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Abstract

Cervical cancer induced by human papillomavirus (HPV) causes severe morbidity worldwide.
Although cervical conization has been widely accepted as the most conventional surgery against
cervical cancer, tissue defects and high recurrence rates have a significant negative impact on
women’s mental and physical health. Herein we developed an implantable, personalized cervical
implant with drug release function using 3D printing technology. The cervical implant was
designed in cone-shape with hieratical porous structures according to the clinical data, 3D-printed
using polyurethane by low-temperature deposition manufacturing (LDM), and finished by
lyophilization. Anti-HPV protein was loaded into the porous structure under negative pressure
afterwards. Elastic biomedical polyurethane and the porous structure ensured that these cervical
implants were equipped with tailored mechanical properties comparable to physiological cervix
tissue. Cytotoxicity and cytocompatibility tests indicated that these 3D-printed cervical implants
supported cell adhesion and growth. More importantly, the cervical implants with regulated pores
could help to quantitatively control the loading and release of anti-HPV protein to inhibit
dissociative viruses near the cervix validly. As a result, the 3D-printed cervical implants in the
present study showed considerable potential for use as functional tissue implants against HPV

infection after cervical conization.

1. Introduction

Cervical cancer, 91% induced by the human papillo-
mavirus (HPV), is among the most common malig-
nant tumors treated by gynecologists, with secondary
mortality just lower than that of breast cancer [1].
A total of 460 000 new cases are identified each
year worldwide from which approximately 250 000
people die [2, 3]. The most common and effect-
ive treatment remains extensive transabdominal hys-
terectomy (conization, figure 1(a)), from which the
survival rate can reach 87%-92% [4]. However, the
cervical conization removes part of the cervix tis-
sue, resulting in tissue deficiency in the cervical
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structure, increasing the risk of postoperative infertil-
ity, miscarriage and premature birth [5-7] and rep-
resenting a great threat to the mental and physical
health of patients. In addition, conization surgery also
results in patients being prone to recurrence of cer-
vical cancer, due to the dissociative HPV virus in the
vagina not being completely eliminated [8]. There-
fore, preservation of a patient’s reproductive and
physiological function following effective inhibition
for HPV remains a problem that urgently requires a
solution in obstetrics, gynecology and related discip-
lines.

In recent years, as the discipline of tissue engineer-
ing has developed, the use of biomaterials to construct
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Figure 1. (a) Conization surgery; (b) a schematic of the printing system.
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tissue substitutes has become a promising approach
to repair and reconstruct defective tissues and organs.
At present, large-scale animal experiments have
demonstrated the reconstruction and repair of defects
in structural tissues such as bone, cartilage, tendon
and skin [9—12]. In order to achieve effective tissue
regeneration, functional cytokines like growth factors
and proteins are often incorporated into and in vivo
controlled released from implanted tissue engineer-
ing scaffolds, which promote cell migration, pro-
liferation and differentiation to repair the wound
site [13]. Therefore, inoculation of anti-HPV drugs
within properly designed cervical implants is a prom-
ising route towards tissue regeneration, functional
preservation, and effective anti-HPV infection after
cervical conization.

Among manufacturing methods used in tissue
engineering, three-dimensional printing technology
(3D printing) promises a potential approach to tis-
sue or organ repair, due to its flexibility and pre-
cision based on the rapid prototyping of materials
[14—-17]. With the increased demand for personalized
and precision medicine, 3D printing technology has
attracted considerable attention [18, 19]. Personal-
ized solid models, implants and assistive devices cre-
ated by 3D printing can be effective in improving
the success rate of surgery and postoperative rehab-
ilitation [20-22]. By mimicking the structure of the
physiological tissue, a customized implant achieved
a perfect match between substitute and lesion in the
patients, accomplishing the desired tissue repair effect
[23]. Furthermore, by combining different functional

3D printing technologies with different types of
biomaterial, it is possible to produce drug-loaded tis-
sue implants with specific release profiles to match
patient requirements and promote the therapeutic
effect [24, 25]. These studies on 3D-printed drug-
loaded constructs highlight a promising direction for
improvements in the survival rate and functionality of
tissue substitutes, providing a new strategy for clinical
treatment [26, 27].

