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Abstract— In this study, implantable polyethylene/fluorouracil waffles were additively manufactured by selective laser
sintering using different laser energy densities. SEM-EDS revealed a porous morphology for both PE and PE/FU waffles.
High dispersion of fluorouracil particles were observed in samples prepared under different conditions. The PE/FU waffles
manufactured at 5W had the highest flexural modulus, probably due to better PE particle coalescence, higher sinter degree
and the dispersion of FU particles in the co-continuous porous PE matrix. The PE/FU waffles showed an initial burst as well
as a rapid drug released, which are desirable characteristics for cancer treatment. This profile provides a high initial
concentration of the drug in the cancer cells and a subsequent controlled release sustaining levels of the chemotherapeutic
agent in the region of the bone tumor.
Keywords— Polyethylene/fluorouracil, Implantable drug delivery, Cancer treatment, Selective laser sintering.

I.

INTRODUCTION

Additive Manufacturing, also known as 3D printing, enables the fast processing of three-dimensional devices from different
materials and blends. This technology is also known for overcoming geometry limitations that are characteristic of
conventional manufacturing techniques and it is able to produce more complex architectures. Selective laser sintering (SLS)
is a type of Additive Manufacturing that creates objects, layer by layer, through the processing of powder materials using
infrared laser beams. [1-3]. The microstructures of samples prepared via SLS depend on the process parameters (laser power,
scan speed and spot diameter of the laser beam, and bed temperature) and the properties of the powder. For example, the
particle shape and size distribution influence the powder packing density, while the melting flow behavior and the thermal
stability determine the laser power and scan speed [4-10]. In recent years, SLS has demonstrated its potential in the
biomedical field, for applications in bone tissue engineering, and for manufacturing drug delivery devices (DDDs) [5-10].
Cancer is a public health concern worldwide and causes more than 600,000 deaths per year, only in the United States. The
conventional approach to treat this disease includes tumor removal followed by chemotherapy or radiotherapy. However,
resection surgery is not always an alternative, as observed in some cases of colon cancer metastases in which only 3.5-6.4%
of the patients are eligible for tumor removal. Furthermore, current drugs used in the systemic treatments are not specific to
cancer cells and end up causing toxicity to healthy cells and tissues [11-13]. Under this scenario, intratumoral drug delivery
devices have emerged as a powerful strategy for localized treatment of solid tumors, promising to substantially improve the
therapeutic outcomes for several kinds of cancer. This technology allows for controlled and sustained release of the drug into
the solid tumors or in the resection cavities, which results in a safer and more effective strategy [14-16].
Bone cancer usually occurs in mature/old people, except osteosarcoma, which is typically diagnosed in young people (10–20
years old) and rarely in old people [17], in the extremity of the long bones, especially in the femur [18]. There are 45 main
types of primary bone tumor, the most important being osteosarcoma (35.1% of the primary bone tumors), followed by
chondrosarcoma, Ewing’s sarcoma, and chondroma. By sex, males are more exposed to bone cancer (4% incidence in males
compared to 3% in females)[18]. The implantation of drug delivery systems at the tumor site led to a reduction in dose of the
antitumor agent, and consequently the risk of systemic toxicity decreased drastically compared with conventional systemic
administration. Itokazu et al developed some drug-delivery systems and proved that porosity and pore size influenced the
release rate of both antitumor agents [19]. The improved contact of antitumor agents with tumoral cells is expected to reduce
the recurrence and metastasis of cancer [20].
5-Fluorouracil (5-Fluoro-1H, 3H-pyrimidine-2,4-dione, 5-FU) is a traditional drug used in the treatment of many cancers. Its
mechanism of action is based on the inhibition of the enzyme denominated thymidylate synthase (TS), which works in the
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synthesis of the nucleotides required for DNA and RNA replication. 5-FU is used as a systemic drug for chemotherapy as
well as in the formulation of drug delivery systems where good outcomes have been observed [21-24]. On the other hand,
polyethylene (PE) is a bio-inert olefin approved by FDA for use in the human body as a medical device. Drug delivery
systems using PE have been proposed due to its biocompatibility and resistance to the biological environment [25, 26]. The
drug can be physically mixed with this polymer and then delivered to the surrounding environment via diffusion.
In this study, polyethylene/fluorouracil (PE/FU) waffles were prepared by SLS using different laser energy densities. The
morphological characteristics, mechanical properties and drug release of the waffles were evaluated and correlated with the
processing conditions. The particle size and shape, along with the laser power, were used to tune the porosity of polyethylene
matrix manufactured by SLS and, consequently, to control the properties for potential biomedical applications.

