given the findings of these previous studies, the primary aim of 
this study was to prepare a sustained release rhPTH-loaded chi-
tosan and silk fibroin microparticles for the treatment of bone 
disease. The developed delivery system, physical properties of 
the microparticles, including in vitro rhPTH drug release, com-
patibility with the presence in blood, and drug stability studies 
were also assessed.

Material and Methods

Materials

Chitosan, 80% deacetylated (100–150 KDa) was purchased from 
Shin Dar Biotechnology Company (Taipei, China). Recombinant 
human parathyroid hormone (PTH) (rhPTH) pellets (4.1 KDa) 
were obtained from Shanghai Celgen Pharmaceutical Co. Ltd. 
Silkworm cocoons were kindly supplied by the Department of 
Engineering Mechanics, Tsinghua University, China, to allow 
for the extraction of silk fibroin.

Study design

To examine the potential of chitosan and silk fibroin microparti-
cles, particles were characterized and evaluated in vitro. Particle 
size estimation and surface morphology characterization were 
performed using scanning electron microscopy (SEM). The in 
vitro release of rhPTH, was used to assess the release pattern 
of the developed formulation. Compatibility of the formula-
tion in the blood and stability studies of the microparticles in 
blood were also performed.

Silk fibroin extraction

Fibroin was extracted according to the methods previously 
described in the literature, with some modifications [22]. 
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Briefly, obtained silk fibroin was boiled and then minced into 
small pieces followed by boiling in 0.2% Na2CO3 solution for 
30 min. The resulting silk fibroin mesh was washed with dis-
tilled water multiple times and dried for next 12 hours, and 
then dissolved in lithium bromide (LiBr) 9M at 60°C for three 
hours. The mixture was dialyzed using a dialysis membrane 
with a 12 kDa molecular weight-cutoff against phosphate 
buffer 10 mM (pH 7.0) for 24 hours, with four replacements 
with fresh buffer. The final concentration of the resulting silk 
fibroin solution was adjusted to 5% with phosphate buffer 
and stored at 4°C until further use.

Microsphere preparation by spray-drying

To prepare the microparticles, chitosan solution (1% w/v) in 
acetic acid, small amounts of polyethylene glycol (<0.01%), 
and increasing concentrations of sodium tripolyphosphate 
were added to the silk fibroin solution (2.5%, w/v), followed 
by mixing for one hour to obtain particles used for the spray-
drying technique. The developed microparticles were then 
immersed in 95% alcohol for 24 hours and then stored until 
further use. Table 1 shows the optimized process parameters for 
the manufacture of the chitosan and silk fibroin microparticles.

Scanning electron microscopy (SEM) of the surface 
morphology of the microparticles

Images of the scanning electron microscopy (SEM) of the mi-
croparticles were taken to determine their size and surface 
morphology. Before the SEM examination, the samples were 
placed onto adhesive tape and adhered to an aluminum disc. 
To enhance the conductivity, a thin layer of gold coating was 
applied by spraying and the images were observed in a 10 
Torr vacuum by the scanning electron microscope (JEOL, JFC-
1100 fine coat ion sputter, Tokyo, Japan). An electron beam 
with an acceleration potential of 1.2 kV was used to scan the 
specimens, and the images were collected using the secondary 
electron mode.

Powder X-ray diffraction (PXRD) of the microparticles

To evaluate the effect of the spray-drying process, microparticles 
were subjected to powder X-ray diffraction (PXRD) (D8 Advance, 
Bruker AXS GmbH, Karlsruhe, Germany) using Cu(Ka) radiation 
(l=0.1542 nm) to obtain the diffraction patterns of microparticles 
at room temperature on 2q scale from 2–50o in continuous mode.

