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Purpose: Postoperative infection and pain management are of great concern to orthopedic 
surgeons. Although there are several protocols available to deal with these aspects, they are 
fraught with complications, such as cartilage damage, cardiovascular and neurological 
intoxication, and systemic adverse responses. Therefore, it is necessary to develop safe and 
effective perioperative protocols. In the current study, antimicrobial agents/analgesics/growth 
factor-embedded biodegradable hybrid fixators (polycaprolactone fixator + poly[lactide-co- 
glycolide] sheath-core structured nanofibers) for bone fracture repair were designed.
Methods: The biodegradable hybrid fixators were fabricated using solution-extrusion three- 
dimensional printing and electrospinning. In vitro, the characteristics of the hybrid fixators 
were examined. Additionally, the release of the incorporated vancomycin, ceftazidime, 
lidocaine, and bone morphogenetic protein-2 (BMP-2) was evaluated. The in vivo efficacy 
including drug-eluting properties, fracture repair, and pain management of the biomolecule- 
loaded nanofibrous fixators was investigated in rabbit rib-fracture models.
Results: The nanofibrous fixators released vancomycin, ceftazidime, and lidocaine in 
a sustained manner under both in vitro and in vivo conditions and protected BMP-2 from 
burst release. The implantation of these hybrid fixators around the fractured rib significantly 
improved animal activities and bone union, indicating that the inclusion of analgesic in the 
fixator effectively reduced postsurgical pain and thereby helped in recovery.
Conclusion: The novel biomolecule-loaded nanofibrous hybrid fixators resulted in excellent 
therapeutic outcomes. These fixators may be effective in the repair of rib fractures in clinical 
settings and may help mitigate surgical complications, such as infection, nonunion, and 
intolerable postoperative pain.
Keywords: sheath-core structured nanofiber, bone union, biodegradable fixator, 
antimicrobial, analgesics, growth factor

Introduction
Technological advancements in medical sciences have accelerated the development 
of osteosynthesis models and devices. For example, the bone-healing process is no 
longer reliant on endogenous growth factors alone; instead, synthetic growth factors 
are added to the fracture site to facilitate fracture repair.1,2 In this case, although 
a high rate of bone union can be achieved, there are several factors that may cause 
nonunion, including bone loss and defects, excessive periosteal damage during 
osteosynthesis, and locally colonized microorganisms.3–5 Among these, microorgan-
ism colonization—infection—before and after osteosynthesis is a dominant factor.6–8
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Surgeons are concerned about perioperative infection, 
which may lead to missed surgical goals, impaired 
patient’s functions, and increased complications, including 
fatalities. In orthopedic surgery, bone infection (ie, osteo-
myelitis) a troublesome complication.9 Nonunion is gen-
erally observed after osteosynthesis in infected bones and 
requires long-term parenteral antimicrobial treatment and 
revision osteosynthesis with new bone transplantation. 
Thus, the addition of exogenous growth factors may be 
needed to achieve fracture union and regain normal 
function.

In contrast, patients undergoing orthopedic surgery are 
concerned about perioperative pain management. Pain is 
an important factor in recovery because it has a substantial 
physical and mental toll on the patients.10,11 To counter 
these problems, several pain management protocols have 
been proposed.12–14 One of these protocols involves soak-
ing surgical tissues with analgesics.15–19 Although this 
local bulk-absorption method is effective, it is accompa-
nied by complications, such as cartilage damage,20 cardi-
ovascular intoxication, and impaired neurological 
responses.21,22 Therefore, a safe and effective periopera-
tive pain management protocol is essential.

To address these issues, we developed degradable 
nanofibrous fixators loaded with antimicrobial agents, 
analgesics, and growth factors for repairing bone fractures. 
The fixators were fabricated using three-dimensional (3D) 
printing and electrospinning/co-electrospinning. In our 
previous study,23 we employed micro-injection molding 
to prepare biodegradable fixators. Compared with injection 
molding, 3D printing enables faster and customized pro-
duct development.24,25 The lead time for manufacturing 
can also be reduced substantially; thus the new designs 
have shorter time-to-market and can meet customer 
demands more quickly. Moreover, the electrospinning 
technique yields nonwoven mats with a thickness in the 
order of a few nanometers with large surface areas, ease of 
functionalization, and superior mechanical properties.26,27 

Furthermore, the co-electrospinning technique can be used 
to prepare sheath-core structured nanofibers.