II.
2.1

EXPERIMENTAL

Materials

The polymeric powder used in this study was commercial polyethylene (HD 7555, Ipiranga S.A.) with an average molecular
weight of 140,000 to 250,000 g/mol, melting temperature (Tm) of 133 °C, melt flow index of 2.65 g/10 min, and density of
0.89 g/cm−3 at 25 °C. The particle size range used in this study was from 125 to 212 μm. The fluorouracil (FU) was
obtained from Hubei Gedian Pharmaceutical Co with a melting temperature of 282 oC. The powder blend was prepared by
mechanical mixing in a Y-type rotator for 10 minutes at 30 rpm.
2.2

Waffles Manufactured by Selective Laser Sintering

The pure PE and PE/FU waffles (35×5×1.4 mm) were sintered in a selective laser sintering system with a 9 W power CO2
laser and laser beam diameter of 250 μm. This study was performed in the open air and the powder bed temperature was 45
°C. The laser scanning speed was maintained at 350 mm/s. The building layer thickness used was 250 m and the spacing
between the laser scans was 125 m. The laser density energies to manufacture the waffles are shown in Table 1.

TABLE 1
PURE PE AND PE/FU WAFFLES MANUFACTURED WITH DIFFERENT LASER ENERGY.
Waffle
PE
PE
PE/FU
PE/FU
2.3

Fluorouracil content (%)
0
0
10
10

Laser power (W)
3.0
5.0
3.0
5.0

Infrared and Near-Infrared Spectroscopy

Infrared spectra of pure and processed materials were obtained using a Perkin-Elmer Frontier MIR/NIR spectrophotometer in
the attenuated total reflectance (ATR) mode. For each sample 20 scans at a resolution of 4 cm -1 were obtained. Near infrared
was also performed using a NIR Analyzer in the reflectance mode from 1000–2500 nm. 20 scans were obtained for each
sample.
2.4

Scanning Electron Microscopy (SEM)

The morphology of the waffles were examined by an XL 30 Phillips scanning electron microscopy (SEM). The specimens
were coated with gold in a Bal-Tec Sputter Coater SCD005.
2.5

Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) curves were obtained using a differential scanning calorimeter (Perkin Elmer) from
0 to 300 oC at a heating rate of 10 oC/min. The average sample size was 5 mg and the nitrogen flow-rate was 25 cm3/min.
2.6

Mechanical tests

A DMA Q800 system of TA instruments with a single cantilever clamp was used for the mechanical tests of the SLS waffles
(35×5×1.4 mm). A ramp of 2 N/min from 0 to 18N was applied for the quasi-static flexural tests. The fatigue test was
performed applying an oscillatory deformation. The amplitude used was 750 µm in both directions, under a frequency of 1
Hz, at 35 ºC.
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Drug release and Recovery of incorporated Fluorouracil

The dry specimens with known drug content and thickness were immersed in a 50-mL phosphate buffer solution (PBS, pH =
7.4) (to maintain sink conditions), and shaken horizontally in a Dubnoff bath (Quimis S.A, Brazil) at a rate of 60 rev/min to
minimize the boundary effect, and 37.0 ± 0.5 °C. The total receptor solution volume was removed periodically and replaced
with fresh solutions. After suitable dilution with the buffer solution, the total drug release was obtained using a previously
prepared calibration curve (five dilutions between 0.0020 and 0.0220 mg/mL) using a UV-Vis spectrophotometry at λmax of
265 nm, on a Hitachi 2010 double-beam UV-visible spectrophotometer.
For the recovery test, waffle segments obtained from three different portions of the total material produced under each
condition were collected. Each piece was weighed and cut into smaller pieces to increase the surface area in contact with the
solvent (10 mL of methanol; in triplicate). Samples were kept in an ultrasonic bath for 2 h and then analyzed by UV-vis
spectrophotometry at max of 265 nm

III.