Determination of the entrapment efficiency (EE) and in 
vitro release studies

Following generation of the microparticle formulation, non-
entrapped rhPTH was separated from the particles by ultra-
centrifugation at 10,000 rpm at 4°C for 30 minutes. To deter-
mine the entrapment efficiency of rhPTH within the particles, 
the supernatant was collected. A rhPTH enzyme-linked im-
munosorbent assay (ELISA) kit was employed to quantify the 
peptide. The entrapment efficiency percentage was defined 
as the ratio of the amount of drug present in the particles to 
the amount of drug used in the loading process, according to 
the equation given below:

Entrapment efficiency (EE) (%)=rhPTHT–rhPTHF/rhPTHT ×100 (1)

To examine the release profile of rhPTH from the chitosan/silk 
fibroin particles, in vitro release studies were performed at pH 
7.4 for a 96-hour timespan. Then, the microparticles in sus-
pension were centrifuged at 20,000 rpm for 45 min and at a 
final concentration of 2×10–3 mg/mL, and the obtained pellet 
was redispersed in 10 mL of phosphate-buffered saline solu-
tion (pH 7.4). The total volume was divided equally into the 
required number of Eppendorf tubes for a time-dependant re-
lease study at the following time points: 0, 0.5, 1, 3, 6, 9, 12, 24, 
48, 72, and 96 hours. The Eppendorf tubes were incubated at 
37°C with gentle shaking. At the set time points, the Eppendorf 
tube contents were centrifuged and the rhPTH released from 
the rhPTH and chitosan/silk fibroin particles were quantified 
using the ELISA kit. The percentage of peptide released was 
calculated based on the ratio of the amount of peptide re-
leased at a given time to the amount loaded in the particles, 
which followed the equation given below:

% rhPTH release=rhPTH-t/rhPTH-L ×100 (2)

Where rhPTH-t is the amount of rhPTH released at the time ‘t’ 
and rhPTH-L is the amount of rhPTH loaded in the microparticle. 
At the end of the studies, a cumulative percentage of the rhPTH 
released profile versus each time point was plotted.

Blood compatibility studies

The chitosan and silk fibroin microparticles underwent blood 
compatibility using a hemolysis assay. Briefly, freshly taken, 

Parameters Values

Flow rate 40 ml/min

 Nozzle size 0.7 mm

Atomization 40 kPa

Airflow rate 0.65 m3/min

Inlet temperature 120°C

Outlet temperature 100°C

Table 1.  Spray drying process optimized parameters for the 
preparation of chitosan-silk fibroin microparticles of 
recombinant human parathyroid hormone peptide.

7534
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS]

Lv B.-H. et al.: 
Sustained-release rhPTH

© Med Sci Monit, 2018; 24: 7532-7540
LAB/IN VITRO RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



anticoagulant-treated (acid citrate dextrose) human blood was 
used. To detect the color change in the plasma due to hemolysis, 
the chitosan and silk fibroin particles (100 µL) were added to 
1 mL blood sample then kept at 37°C in an incubator shaker 
for 2 h with continuous shaking. To obtain the plasma, the 
samples were spun down at 5,000 rpm for 20 min at 10°C, and 
the color of the plasma was observed to determine whether 
hemolysis had taken place. Then, 100 µL of the plasma was 
added to 1 mL of 0.01% Na2CO3 and the absorbance was mea-
sured at 380, 415, and 450 nm. The plasma hemoglobin can 
be determined according to the following equation:

Plasma Hb=[(2A415)–(A380–A450) ×76.45] (3)

where A415, A380, and A480 were the absorbances at respective 
wavelengths. The obtained sample values were compared with 
that of the control (blood + saline) [23].