We selected poly(ε-caprolactone) (PCL), a popular 
long-term implantable biomaterial,23,28,29 as the backbone 
of biodegradable fixators because this material undergoes 
gradual degradation via the hydrolysis of ester linkages 
under normal physiological conditions (such as those in 
the human body). To prepare nanofibers, we chose poly 
(lactic-co-glycolic acid) (PLGA), which is a US Food and 
Drug Administration-approved copolymer often used in 

therapeutic devices owing to its excellent biodegradability 
and biocompatibility.30,31

In the current study, we aimed to evaluate the eluting 
profiles and clinical effectiveness of hybrid fixators with 
a PCL backbone and biomolecule (antimicrobial medica-
tion, analgesic agent, and growth factor)-embedded PLGA 
nanofibers in a rabbit rib-fracture model. We hypothesized 
that by implanting these hybrid fixators in the fracture 
models, bone union could be secured, and the loaded 
drugs could be eluted, gradually resulting in efficient 
bone union and growth.

Materials and Methods
Materials
The backbone of the fixators consisted of PCL (molecular 
weight [Mn] ~80,000 Da), and the drug carrier was PLGA, 
which consisted of lactide and glycolide at a 1:1 ratio (Mn 
33,000 Da). The drugs used were commercial-grade van-
comycin hydrochloride, ceftazidime hydrate, and lidocaine 
hydrochloride. Recombinant human bone morphogenetic 
protein-2 (BMP-2) was used as the growth factor. The 
solvents used were dichloromethane (DCM) and 
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP). All these che-
micals were purchased from Sigma-Aldrich (St. Louis, 
MO, USA).

Design and Fabrication of Biodegradable 
Fixators
Three types of self-locking biodegradable fixators were 
designed (H2, H3, and X), as shown in Figure 1A. The 
fixators were fabricated on a lab-developed solution- 
extrusion 3D printer,32 which included a solution- 
extrusion feeder, driving stepper motors and related com-
ponents, a power source, a syringe controlled by a user 
interface, an accumulation platform, and a dispensing tip 
with an outlet of inner diameter 0.18 mm (Figure 1B). An 
open Cura interface (Ultimaker B.V., Geldermalsen, The 
Netherlands) was used to manage the entire 3D printing 
procedure (Figure 1C).

To print the fixators, 2.5 g of PCL was mixed with 
3.5 mL of DCM on a magnetic stirrer for 6 h. The mixed 
solution was then fed into the feeding system of the 
printer, which consisted of a syringe and plastic dispensing 
tip. The dispensing tip was moved using a microprocessor- 
controlled servo motor during the 3D printing process, and 
the PCL solution was extruded out of the tip and deposited 
on the collection platform. Upon solvent evaporation, 
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biodegradable fixators of different geometrical designs and 
thicknesses (0.2 and 0.4 mm) were obtained.

Mechanical Properties of the 
Biodegradable Fixators
A pilot in vitro study was initially conducted to assess the 
mechanical properties of the biodegradable fixators before 
in vivo animal studies. Four 6-month-old New Zealand 
white rabbits weighing 2800–3200 g were used in the 
biomechanical tests. Each rabbit was placed in an enclosed 
chamber and subjected to inhalation euthanasia using car-
bon dioxide (2 L/min for 3 min). Carbon dioxide was 
pumped for an additional 2 min to ensure a complete 
lack of respiration and faded eye color. All animal proce-
dures were approved by the Institutional Animal Care and 

Use Committee at the Animal Center of Chang Gung 
University (CGU 14–102), in accordance with the regula-
tions and guidelines of the Ministry of Health and Welfare, 
Taiwan.