In view of the high recurrence rate of cervical
cancer and the problem of partial tissue defect after
the surgical conization, we herein proposed the con-
struction of personalized cervical implants. By load-
ing with the anti-HPV protein, the fabricated cer-
vical implant could repair defected cervix as a soft
tissue patch, as well as release anti-HPV protein to
prevent virus infection. Due to its great flexibility,
fast manufacturing and accuracy, 3D printing tech-
nology was employed in this study to reconstruct
the personalized cervical biomimetic structure. We
first designed and developed a computer model of
the 3D reconstructed cervix tissue implant based on
medical imaging data. An FDA-approved implantable
biomaterial, polyurethane, was used as raw material
for printing by a low temperature deposition (LDM)
technology (figure 1(b)). Different from other 3D
printing technologies, LDM technology fabricates
structures rapidly soon after extrusion due to the low-
temperature environment of —20 °C to —30 °C. The
temperature transition during printing cause phase
separation inside the printed construct, and by incor-
porating with freeze-drying technology, a porous
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lyophilization.

Figure 2. (a) 3D reconstruction of the defect cervical tissue in conization; (b) JB protein attached on the surface of macro-pores of
the cervix implant; (c) JB protein attached on the surface of micro-pores of the cervix implant; (d) the cervical implant after

L ,d;:u!.q':_"“u\\‘

structure will be finally obtained [28]. These por-
ous structures provide customized mechanical prop-
erties, as well as providing enlarged surface area for
drug loading and releasing [29]. Mechanical char-
acterization and biocompatibility tests demonstrated
that printed cervical implants had mechanical prop-
erties comparable to the physiological cervix tissues
with a biocompatible environment for cell adhesion
and growth. Bovine {3-lactoglobulin modified with 3-
hydroxyphthalic anhydride, termed JB protein’ able
to block HPV virus infection [30-33], was used as
a drug to inoculate the lyophilized cervical implant
using a negative pressure loading technique. The
porosity could quantitatively regulate protein dose
loaded on the cervical implant and ultimately con-
trol protein release. These results suggest the prom-
ising role of current 3D-printed cervical constructs in
both tissue repair and anti-HPV infection treatment,
and demonstrate their potential towards personalized
treatment in the future.

2. Materials and methods

2.1. General concept and design of the implantable
cervix

2.1.1. Design of the cervix implant

In gynecological surgery, three types of cervical con-
ization are performed depending on the infiltration

of the cervical cancer [34]: type I resection (10 mm
deep), type II resection (10-15 mm deep) and type
II1 resection (15-25 mm deep) with a base diameter
of approximately 30 mm. Another physiological fea-
ture for consideration is a hollow structure in the cer-
vix, with a diameter of up to 8 mm which functions
as a channel to eliminate secretions from the uterus
[35]. Therefore, the cervical implant was designed as
a conical structure 30 mm in diameter at its base. The
height of the structure could be adjusted from 10—
25 mm, corresponding to the three types of coniza-
tion. A hollow channel 5 mm in diameter was created
that vertically penetrated the construct, mimicking
the in vivo cervical structure allowing excretion of
uterine tissue endocrine fluid (figure 2(a)).

2.1.2. Porous structure for protein loading

In order to achieve the loading and rapid release
of JB protein, the cervical implant was designed to
have a multi-level porous structure. The 1st hierarch-
ical pores were created due to wire spacing between
the material filaments in extrusion-based 3D print-
ing and the 2nd hierarchical pores were micro-pores
generated through evaporation of the solvent dur-
ing fabrication (figures 2(b) and (c)). The adjustable
macropores in cervical implants could provide cus-
tomized mechanical properties, whilst the micropores
in the deposited filaments contributed to controlling

3
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loading and releasing protein through enlarged sur-
face area. For a cube of side length (a), fixed wire spa-
cing (d) and wire diameter (D), macro-porosityn and
surface area S could be calculated as follows [36]:

Ttheoretical macroporosity = (1 - d/D) x 100% (1)

S= 6&3 (1 — TMtheoretical macroporosity) (2)

where 0 represents specific surface area. Wire spa-
cing was set at 0.8 mm, 1.0 mm, 1.2 mm, 1.4 mm
or 1.6 mm, with wire diameter fixed at 0.4 mm. The
height of the cervix implant was fixed as 10 mm to
replicate a type I conization resection to prove the
concept. A 3D model of the construct was then gener-
ated using Mimics v10.01 3D reconstruction software
and Creo computer-assisted design (CAD) modeling
software.

2.2. Materials and cell preparation

JB protein was supplied by Jingbo Biological Phar-
maceutical Co., Ltd. A stock solution was prepared in
deionized water at a concentration of 26.9 mg ml~!.
Polyetherurethane (Zhejiang Huafeng Chemical Co.,
Ltd.) was selected as the raw material and prepared
in 1,4-dioxane (12.5% w/v) for printing. Human
umbilical vein endothelial cells (HUVECs) (China
Infrastructure of Cell Line Resources, Beijing) were
cultured in high glucose DMEM culture medium
(Invitrogen) supplemented with 10% fetal bovine
serum (FBS) (Hyclone), 1% nonessential amino acid
solution (NEAA) (Gibco), 40 U ml~! insulin and
1% antibiotics (penicillin and streptomycin, Gibco)
at 37 °C in a humidified atmosphere containing
5% CO,. Hela cells (Cell Resources Center, IBMS,
CAMS/PUMC, Beijing) were cultured in DMEM cul-
ture medium (Invitrogen) supplemented with 10%
FBS (Hyclone), 1% NEAA (Gibco), and 1% antibi-
otics (penicillin and streptomycin, Gibco) at 37 °C in
5% CO,. HPV pseudovirus were prepared by trans-
fecting 293 T cells with a mixture of HPV16-L1/L2-
expressing plasmid (pl6ésheLL) and pCLucf plasmid
for HPV16 PsV, using VigoFect (Vigorous Biotech-
nology Corp.) [37].

2.3. Fabrication of the cervical implant via LDM

The cervical implant was fabricated using an LDM
(SunP Biotech). During printing, polyurethane solu-
tion was molded into a filamentous structure by
micro-extrusion through a nozzle at a temperature
of —30 °C ~ —40 °C, which ensured that the poly-
urethane solution quickly solidified after extrusion.
By combining 3D motion units, the cervical implant
was then printed from the designed CAD model at a
scan speed of 22 mm s~!, jet speed of 0.01 mm s !,
interlayer distance of 0.15 mm and nozzle diameter
of 400 pm. The printed 3D construct was frozen at
—80 °C for 24 h for further solidification followed by
lyophilization in an Alpha 1-2 freeze dryer (Martin
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Christ GmbH, Osterode am Harz, Germany) for 48 h.
1,4-dioxane was sublimated during freeze-drying cre-
ating micropores in each printed filament of the con-
struct.

2.4. Characterization of the printed 3D construct
2.4.1. Cytotoxicity testing of the polyurethane material
and 3D-printed constructs

Polyurethane solution was poured into glass petri
plates to form a uniform film after freeze-drying and
cut into pieces. Cuboid structures 10 x 10 x 10 mm
in size were printed for preparing extraction. Accord-
ing to the ISO Standard 10 993-12 [38], 4 ml com-
plete culture medium for HUVECs was incubated
with the polyurethane pieces and cuboid structures
at 37 °C in 5% CO, for 24 h, and the extraction
ratios were 3 cm? ml™! and 0.1 g ml™!, respect-
ively. With the same processing, another two extracts
were prepared using complete culture medium of
Hela cells. Then the extract medium was transferred
into the wells of a 96-well plate where HUVECs and
Hela cells were respectively seeded at a density of
2.5 x 10* cells ml~!. HUVECs and Hela cells cul-
tured in normal medium represented as control and
the cell-free culture medium represented the blank
sample. After incubation for 96 h, cellular prolif-
eration in each group was evaluated using a Cell
Counting Kit-8 (CCK-8) for the characterization of
cytotoxicity.