Once the plasma hemoglobin content was estimated the 
percentage of hemolysis was calculated using the following 
formula:

Hemolysis=Total Hb content of sample/Total Hb ×100 (4)

Stability of the chitosan and silk fibroin microparticles in 
the blood

Stability studies of the chitosan and silk fibroin microparticles in 
the plasma were also performed. Freshly taken blood samples 
were taken in acid citrate dextrose (anticoagulant), followed 
by centrifugation at 5,000 rpm for 20 min at 10oC. The equal 
volumes of chitosan and silk fibroin microparticles (0.1 mg/mL 
chitosan concentration) were mixed with 1 mL of plasma in 
an incubator shaker at 37°C, at 150 rpm for 2 h with contin-
uous stirring. Then, centrifugation at 5,000 rpm for 20 min at 
10oC was performed to obtain microparticles that could be 
examined by SEM.

Statistical analysis

One-way analysis of variance (ANOVA) and the Student-
Newman-Keuls multiple comparisons test were performed to 
obtain the significant difference (p<0.05). All experiments were 
performed in triplicate and presented as the mean ± standard 
deviation (SD).

Results

Functional group estimation

Fourier-transform infrared spectroscopy (FTIR) was used to 
determine the differences in the absorption frequency of 

samples of silk fibroin and chitosan and these formulations are 
shown in Figure 1. Various peaks of silk fibroin (Figure 1(A)) 
were seen at 1627 cm–1, 1516 cm–1, and 1239 cm–1, which 
confirmed the presence of a -CONH2 bond in its structure. 
However, a slight change in the absorption frequency of silk 
fibroin at 1655 cm–1, 1530 cm–1, and 1237 cm–1 was observed 
(Figure 1(B)). Figure 1(B) shows the characteristic peaks of chi-
tosan at 1662 cm–1, 1605 cm–1, and 1393 cm–1, which corre-
sponds to amide I, -NH2 bending and amide III, respectively. 
Based on these results, it could be concluded that some weak 
physical interactions between silk fibroin and chitosan occurred 
following the spray-drying process.

Surface morphology studies of the chitosan/silk fibroin 
microparticles

The surface morphology of silk fibroin, chitosan, and the chi-
tosan/silk fibroin microparticles loaded with rhPTH were of 
variable shapes and are shown in Figure 2A–2C. The surface 
morphology of silk fibroin (Figure 2A), which was consistent 
with previously reported findings [24]. A wrinkled surface with 
loose surface topography was found for chitosan (Figure 2B), 
which was consistent with previously reported findings [25]. 
The surface morphology of chitosan/silk fibroin loaded with 
rhPTH microparticles were almost spherical, but there were 
observed wrinkles over the surface (Figure 2C). This finding 
could be due to the electrostatic interactions between the two 
different polymers. However, the addition of crosslinkers into 
formulations may also influence the surface morphology of 
the chitosan/silk fibroin microparticles.
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Figure 1.  The Fourier-transform infrared spectroscopy (FTIR) 
spectra of silk fibroin (SF), chitosan (CHT), and 
chitosan/silk fibroin (CHT/SF) microparticles loaded 
with recombinant human parathyroid hormone 
(rhPTH) as a formulation. A) Fourier-transform 
infrared spectroscopy (FTIR) of silk fibroin (SF). B) FTIR 
of chitosan (CHT). C) FTIR of silk fibroin/chitosan 
(SF/CHT) microparticles loaded with recombinant 
human parathyroid hormone (rhPTH) as a formulation. 
The experiments were carried out in three biological 
replicates (in triplicate).
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Powder X-ray diffraction (PXRD) of the microparticles

Powder X-ray diffraction (PXRD) of the silk fibroin, chitosan, 
and the chitosan/silk fibroin microparticles loaded with rhPTH 
microparticle formulation are shown in Figure 3. The pure silk 
fibroin film (Figure 3(A)) presented a halo PXRD pattern, which 
is characteristic of amorphous materials, with the absence of 
characteristics peaks. The PXRD pattern of chitosan (Figure 3(B)) 
showed broad diffraction peaks at 2q=31° that represented 
semi-crystalline chitosan. However, the chitosan/silk fibroin 
microparticle formulation (Figure 3(C)) showed a PXRD pattern 
that was typical of an amorphous substance.