In total, 21 ribs were harvested (bilateral 5th-7th ribs in 
each rabbit) and examined. The ribs were prepared by 
removing the attached muscles and periosteum after eutha-
nasia. Each fixator was fixed to the ribs by passing belts 
through matching holes and wrapping around the fracture 
site; the time required for fixing was recorded. Subsequently, 
the control ribs and fixator-rib assemblies were analyzed 
using three-point bending on a mechanical testing device 
(LRX; Lloyd Instruments, Bognor Regis, UK). The speci-
mens were placed on two supporting pins 25 mm apart from 
each other, and the loading pin was moved at a speed of 
1 mm/s in the downward direction until the specimen 

Figure 1 Fabrication process of the 3D printing process. (A) Layouts and dimensions of the biodegradable fixators. (B) Photograph of the solution-extrusion 3D printer. 
(C) Cura code used to print the fixators.
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fractured. The applied force and strain on the ribs (control 
and fixator) during the loading process were recorded.

Fabrication of Biomolecule-Loaded 
Nanofibers
Bilayered biomolecule-loaded nanofibers, that is, a regular 
nanofibrous layer and a sheath-core structured layer, were 
prepared by electrospinning and co-electrospinning. An 
electrospinning setup, consisting of a high-voltage supply 
generating positive direct current voltage (maximal power: 
35 kV) and current (4.16 mA/125 W), aluminum sheet, 
ground electrode, and syringe with a needle (0.4 mm inter-
nal diameter), was used to fabricate the regular nanofibers. 
To fabricate these nanofibers, PLGA (1120 mg), vancomy-
cin hydrochloride (93.3 mg), ceftazidime hydrate 
(93.3 mg), and lidocaine hydrochloride (93.3 mg) were 
mixed with 5 mL of HFIP and used to fill the syringe 
pump. This solution was extruded from the syringe at 
a rate of 0.8 mL/h and electrospun on the aluminum 
sheet, which acted as the collector. The distance from the 
needle tip to ground electrode was 15 cm, and an 18-kV 
positive voltage was applied to the polymer solution.

Additionally, to fabricate the sheath-core structured 
nanofibers, a special coaxial device that concurrently 
deposited two solutions on the aluminum sheet was 
used.5 PLGA (840 mg) was dissolved in 1 mL of HFIP 
and applied as the sheath solution, whereas the core solu-
tion consisted of 20 μg of BMP-2 and 1 μL of bovine 
serum albumin in 1 mL of phosphate-buffered saline 
(PBS). For coaxial electrospinning, the PLGA and core 
liquids were placed in two separate feeding tubes equipped 
with needles. During co-electrospinning, the liquids were 
conveyed and spun onto the aluminum sheet at rates of 0.9 
and 0.3 mL/h for the shell PLGA and core BMP-2 solu-
tions, respectively, using two independently controlled 
pumps. A 17-kV positive voltage was applied to the solu-
tions, and the distance between the needle tip and ground 
electrode was maintained at 15 cm.

All electrospinning experiments were carried out at 
room temperature (25°C), and the manufactured nanofi-
brous membranes were heated in a vacuum oven at 40°C 
for 72 h to vaporize any remaining solvents.

Scanning Electron Microscopy (SEM)
The morphology of the electrospun nanofibers was evalu-
ated by SEM (JSM7500F; Jeol, Tokyo, Japan). To enhance 
sample conductivity, before testing, the membrane samples 

were initially coated with a thin layer of gold. The dia-
meter of 100 randomly selected fibers (n = 3) was ana-
lyzed using ImageJ software (National Institutes of Health, 
Bethesda, MD, USA).

Transmission Electron Microscopy (TEM)
The structure of the sheath-core nanofibers was analyzed 
by TEM (JEM-2000EXII; Jeol). Samples for TEM analy-
sis were prepared by directly depositing the fibers onto 
copper grids.

Water Contact Angle
The hydrophilicity of the electrospun nanofibers was 
examined in terms of their water contact angles (First 
Ten Angstroms, Newark, CA, USA). Nanofibrous mem-
brane samples (10 × 10 mm2) were prepared, and distilled 
water was slowly dropped onto their surfaces; the contact 
angles between water droplets and the membranes (n = 3) 
were evaluated using a video monitor. The water contact 
angle of PCL fixators was also measured for comparison.