2.4.2. Cytocompatibility test of printed 3D construct
Mesh-like cuboid structures 10 x 10 x 1.6 mm
in size were printed for cell compatibility testing.
Suspensions of HUVECs and Hela cells at a dens-
ity of 1 x 10° cells ml™!, marked with PKH 67
(Sigma), were separately inoculated onto the con-
structs for 24 h then cell attachment observed using a
laser-scanning confocal microscope (LSCM; LSM 710
META, Zeiss) to assess cytocompatibility of the prin-
ted 3D constructs.

2.4.3. Construct morphology (SEM observation and
porosity measurement)

3D-printed constructs of different porosities were
coated with gold-palladium (50 nm) and observed
using a scanning electron microscope (SEM) (FEI
Quanta 200, Czech Republic) for morphological eval-
uation. The porosity of the constructs was measured
using a drainage method by immersing into 99%
alcohol within a measuring cylinder. The original
volume of alcohol was recorded as V;, and the total
volume after soaking the construct recorded as V.
Following removal of the construct, the remaining
volume of alcohol was recorded as V3. The porosity
(1) was calculated as follows:

Vi—V;

- x 100%. 3
"=V %o (3)
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2.4.4. Mechanical properties of the printed 3D
constructs

The compressive properties of the 3D-printed con-
structs of different porosities were tested by using an
EnduraTEC ELF 3200 (Bose). Samples were blocks
11 x 11 x 5.5 mm. A force transducer measuring
£50 N was chosen in an unconstrained uniaxial com-
pression test using a loading rate of 0.5 mm s !, a data
acquisition rate of 4 s~ ! and a maximum compression
distance of 10% of the sample height.

Tensile properties were measured using an
electronic universal material testing machine
(Changchun Kecheng Experimental Instrument
Research Institute). Pieces of polyurethane material,
monofilaments and printed 3D constructs of different
porosities were prepared for tensile testing. Samples
were stretched at 20 mm min~! until breaking and
the elastic modulus recorded.

2.5. Protein loading and release

2.5.1. Surface treatment of printed constructs

The surface of the polyurethane material was oxidized
by exposure to oxygen plasma using a Femto small-
scale laboratory production plasma system (low-
pressure plasma, Diener Electronics, Germany). The
working gas was oxygen at a chamber pressure of
40-100 Pa. Two parameters, duration of irradiation
(10 s=5 min) and plasma power (0-100 W), were
measured to evaluate the effect of plasma treatment.
Water contact angle tests were performed on the
air-facing surfaces of samples using the sessile drop
method to ascertain the most appropriate surface
treatment conditions.

2.5.2. Protein loading and release

Prior to surface treatment, printed constructs were
first immersed into 75% ethanol for 3 h, washed
repeatedly with PBS three times then placed on a
super-clean bench for UV sterilization for 30 min.
After drying, the constructs were modified by expos-
ure to oxygen plasma followed by immersion in 4 ml
bovine beta-lactoglobulin solution for 24 h at negat-
ive pressure at room temperature.

Protein-laden cervical implants were transferred
to 15 ml PBS on a shaker at 60 rpm to measure pro-
tein release over 20 h. After the protein release exper-
iment, samples were dissolved in xylene to retrieve all
remaining protein inside the constructs. The quant-
ity of protein was quantified using a Micro BCA Kkit.
The cumulative release of protein from the cervical
implants was calculated by equation (4):

|:VE 22;11 Ck + VOCni|

[Ve S Gt Voo m]

R, = x 100%  (4)

where R, is the cumulative release of protein, V, is
the volume of each sample for analysis, Cy is the pro-
tein concentration in the release solution at the kth
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sampling, Vj is the total volume of release solution
and m, the quantity of protein remaining on the cer-
vical implant. Release profiles were fitted using the
Weibull equation [39] as follows:

R, = 100(1 — exp (—(t/T)d) (5)

where ¢ represents release time, 7 represents the time
after which 63.2% of the drug had been released and
constant d represents the transport mechanism of the
drug [40, 41].