Entrapment efficiency (EE) and in vitro release studies

The entrapment efficiency (EE) was found to range from 
60.36–74.9% (Figure 4). Previously reported findings have shown 
that increased concentration in the crosslinker significantly reduced 
the loading [26]. This finding might be due to the irregular surface 
of the microparticles, which was further enhanced by spray-drying 
of the rhPTH-loaded microparticles. The entrapment efficiency of 
0.1 w/v chitosan with 10–6 M rhPTH was found to be 68%.

Figure 5 shows the 96-hour release profile of rhPTH-loaded silk 
fibroin/chitosan microparticle formulation. The mechanism of 
release might be due to the absorption of the water molecules 
(imbibition) in the matrix of the polymers, leading to swelling 
of the microparticle resulting in an inefficient cross-linkage that 
results in the release of the peptide. The stability of the peptide 

A B

C

Figure 2.  Scanning electron microscopy (SEM) of the morphology of silk fibroin (SF), chitosan (CHT), and chitosan/silk fibroin (CHT/SF) 
microparticles loaded with recombinant human parathyroid hormone (rhPTH). (A) Scanning electron micrograph of the 
morphology of silk fibroin (SF). (B) Scanning electron micrograph of the morphology of chitosan (CHT). (C) Scanning electron 
micrograph of the morphology of chitosan/silk fibroin (CHT/SF) microparticles loaded with recombinant human parathyroid 
hormone (rhPTH) formulation. The experiments were carried out in three biological replicates (in triplicate).
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in the in vitro conditions could be increased following entrapment 
into the chitosan/silk fibroin polymeric chain, as the enzyme-
linked immune sorbent assay (ELISA) detected the amount of 
the peptide even after 84 hours.

Stability of the chitosan/silk fibroin microparticles in the 
blood

Figure 6A and 6B show the rhPTH loaded chitosan/silk fibroin mi-
croparticles at a concentration of 0.1 mg/mL with no aggregation 
after 2 hours of treatment with human blood plasma. The sample 
was well-dispersed, spherical, and with a size in the nano range. 
This finding excluded the possibility of microparticle aggregation 
in the blood due to the influence of plasma proteins.

Blood compatibility studies

To examine the blood compatibility of the chitosan/silk fibroin 
microparticles, a hemolysis assay was performed after 2 hours 
of incubation. Figure 7 shows the rhPTH-loaded chitosan/silk 
fibroin microparticle concentrations together with the negative 
control (normal saline) and positive control (1% trypsin). The he-
molysis assay showed that there was negligible damage to the 
blood cells associated with chitosan/silk fibroin microparticles. 
The positive control showed 8% damage to the cells. It was 
possible to conclude that the use of the chitosan/silk fibroin 
microparticles hemolysis levels were well within the drug 
safety limits for biomaterials according to the International 
Organization for Standardization (ISO) guidelines technical re-
port 7406 (ISO/TR 7406), which indicated that the damage of 
the sample on the erythrocytes was negligible [27,28].