Fourier-Transform Infrared (FTIR) 
Spectroscopy
To analyze the functional groups present in the synthesized 
samples, the FTIR spectra of pure PLGA and drug- 
embedded PLGA nanofibers (in the form of pressed KBr 
disks) were recorded on a Nicolet iS5 spectrometer 
(Thermo Fisher Scientific, Waltham, MA, USA) at 
a resolution of 4 cm–1 over 32 scans in the wave number 
range of 400–4000 cm–1.

In vitro Release of Pharmaceuticals and 
BMP-2
An in vitro elution method was employed to characterize the 
release patterns of vancomycin, ceftazidime, lidocaine, and 
BMP-2 from biomolecule-loaded PLGA nanofibers. 
Nanofiber samples (2 × 3 cm2, 216–220 mg) were cut from 
the electrospun membranes and incubated in 1 mL of a PBS 
dissolution medium (0.15 M, pH 7.4) at 37°C for 24 
h. Subsequently, the dissolution medium was isolated and 
analyzed at 24-h intervals. PBS (1 mL) was replaced every 
24 h until the sample was fully dissolved. Drug concentra-
tions in the eluents were evaluated using the Hitachi L-2200R 
multisolvent delivery system (Tokyo, Japan), whereas the 
BMP-2 level was analyzed using enzyme-linked immunosor-
bent assay (R&D Systems, Inc., Minneapolis, MN, USA).
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Rib-Fracture Model
Twelve 6-month-old New Zealand male rabbits weigh-
ing 3.0 ± 0.2 kg were used for in vivo experiments. 
The right sixth rib was selected as the target rib. Each 
rabbit was anesthetized by inhalation of isoflurane 
after preoxygenation for 5 min, and the anesthetic 
was circulated throughout the experimental process. 
After administering the anesthetic, each rabbit was 
placed in the decubitus position with the surgical 
field upward. The skin was prepared and disinfected 
according to standard antiseptic procedures. A 3-cm 
incision was made along the rib, and the target rib 
was reached after dissecting the soft tissue layer and 
leaving the periosteum undamaged; a short oblique 
osteotomy was performed on each rib. These rabbits 
were then randomly divided into control, fixator, and 
fixator/drug groups (n = 4/group). Osteosynthesis was 
not performed in the control group, whereas in the 
remaining two groups, the osteotomized ribs were 
fixed either with the fixator alone or with the selected 
fixator accompanied by biomolecule-loaded PLGA 
nanofibers, which were circumferentially wrapped 
around the target rib (Figure 2). Following the surgical 
procedure, the wound was repaired in layers with 
absorbable sutures. Postoperatively, the surgical 
wound was smeared with an antibiotic ointment, and 
the rabbits were returned to their cages after complete 
recovery from anesthesia and surgery.

In vivo Release of Drugs and BMP-2 from 
the Electrospun Nanofibers
To evaluate the local release and systemic diffusion of 
antimicrobial agents, analgesic, and growth factors 
embedded in PLGA nanofibers, the blood and muscle 
tissue surrounding the implanted PLGA nanofibers were 
obtained at regular intervals (postoperative days 2, 7, 14, 
and 28). The measurements were conducted in triplicates 
(N = 3). After anesthetizing the rabbits, as described 
above, 1 mL of blood was extracted from the central 
auricular artery in their ears. Muscle tissue was obtained 
through the same skin incision on the operated chest wall. 
Both samples were preserved in 10% formalin solution 
and later analyzed by high-performance liquid chromato-
graphy (Hitachi L-2200; Multisolvent Delivery System).

Animal Bioactivity
We assembled an animal bioactivity cage (ABC; 30 × 
30×30 cm3) and divided it into nine lattice zones (num-
bered 1–9). Rabbit movement in these lattice zones was 
spontaneously detected using electric sensors placed above 
each lattice and connected to a recording computer. Food 
and water were supplied in lattice 1 and refilled every 24 
h. The rabbits were placed in this designed cage after 
recovering from anesthesia and surgery for a 7-day obser-
vation and pain evaluation period.