2.5.3. Tests for inhibition against HPV pseudovirus
[42, 43]

HeLa cells were seeded at the density of 1.5 x 10* cells
in 100 pl of complete culture medium per well in a 96-
well plate and cultured at 37 °C in 5% CO; overnight.
The JB protein before and after the release was seri-
ally diluted using DMEM and incubated with 100 gl
of HPV pseudovirus. The incubated mixture was then
added to HeLa cells for culture at 37 °C in 5% CO, for
16 h. After replacement of the culture supernatants
with free medium and culture for additional 72 h,
cells were lysed for measurement of luciferase activity
with the Dual-Luciferase® Reporter (DLR™) Assay
System (Promega, Madison, W1, USA).

2.6. Statistical analysis

Researchers conducting the tests described above
were blind to the identity of each sample. T-tests
measuring means + standard deviation of each group
of data were compared using SPSS 11.0 software.
Differences between results were analyzed using the
Mann—Whitney test method and accepted as signific-
ant with p < 0.05.

3. Results

3.1. Characteristics of cervical implants

Based on 3D reconstruction models of the cervix, the
printed cervical implants (wire spacing: 1200 pm)
after lyophilization are displayed in figure 2(d). The
height of the cervical implant was 8.350 £ 0.42 mm,
diameter of the base 26.18 + 1.69 mm and diameter of
the hollow channel was 4.27 + 0.31 mm, smaller than
the original design, resulting from shrinkage caused
by lyophilization.

Monofilaments were formed by stretching
droplets ejected by the moving nozzles on the plat-
form during the printing process. The measured dia-
meters were slightly larger than the design parameter
of 400 pm, possibly due to the larger droplets caused
by surface tension. From a comparison of constructs
of different wire spacing, the shape, size and dis-
tribution of macro-pores in constructs with a wire
spacing of 1.2 mm, 1.4 mm and 1.6 mm were more
uniform, as shown in figure 3. The size of micropores,
providing adhesion surface for proteins which would
undergo subsequent multi-level sustained release, in
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Table 1. Porosity and sizes of macro-pores and micro-pores in cervical implants.

Theoretical Calculated total Measured total Macro-pore Micro-pore
Wire spacing ~ macro-porosity porosity (%) porosity (%) size (um) size (um)
800 um 50% 82.24+2.44 83.95£5.07 300.99 £ 53.83 3.82+1.84
1000 pem 60% 85.78 £1.79 85.92£2.25 407.66 £ 32.88 1.824+1.86
1200 pm 66.7% 88.17£1.49 87.83£4.23 608.93 + 65.94 2.68£1.69
1400 pm 71.4% 89.83 +1.39 90.62 +1.29 721.42 +55.26 1.424+0.79
1600 pm 75% 91.12+1.22 92.31 +1.59 979.08 +42.06 3.08+1.79

n =6, p <0.05, ANOVA, Tukey—Kramer test.

Figure 3. SEM images of cervical implants of different wire spacing. (a)—(e) Constructs with wire spacing of 0.8 mm, 1.0 mm,
1.2 mm, 1.4 mm, 1.6 mm, respectively; (f) micropores inside of the filaments.

the five cervical implant versions were all distrib-
uted below 10 pm. The microscopic surfaces of the
constructs were analyzed using Image-Pro Plus 6.0
software. Microscopic porosity inside the constructs
was 64.47 £ 4.88 %.

As suggested by conventional drainage measure-
ments, the porosities of the cervical implants with the
five wire spacing measurements were all greater than
80% and larger than the theoretical macro-porosity
(table 1), due to the presence of micro-pores inside
the constructs. The relationship between total poros-
ity (Mtotal)> MACTo-porosity (Nmacro-porosity) and micro-
porosity (Mmicro-porosity) Was described as follows:

MNtotal = - (1 - T]1‘1‘1acr0-porosity) * (1 - T]micro—porosity) .