Discussion

This report has described the recent synthesis and character-
ization of a formulation of recombinant human parathyroid 
hormone (rhPTH) in a silk fibroin and chitosan matrix (chito-
san/silk fibroin microparticle) using spray-drying technology. 
Human parathyroid hormone (PTH) contains 84 amino acids 
in its structure and is an endogenous polypeptide [29]. The 
synthesis of PTH takes place in the cells of the parathyroid 
gland. Human PTH 1–34 is a bone-forming agent that regu-
lates calcium homeostasis and bone turnover, and can help 
to stimulate new cortical and trabecular bone formation 
and improve bone growth and bone density [30]. The 1–34 
N-terminal fragment is responsible for the biological activity 
of PTH and for both catabolic and anabolic effects in bone [31]. 
Therefore, the manufacture of microparticles using biocom-
patible polymers can provide the prolonged action of the 
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Figure 3.  Powder X-ray diffraction (PXRD) pattern of silk 
fibroin (SF), chitosan (CHT), and chitosan/silk fibroin 
(CHT/SF) microparticles loaded with recombinant 
human parathyroid hormone (rhPTH). A) Powder 
X-ray diffraction (PXRD) pattern of silk fibroin (SF). 
B) PXRD pattern of chitosan (CHT). C) PXRD pattern of 
chitosan/silk fibroin (CHT/SF) microparticles loaded 
with recombinant human parathyroid hormone (rhPTH) 
formulation. The experiments were carried out in three 
biological replicates (in triplicate).
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Figure 4.  Entrapment efficiency (EE) and in vitro release study 
findings. The yield (percentage) of microparticles. The 
experiments were carried out with three biological 
replicates (in triplicate).
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Figure 5.  Profile of the percentage release of peptide with time. 
The experiments were carried out in three biological 
replicates and expressed as the mean ± standard 
deviation (SD).
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sustained-release properties of hrPTH combined with chito-
san/silk fibroin microparticles. There is a need for improved 
treatment of osteoporosis and bone trauma that can improve 
current daily PTH injection treatment regimens and improve 
patient compliance.

Spray-drying is the most widely used technique to formulate 
microparticles of the desired particle size and distribution, 
and is a process that is commonly used in industrial processes 
involving particle formation and drying [32]. In this study, the 
spray-drying delivery system has been reported for the first 
time using silk fibroin and chitosan as biocompatible polymers 
to deliver rhPTH peptides with sustained release in the treat-
ment of bone trauma. There are most likely to be electrostatic 
interactions between silk fibroin and chitosan that facilitate 
microparticle formation, due to the positive charge contributed 
by chitosan and the negative charge of silk fibroin. Surface 

properties of microparticles are significantly changed due to 
the silk fibroin. The blending of silk fibroin in the formulation 
might also be the factor that prevents the aggregation and 
decomposition of the microparticles in the blood, due to its 
robust material properties.

It has previously been reported that both the diffusion and 
stabilization effect provided by silk fibroin might cause the 
sustained release of the peptide from the formulation [33]. 
Previously, poly(lactic-co-glycolic acid) (PLGA) and alginate mi-
crospheres were prepared with a surface coating of silk fibroin 
to obtain the controlled release of the rhPTH, and the use of 
chitosan and silk fibroin in formulating microparticles for sus-
tained release of a hydrophilic drug using a spray-drying method 
has been reported to be a method that can be used on a large 
scale [33]. This delivery system consists of three components, 
silk fibroin, chitosan, and a crosslinker. These polymers were 
chosen for their biocompatibility and suitable processing 
properties. Silk fibroin is a naturally occurring polymer and 
was chosen as a matrix due to its excellent properties that 
include its high mechanical strength, biocompatible nature, 
negligible flammability, and biostability or longer biodegrad-
ability. Previous reports described numerous formulation of silk 
fibroin as a film, scaffold, hydrogel or as non-woven mats [34]. 
All these formulations have the potential for improved therapy 
of bone disease or in tissue engineering research.

Chitosan is an abundant natural polysaccharide, second 
only to cellulose, and has many advantages over other 
polymers, which include nontoxicity, biocompatibility, and 
biodegradability. Chitosan is a family of cationic polysaccha-
rides with a basic chemical structure of (1,4)-linked 2-amino-
2-deoxy-D-glucans [35]. For commercial purposes, chitosan is 
produced by the partial deacetylation of chitin. Recently, chi-
tosan and a silica hybrid membrane containing localized bone 
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Figure 7.  Hemolysis pattern of chitosan/silk fibroin (CHT/SF) 
microparticles. Negative control. Positive control. N=6. 
The results are expressed as the mean ± standard 
deviation (SD).