During the evaluation process, each ABC was placed 
in an isolated room without human interference, 

Figure 2 Rib-fracture model and implantation process. (A) The target rib (*) was reached after careful dissection of the soft tissue layer by layer. (B) An oblique fracture was 
created (†), and the hybrid fixator was placed underneath the osteotomized rib. (C) and (D) Belts were passed through matching holes and tightened. (E) The over-length 
belts were cut to smoothen the edges of the fixator. (F) The overlying muscular and skin tissues were approximated layer by layer. Scale bar: 1 cm.
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maintained under the following conditions: constant tem-
perature, 21°C–24°C; pressure, 1 atmosphere; and humid-
ity, 45%–70%. The evaluation was completed after a 7-day 
bioactivity-evaluation course; thereafter, the rabbits were 
moved to regular cages for routine care.

Microcomputed Tomography (Micro-CT) 
and Histology Evaluation
Micro-CT images (nanoScan SPECT/CT; Mediso, Hungary) 
were acquired to monitor the healing of the fractured ribs in 
the fixator/drug group. The osteotomized rib specimens were 
excised from rabbits euthanized 28 days after osteosynth-
esis. The specimens were subjected to histological examina-
tion after hematoxylin and eosin staining.

Statistical Analyses
All statistical data were processed using SPSS software 
(V17.0 for Windows; SPSS Inc, Chicago, IL, USA). 
Descriptive statistics are displayed as mean ± standard 
deviation. Data were analyzed using the one-way analysis 
of variance and statistical differences were calculated. The 
post-hoc Bonferroni method was used to compare pairs of 
groups to identify significant differences. The observed dif-
ferences were considered statistically significant at p < 0.05.

Results
Mechanical Strength of the Degradable 
Fixators
The load-displacement curves of the H2, H3, and 
X biodegradable fixators fabricated in this study are 
shown in Figure 3. Thicker fixators (0.4 mm) showed 
significantly higher strengths than their thinner counter-
parts (0.2 mm). X and H3 fixator-repaired ribs were 
stronger than those repaired with H2; however, the 
strength of the repaired ribs was still lower than that of 
the control (unfractured) ribs. There were no statistical 
differences among the three fixators (H2 versus H3, p = 
0.11; H2 versus X, p = 0.06; H3 versus X, p = 0.06). 
Regarding the time required for fixation, H2 required the 
least amount of time (H2: 60 s; H3: 90 s; X: 180 s). 
Therefore, we selected the H2 fixator for the subsequent 
in vivo studies.

Characterization of Biomolecule-Loaded 
Nanofibers
The SEM images of pure PLGA, drug-loaded, and 
BMP-2-incorporated nanofibers are shown in 

Figure 4A–C, along with their size distributions. The 
diameter of pure PLGA nanofibers (577 ± 465 nm; 
Figure 4A) was larger than that of drug-embedded 
PLGA nanofibers (131 ± 58 nm; Figure 4B). In the 
electrospinning procedure, the polymeric solution is 
extended by the external electric force. With the addi-
tion of drugs, the polymer content in the fibers 
decreased and the nanofibers could be easily stretched 
by the external force. The sizes of the electrospun fibers 
decreased accordingly. Meanwhile, Figure 4D shows the 
TEM image of PLGA/BMP-2 nanofibers in which 
a sheath-core structure could be clearly observed.

The water contact angles of pure PLGA, drug-loaded, 
and sheath-core PLGA/BMP-2 nanofibers and PCL fixa-
tors were 128.1°, 79.2°, 121.5°, and 103.5°, respectively. 
Clearly, the addition of drugs to the nanofibers consider-
ably increased their hydrophilicity (Figure 5).