RESULTS AND DISCUSSION

PE and PE/FU waffles were prepared using additive manufacturing under two laser power conditions, 3 W and 5 W. The
morphological characteristics of each sample, as well as the chemical composition, were investigated using SEM-EDS.
Furthermore, the crystallinity, mechanical properties and drug delivery profiles of the samples were also evaluated to
understand the effect of the processing parameters on the characteristics of the materials.
The images of PE and PE/FU waffles processed under different conditions are shown in Figure 1 (A-D). The waffles showed
coalescence of particles, uniform morphology, and interconnected pores distributed within the PE matrix, all of which are
important characteristics in materials to be used in implantable drug delivery devices. The PE waffles produced with the
lower laser energy showed a lower degree of sintering with the formation of small necks between the particles (Figure 1, A).
On the other hand, the PE/FU waffles, particularly those formed at 5 W, showed co-continuous phases and an extensive neck
formation between the particles (Figure 1, D). PE/FU waffles also demonstrated greater particle coalescence probably due to
the better laser absorption by the fluorouracil particles.

FIGURE 1. SURFACE MICROGRAPHS OF PURE PE AND PE/FU WAFFLES SINTERED USING DIFFERENT POWER
CONDITIONS: PE 3W (A), PE 5W (B), PE/FU 3W (C), and PE/FU 5W (D).
The micrographs of PE/FU waffles, the EDS of nitrogen atom contrast, and nitrogen chart are shown in Figure 2. Small
particles of fluorouracil were observed throughout the polyethylene matrix, demonstrating the good drug distribution for both
processing conditions (Figure 2 A-D). The EDS analysis also revealed the ratio of carbon, oxygen, nitrogen and fluorine
atoms present in the PE matrix as well as in the FU particles (Figure 2 E).
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FIGURE 2. SURFACE MICROGRAPHS PRESENTING THE EDS NITROGEN CONTRAST AND CHART OF PE/FU
WAFFLES SINTERED UNDER DIFFERENT POWER CONDITIONS: PE/FU 3W (A AND B) , PE/FU 5W (C AND D),
AND THE EDS COMPOSITION OF PE MATRIX AND FU PARTICLES IN THE WAFFLE (E).
To confirm the chemical structure and evaluate the potential intermolecular interactions between the polymer and drug, pure
FU, PE waffles and PE/FU waffles were investigated using FTIR (Figure 3). The FU spectrum demonstrated absorption
peaks characteristic of this compound and in agreement with the literature [25]. The =C–H stretching of fluorouracil resulted
in an absorption band in the 3100–3000 cm−1 region. The peaks at 2938 cm−1 and 2831 cm+ were ascribed to the –CH2
group. The stretching bands of C=N and C=C bonds in the ring were verified in the 1580–1650 cm−1 region, while the
vibration of C=O bond correspond to the absorption peak at 1724 cm−1 [25]. Additional bands at 1450 cm−1 and 1350 cm−1
are characteristic of substituted pyrimidine compounds as well as the peaks at 1180 cm−1 and 1251 cm−1, which were
associated with C–O and C–N bond frequencies, respectively [25]. The fluorine bond (C–F) also resulted in absorption at
1230 cm−1 and in the 820–550 cm−1 region [20]. The spectra of the PE waffles (Figure 3, B and C) also corroborated with
previous results from the literature. Symmetric and asymmetric stretching of C-H in CH2 groups resulted in peaks at 2950
and 2850 cm-1. Moreover, the peak 1350 and 1450 cm-1 is related to the bending movement of CH2, whereas the rocking
vibration of CH2 resulted in a peak at 720 cm-1 [25, 26].
The main peaks in the FTIR spectra for the PE/FU waffles (Figure 3, D and F) correspond to the PE matrix, due to the
increased proportion of the polymeric material (90 wt%) in comparison to the drug (10 wt%). The presence of the drug is
confirmed by a shoulder band in the 1580–1650 cm−1 region and the peaks around 600 cm-1, which were associated with
C=C and C=N ring bonds and C-F bond in the fluorouracil structure. The peaks ascribed to PE were monitored in PE and
PE/FU to investigate intermolecular interactions. No differences were observed in PE/FU in comparison to the PE waffles,
suggesting the absence of intermolecular interactions between polymer and drug.