A B

Figure 6.  Scanning electron microscopy (SEM) of the morphology of chitosan/silk fibroin (CHT/SF) microparticles loaded with 
recombinant human parathyroid hormone (rhPTH). (A) Scanning electron microscopy (SEM) of the morphology of chitosan/
silk fibroin (CHT/SF) microparticles loaded with recombinant human parathyroid hormone (rhPTH). (B) SEM of the chitosan/
silk fibroin (CHT/SF) microparticles loaded formulation after treatment with blood plasma and without particle aggregation.
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morphogenic protein (BMP)-2 delivery has been reported to 
show the healing ability of chitosan.

In the present study, Fourier-transform infrared spectroscopy 
(FTIR) was used to determine differences in the absorption 
frequency of samples and demonstrated characteristic peaks 
of silk fibroin and chitosan. In contrast, rhPTH loaded silk fi-
broin/chitosan microparticles displayed a slight change in the 
absorption frequency because of interaction between silk fi-
broin and chitosan, which is consistent with previously pub-
lished findings [20]. In this study, absorption peaks of the amide 
groups in chitosan spectra, including at 1536 cm–1, were ob-
served in silk fibroin/chitosan microparticles. There are also 
possibilities of interaction between the -COOH group of silk fi-
broin and -NH2 of chitosan, which caused a shift to 1644 cm–1 
for silk fibroin/chitosan microparticles.

In the scanning electron microscopy (SEM) study, crystals of 
silk fibroin and chitosan were not present following the spray-
drying process, which could have been due to the interaction 
between both polymers, resulting in the different surface mor-
phology of the microparticles. Also, processing parameters of 
the microparticles could also influence the surface architecture. 
Powder X-ray diffraction (PXRD) results showed a halo pattern 
of the formulation that was most likely to be associated with the 
amorphous substances formed after spray-drying. Due to the 
presence of many -NH3

+ groups present in the chitosan, elec-
trostatic interactions with the negatively-charged amino acids 
present in the silk fibroin, which was also observed in the sus-
tained-release studies of the peptide from the microparticles.

The findings of this study are supported by the findings from 
previous studies. Lee et al. reported that the influence of the 
silk fibroin to chitosan concentration ratio affected the release 
profile of tetracycline, as the percentage cumulative release of 
tetracycline was observed to range from between 67–80% at 

various silk fibroin/chitosan ratios [36]. At a ratio of 10: 4 the 
drug release was sustained with released for four days, while 
that of the silk fibroin microparticle alone had a maximum 
sustained release duration of two days [36]. This pattern of 
sustained release might be explained because of the high 
concentration of polymers, including the stability of chitosan 
nanoparticles [5]. This previous study also reported that there 
was no agglutination of blood after two hours of treatment 
and examination of human blood plasma [5].

Because exposure of biomaterials to the blood could result 
in damage to erythrocytes and could also lead to thrombus 
formation, the use of a hemocompatibility index is essential in 
the evaluation of sustained-release bioengineered microparticles 
for drug delivery. This fact is highlighted by reports from several 
groups that have investigated the blood compatibility of un-
modified chitosan in microspheres and emulsions in terms of 
hemolysis [37–39]. However, the silk fibroin/chitosan micropar-
ticles showed excellent results with negligible hemolysis, which 
means that this formulation has the potential to improve the 
current bone trauma therapy with improved patient compli-
ance and without hematological safety concerns.

Conclusions

Sustained-release microparticles of silk fibroin and chitosan 
have been shown to act as a delivery system for sustained-
release recombinant human parathyroid hormone (rhPTH), 
with blood hemolysis levels that were within drug safety limits 
for biomaterials. This sustained-release formulation of rhPTH 
may provide an alternative administration route for patients 
who require treatment with PTH, which currently requires fre-
quent intravenous and subcutaneous dosing, reducing dosing 
frequency and improving patient compliance during PTH 
treatment. However, further studies are required to evaluate 
this formulation in controlled clinical studies.
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