The FTIR spectra of pure PLGA and drug-loaded 
PLGA electrospun mats are shown in Figure 6. The 
new vibration peak at 1676 cm−1 in the spectrum cor-
responding to drug-loaded PLGA was attributed to the 
C=C bonds of the aromatic rings in the drug molecules. 
The peak at 1762 cm−1 was ascribed to the C=O bonds 
of the incorporated drugs. The peak near 2996 cm−1, 
corresponding to CH2 bonds, was enhanced upon the 
addition of drugs to the nanofiber mat. Moreover, the 
absorption band observed at 3422 cm−1 in the FTIR 
spectrum of drug-loaded PLGA could be attributed to 
the N-H bonds of vancomycin, ceftazidime, and lido-
caine. Thus, the obtained FTIR spectra demonstrated 
the successful incorporation of antimicrobial and 
analgesic agents in PLGA nanofibers.

Figure 3 Representative tensile properties of the biodegradable fixators (control 
represents unfractured ribs).
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Figure 4 Scanning electron microscopy images of pure and biomolecule-loaded poly(lactic-co-glycolic acid) (PLGA) nanofibers and their size distributions. (A) Pure PLGA 
nanofibers, (B) drug-loaded nanofibers, and (C) bone morphogenetic protein-2 (BMP-2)-incorporated sheath-core structured nanofibers. (D) Transmission electron 
microscopy image of BMP-2-incorporated sheath-core structured nanofibers.
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In vitro and in vivo Elution Profiles
The in vitro elution profiles of drugs loaded in the PLGA 
nanofibers are shown in Figure 7A and B. The results 
suggested that the drug-containing nanofibers released 
vancomycin and ceftazidime in a sustained manner at 
concentrations higher than their minimum inhibitory con-
centrations (MICs) for 30 and 24 days, respectively. 

Additionally, lidocaine was released for over 15 days. In 
all three cases, a high rate of elution was observed during 
the first 3 days, followed by gradual and continued elution, 
except that a second peak of drug release was found. The 
in vitro elution of BMP-2 from the nanofibers was also 
characterized. As shown in Figure 7C, the sheath-core 
structured nanofibers could sustainably release BMP-2 
for more than 30 days in a fairly stable manner. This 
may be because BMP-2 was embedded in the core part 
of the sheath-core nanofibers. In other words, the PLGA 
sheath exerted a shielding effect and protected BMP-2 
from a burst release. The in vivo concentrations of drugs 
released in the animal models were also measured 
(Figure 7D). Importantly, the nanofibers released the 
drugs in an extended manner for more than 28 days. 
Moreover, although the drug concentrations in the tissues 
were high, drug levels in the blood remained low through-
out the study.

Efficacy of Pain Control of Drug-Loaded 
PLGA Nanofibers in Animal Models
To determine the efficacy of the incorporated analgesics, 
animal activities were examined post surgery. Figure 8A 
shows the numbers of lattice zones (1–9) of the ABC. The 
data in Figure 8B show that lattice zone 1 (diet) was the 

Figure 5 Water contact angles of (A) pure PLGA nanofibers, (B) drug-loaded PLGA nanofibers, (C) sheath-core structured BMP-2/PLGA nanofibers, and (D) H2 fixator.

Figure 6 Fourier-transform infrared spectroscopy spectra of pure and drug-loaded 
poly(lactic-co-glycolic acid) (PLGA) nanofibers.
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most inhabited in the control group, whereas lattice zone 7 
(corner) was the most visited zone in the fixator/drug 
group. Furthermore, lattice zone 5 was the least inhabited 
zone in both groups. A comparison of daily activity counts 
(Figure 8C) on each day between the fixator and fixator/ 
drug groups revealed significant differences (p < 0.05). 
Although there was no significant difference between the 
control and fixator/drug groups, the 7-day counts indicated 
significant differences between the fixator and fixator/drug 
groups (p < 0.05).