FIGURE 3. FTIR-ATR SPECTRA FOR FLUOROURACIL (A), PURE PE AND PE/FU WAFFLES SINTERED USING
DIFFERENT POWER CONDITIONS: PE 3W (B), PE 5W (C), PE/FU 3W (D), AND PE/FU 5W (E).
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The full near-infrared (NIR) spectrum ranges from 700 nm to 2500 nm (14285 to 4000 cm−1). The results obtained for the
pure FU, PE and PE/FU waffles are summarized in Figure 4 (A-E). Absorption features between 800 to 1200 nm correspond
to combinations associated with CH, OH, and NH bonds and higher-order overtones. The overtone of the CH and OH groups
originated information in the first overtone range (1500 to 1900 nm). A combination of stretching and bending vibrations
associated with CH, NH, and OH molecular groups provided information within the combination range from 2000 to 2500
nm [28, 29]. The FU spectrum revealed a broad absorption band centered at 2200 nm, which is related to the ring structure
and the urea group. This region of the NIR spectrum is dominated by second-overtone carbonyl stretching bands and N-H
combination bands. This band corresponds to the combination of the symmetric and asymmetric N−H stretching coupled
with the N−H bending vibration. Systems containing aryl rings also show absorption in the 2130- to 2160 nm region [27].
The first overtones of the asymmetric and symmetric N−H stretches for fluorouracil were overlapped under the 1700 nm
[30].
The NIR spectra of the PE waffles (Figure 4, B and C) showed a small peak at 1200 nm related to the second-overtone of CH bonds in the methylene groups, and an intense peak at 1670-1780 nm associated with the first overtone of C-H. The
combination bands from the C-H bonds in the methylene groups are present from 2250 to 2300 nm [27]. The NIR spectra of
the PE/FU waffles presented (Figure 4, D and E) the same bands as the pure PE, the major component, with an additional
peak at 2330 nm relative to the fluorouracil presence which was 10 %.

FIGURE 4. NIR SPECTRA FOR FLUOROURACIL (A), PURE PE AND PE/FU WAFFLES SINTERED USING
DIFFERENT POWER CONDITIONS: PE 3W (B), PE 5W (C), PE/FU 3W (D), AND PE/FU 5W (E).
The thermal behavior of the starting materials and waffles as well as their interaction after processing was investigated using
DSC. The DSC curves for the pure fluorouracil, PE and PE/FU waffles are shown in Figure 5. The FU and PE melting points
were observed at 284 oC and 134 oC, respectively. Thermal parameters obtained from the DSC curves, such as melting
temperature, melting enthalpy and crystallinity are summarized in Table 2. There was no significant variation in the melting
temperature among the waffles, regardless of the processing condition. Higher laser power seems to cause an increase in the
crystallinity of the PE waffles, probably due to the slower cooling rate of the waffles, but the crystallinity values for the
PE/FU waffles were the same for both temperatures. This phenomenon suggests the inexistence of a chemical interaction
between fluorouracil and the PE matrix.

FIGURE 5. DSC THERMOGRAMS FOR PURE FLUOROURACIL (A), PE 3W (B), PE 5 (C), PE/FU 3W (D) AND
PE/FU 5W (E) WAFFLES.
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TABLE 2
MELTING ENTHALPY, MELTING TEMPERATURE AND DSC CRYSTALLINITY OF THE PURE FLUOROURACIL, PE
AND PE/FU WAFFLES PREPARED USING DIFFERENT LASER ENERGY.
PE Crystallinity
FU content
Tm (oC)
HFU (J/g)
(%)
(%)
Pure FU
214 ± 0.6
285 ± 0.3
100
PE 3W
158 ± 2.2
129 ± 0.6
53 ± 2.0
PE 5W
135 ± 2.4
128 ± 0.4
46 ± 3.0
PE/FU 3W
158 ± 2.4
129 ± 0.4
53 ± 2.0
22 ± 0.3
287 ± 0.4
10 ± 1
PE/FU 5W
112 ± 2.1
128 ± 0.7
39 ± 3.0
24 ± 0.3
285 ± 0.3
11 ± 1
*Crystallinity values are based on the enthalpy of melting of 100% crystalline PE, 288 J/g [31]. For the PE/FU waffles,
only 90 % of the weight was considered in the PE crystallinity calculus, because 10 % was FU.
Specimen

HPE (J/g)

Tm (oC)

Besides evaluating the morphological and thermal properties of PE and PE/FU waffles, the mechanical behavior was also
investigated. Flexion test curves for PE and PE/FU waffles are shown in Figure 6 and mechanical parameters are summarized
in Table 3. The PE and PE/FU waffles manufactured at 3W (A) showed a lower value for flexural modulus than those
manufactured using a higher laser power. Moreover, the PE/FU waffles had lower flexural modulus values than the pure PE
waffles processed under the same conditions. This behavior is explained based on the presence of FU particles dispersed
throughout the polymeric matrix, which decreases its mechanical properties. The higher flexural modulus of the PE/FU
waffles manufactured at 5 W (D) demonstrated that the stiffness of the PE waffles increased for samples processed with
higher laser energy. This processing condition apparently yielded an increased polymer flow, greater neck formation of the
particles and lower porosity.