Gross and Histological Examinations
Gross and histological examinations of the target ribs 
treated with hybrid fixators were carried out (Figure 9A– 
D). Gross examination revealed that the PLGA nanofibers 
were absorbed with the PCL-based rib fixators around the 
rib without breaking the locking mechanism. 
Perioperative infection was not observed in any specimen. 
All fractures showed union without excessive inflamma-
tory process or ectopic bone formation. CT scans of the 
ribs revealed a continuous and circumferential bridging 
callus in three out of four specimens. One specimen 
revealed incomplete union, representing cortical 

discontinuity (Figure 9B). Histological examination of 
the tissue surrounding the hybrid fixators indicated rich 
mono- and multi-nucleated cells, along with a certain 
number of fibroblasts in the first 2 weeks (Figure 10A 
and B). By week 3 (Figure 10C), the deeper layers of the 
membranes consisted of fibroblast-like spindle cells hap-
hazardly oriented in an extracellular matrix-rich stroma. 
Membranous tissue was rich in small blood vessels with 
scattered eosinophils and lymphocytes and showed 
a gradual decrease in tissue reaction by weeks 4 
(Figure 10D).

Discussion
In this study, we fabricated biomolecule (antibiotics, 
analgesics, and bone growth factor)-loaded nanofibrous 
biodegradable fixators by 3D printing and electrospin-
ning/co-electrospinning for promoting bone union in 
osteosynthesis. The biodegradable fixators described 
herein could overcome the limitations posed by traditional 
metallic fixators, such as mechanical load mismatch, graft 
lacerations, secondary surgical removal, and hindrance 
during postoperative magnetic resonance imaging and CT 
scanning. Furthermore, the biomolecule-loaded degradable 

Figure 7 In vitro release profiles of carried pharmaceuticals (A–C). (A) Daily and (B) cumulative release of vancomycin, ceftazidime, and lidocaine from poly(lactic-co- 
glycolic acid) (PLGA) nanofibers. (C) Bone morphogenetic protein-2 (BMP-2) released from PLGA sheath-core nanofibers. (D) In vivo drug release from PLGA nanofibers in 
tissue and blood. Values represent mean ± standard deviation (n = 12).
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fixators delivered drugs and growth factors in a sustained 
manner to the target sites to enhance bone healing.

Perioperative infection during osteosynthesis is 
a concern in orthopedic surgeries. Various prophylactic 
approaches to control bacterial colonization are used to 
ensure clean orthopedic surgeries, including prolonged 
systemic antimicrobial medications, local antimicrobial 
solution rinse and irrigation, and local application of an 
antimicrobial powder.33–36 However, these methods have 
their own limitations, such as a less-than-optimal infection 
prevention, reaction with local tissues, healing inhibition, 
and systemic toxicity. Other researchers used PMMA as 
a carrier of antibiotics for the purpose of controlled drug 
release with satisfactory results.40,41 However, the PMMA 
was not biodegradable and should be surgically removed. 
In this study, we designed and developed multi-drug- 
loaded fixators using degradable PCL and PLGA to pro-
vide an all-in-one approach for infection control, fracture 
union, and analgesia. Once the drugs are released, the 
degradable carrier is also resorbed, and no additional 

surgery is required to remove the carrier. Moreover, pre-
vious studies revealed that a locally applied antibiotic- 
loaded carrier (biodegradable or non-biodegradable) 
would not increase the systemic concentration of the 
drugs.31,42 In our study, the concentration of the applied 
antimicrobial agents remained above the MIC90, yet loca-
lized, without systemic spreading. Compared with other 
delivery agents, the tunable porosity and pore size of 
nanofibers permit them to mimic the extracellular matrix 
(ECM) to enhance cell proliferation. The large surface-to- 
volume ratio of electrospun nanofibers also offers 
a considerable number of bioactive binding sites, making 
it a promising candidate for multiple biomedical applica-
tions. Owing to these advantages, it is suggested that the 
hybrid fixator design described in the current study can not 
only be used during surgeries as an infection prophylaxis 
but also as a definite treatment for chronic osteomyelitis 
for complete eradication of microorganisms.