FIGURE 6. FLEXURAL TEST CURVES OF THE PURE PE AND PE/FU WAFFLES SINTERED USING DIFFERENT
POWER CONDITIONS: PE 3W (A), PE 5W (B), PE/FU 3W (C), AND PE/FU 5W (D).
TABLE 3
FLEXURAL MODULUS AND STRENGTH OF THE PURE PE AND PE/FU WAFFLES PREPARED WITH DIFFERENT
LASER SINTERING POWER.
Specimen
PE 3W
PE 5W
PE/FU 3W
PE/FU 5W

Flexural Modulus (MPa)
44 ± 3
68 ± 6
15 ± 2
46 ± 6

Strength at 5% strain (MPa)
2.7 ± 0.7
2.8 ± 0.8
2.1 ± 0.6
1.3 ± 0.6

The fatigue curves of PE and PE/FU waffles showing stress resistance as a function of the cycle number are shown in Figure
7. The laser energy was also observed to affect the fatigue resistance of the processed samples. The PE and PE/FU waffles
prepared at 5 W (Figure A and C, respectively) showed higher fatigue strength (i.e. smaller stress variations) than the PE and
PE/FU waffles manufactured at 3 W. The fatigue curve for PE and PE/FU waffles showed lower stress variations and higher
fatigue resistance up to 1000 cycles. This increased flexibility may be associated with the lower sinter degree and stiffness of
samples processed under these conditions.
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FIGURE 7. FATIGUE TEST CURVES OF THE PURE PE AND PE/FU WAFFLES SINTERED USING DIFFERENT
POWER CONDITIONS: PE 3W (A), PE 5W (B), PE/FU 3W (C), AND PE/FU 5W (D).
Finally, the effect of processing conditions on the drug release profile was evaluated using UV-Vis. The drug release profiles
of the PE/FU waffles are shown in Figure 8. Overall, a rapid drug release was observed for the waffles manufactured using
both 3 W and 5 W and the total release was accomplished after 2 days. The initial burst, with cumulative values of around 50
mg/g of the drug was detected in the first 4 hours. This behavior may be attributed to the hydrophilicity of FU (12.5 mg/ml)
as well as the high porosity of the PE/FU waffles, which facilitates the drug dissolution in the aqueous medium. Then the
release rate became slow and constant until the end of the experiment for both formulations (Figure 8A and B). The PE/FU
waffles manufactured at 3W presented greater drug release, which may be associated to the higher porosity of this material.

FIGURE 9. FLUOROURACIL RELEASE AS A FUNCTION OF TIME FOR PE/FU WAFFLES MANUFACTURED USING
3W (A) AND 5W (B) OF LASER POWER.
The drug release pattern observed in this work is characteristic of drug delivery systems loaded with FU [32-34]. The initial
concentration of FU released from the PE/FU waffles may provide a high initial concentration of the drug locally in the
cancer cells following implantation. The subsequent controlled release allows for sustained levels of the chemotherapeutic
agent at the cancer site [35, 36]. These results demonstrate the potential use of PE/FU tables for treating cancer cells since
FU molecules and aggregates have affinity for cancer cells and may accumulate preferentially within tumors through the
delivery of the implanted waffle.

IV.

CONCLUSION

This study demonstrated additive manufacturing of PE/FU waffles through SLS with great efficiency. SEM-EDS revealed
the presence of small fluorouracil particles dispersed over the surface and throughout the porous PE matrix for the PE/FU
waffles processed under 3W and 5W. The main peaks in the FTIR and NIR spectra for the PE/FU waffles were the same as
those observed in the spectra for the pure PE waffles. However, the presence of the drug was confirmed by peaks at 600 cmPage | 68
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1 and at 2330 nm, which were associated with C-F bond of the fluorouracil compound. The PE/FU waffles prepared using
the higher laser power (5 W) had a higher flexural modulus, probably due to better coalescence of the PE particles, a higher
sinter degree and a good dispersion of FU particles throughout the co-continuous porous PE matrix. The PE/FU waffles
initially showed a rapid drug released due to the hydrophilic character of fluorouracil. This is a desirable characteristic to
provide a high initial concentration of the drug locally in the cancer cells following implantation. The slow and controlled
release of the drug presented subsequently by the PE/FU waffles is important to sustain appropriate levels of the
chemotherapeutic agent in the region of the tumor; thus demonstrating a significant potential to improve bone cancer
treatments.
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