The treatment course described in this study can be 
especially helpful in cases of chronic osteomyelitis in 

Figure 8 Schematic of an animal bioactivity cage (ABC). (A) Nine different lattice zones contained in the ABC for post-surgery evaluation. Animal activity counts (B) in each 
ABC lattice zones (sensor number) and (C) on different days for a total of 7 days. Values represent mean ± standard deviation (n = 12); *p < 0.05.
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fracture nonunion (infective nonunion), for both patients 
and surgeons. Although we did not conduct in vivo bac-
tericidal assays, the PLGA nanofibers were loaded with 
two common antimicrobial medications, that is, vancomy-
cin and ceftazidime, which can eradicate most gram- 
positive and gram-negative microorganisms encountered 
in osteomyelitis.37–39 The hybrid fixator assembly 
described herein exhibited sustained elution of antimicro-
bial drugs at levels higher than their MIC for up to 28 
days, thereby creating an environment in which infection 
could be effectively prevented and osteomyelitis can be 
treated. Additionally, the continuous elution of BMP-2 
from PLGA nanofibers is expected to facilitate repair in 
nonunion cases. As observed in our analyses, all fractures 
in the animal models were united within 28 days without 
excessive inflammatory reaction or ectopic bone 
formation.

Another significant finding of our study was the 
analgesic effect provided by lidocaine eluted from multi- 
drug-loaded PLGA nanofibers. One of the biggest con-
cerns of patients receiving medical treatment is pain, par-
ticularly in orthopedic surgeries. Currently, there are 
several analgesic protocols available for application in 
the postoperative period.12–19 However, inadequate pain 

control (via oral administration or parietal injection) and 
systemic adverse effects (from bulky absorption during 
intra-articular injection) are the drawbacks of these proto-
cols. In this study, an analgesic was embedded in the 
biodegradable PLGA nanofibers, and its slow and contin-
uous release is expected to greatly relieve postoperative 
pain. In our studies on the postoperative activities of 
rabbits that underwent surgery, we found that the animals 
implanted with analgesic-containing PLGA nanofibers 
were as active as those in the control group. In fact, the 
animals in the control and drug-loaded fixator groups were 
considerably more active than those in the fixator-only 
group (in terms of both daily activity and 7-day activity). 
This result demonstrates that the inclusion of analgesic in 
the fixator was effective in reducing postsurgical pain and 
thus helped recovery.

Although we endeavored to minimize any bias in our 
in vitro and in vivo analyses, there still remained some 
limitations. First, we did not create an infected animal 
model in which the bactericidal effect of the applied 
materials could have been evaluated during the study. 
However, the local concentration of antibiotics was greater 
than the MIC90 (2 μg/mL), indicating the bactericidal 
effects. Second, the animal model used was not 

Figure 9 Radiological results of the animal study. (A–D) Experimental specimens (rib-fixator composites) and corresponding three-dimensional microcomputed 
tomography images of the fixator/drugs group. Scale bar, 1 cm.
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a nonunion model; hence, the capacity of the hybrid fixator 
to facilitate bone union could be inferred only from labora-
tory and image findings. Third, the postoperative behavior 
of the animals was evaluated only using an ABC. Finally, 
the relevance of our findings to humans for bone fracture 
repair remains unclear and needs to be further explored. 
However, the strength of this study lies in the fact that the 
novel biomolecule-loaded nanofibrous fixator resulted in 
an excellent therapeutic outcome. Thus, these devices may 
be helpful in dealing with surgical complications such as 
infection, nonunion, and intolerable postoperative pain.

Conclusions
In this study, we developed vancomycin-, ceftazidime-, 
lidocaine-, and BMP-2-loaded biodegradable nanofibrous 
fixators based on PCL and PLGA for bone fracture repair. 
When tested in animal models, these biodegradable fixa-
tors ensured sustained release of vancomycin, ceftazidime, 
and lidocaine for 30, 24, and 15 days, respectively, under 
in vitro conditions, and for 28 days (each compound) 
under in vivo conditions. In addition, the fixators released 
high concentrations of BMP-2 for more than 28 days and 
promoted bone union. Taken together, we successfully 

designed and developed a hybrid structure consisting of 
a PCL-based fixator and PLGA-based nanofibrous mem-
branes loaded with antimicrobial agents, analgesics, and 
growth factors to promote bone union in fracture cases, aid 
in countering infections, and ameliorate postoperative 
pain.
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