(6)

For a micro-porosity of 64.47 + 4.88 %,
equation (6) could be calculated as:

TNtotal = (0~3553 + 0-0488)nmacro—porosity
+(0.6447 £ 0.0488) . 7)

Therefore, total porosity could be calculated, as the
theoretical macro-porosity resulting from the wire

spacing was known. As shown in table 1, there was no
significant difference (P = 0.136) between measured
total porosity and calculated total porosity, demon-
strating that current fabrication process was reliable
and effective in fabricating cervical implants with spe-
cific porosities.

3.2. Biomechanical analysis of printed constructs
According to the stress-strain curves shown in
figure 4(a), the polyurethane materials had an elastic
modulus of 6.92 MPa. These results demonstrate
that the polyurethane had good elasticity and could
be restored to their original shape following a large
elastic deformation, ensuring the durability of the
3D-printed cervical implants. Elongation at break was
greater than 400%, suggesting that it would not break
easily after being subjected to a large deformation.
Analysis of the stress-strain curve indicated that
printed polyurethane monofilaments had a good
elasticity, with the elastic modulus at 3.016MPa,
which would allow them to return to their original
shapes after a large elastic deformation (figure 4(b)).
Elongation at break was greater than 500%, indicating
that it would not be easily broken when subjected
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Figure 4. Stress—strain curves of biomechanical assay of polyurethane, printed polyurethane monofilament and printed
constructs (a) stress—strain curve of a standard polyurethane tensile film with a thickness of 0.042 mm; (b) stress—strain curve of
the polyurethane monofilament with a diameter of 0.4 mm and a length of 5 mm; (c) stress—strain curves of constructs

(120 mm x 10 mm x 1.8 mm) with different wire spacing in tensile experiments; (d) stress—strain curves of constructs with
different wire spacing in compression tests; (e) compression stiffness, tensile stiffness and elongation at break of printed 3D

to a large deformation. Compared with a cast poly-
urethane sample, printed polyurethane monofila-
ments were lyophilized and contained micro-pores
along their length, resulting in them having a smaller
elastic modulus, better elasticity and higher elonga-
tion, indicating that a polyurethane cervical implant
with high levels of elasticity could be prepared using
an LDM process.

As a type of woven mesh structure, the
tensile properties of 3D-printed constructs are
direction-specific, manifested as having a larger ten-
sion bearing capacity in the direction of its length
compared with other directions. As displayed in the
stress-strain curves, the stiffness of the five constructs
was lower than 0.7 MPa, indicating that the con-
structs possessed excellent stretchability (figure 4(c)).
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Figure 5. Results of biocompatibility test. (a) The relative proliferation rate of HUVECs and Hela cells cultured in extract of PU
films and 3D-printed constructs (p < 0.05, n = 3); (b) constructs with wire spacing of 1.2 mm immersed in HUVECs suspension
at a density of 1 x 10° cells ml~!(marked with PKH67); (c) constructs with wire spacing of 1.2 mm immersed in Hela cell
suspension at a density of 1 x 10° cells ml~! (marked with PKH67).

As porosity increased, the stiffness and the elongation
at break decreased, increasing stretchability.

Constructs were subjected to a compression test
using a 10% deformation of the original height of the
structure (figure 4(d)). The compression stiffness of
the five types of construct were below 0.25 MPa in
all cases, demonstrating that the compressibility of
the constructs was appropriate and consistent with
the results of porosity measurement. As structure
porosity increased, stiffness decreased, resulting in an
increase in compressibility and flexibility.

3.3. Cytotoxicity and cytocompatibility test

After culturing HUVECs and Hela cells for 96 h, pro-
liferation in the 12 groups was evaluated using a CCK-
8 by measuring absorbance in a microplate reader at
a wavelength of 450 nm. The relative proliferation
rates of HUVECs and Hela cells cultured in the extract
of polyurethane film and 3D-printed constructs were

all above 80%. The ISO 10993-5 guidelines state
that materials causing a relative proliferation rate
higher than 80% meet the standards for implants,
demonstrating that the printed constructs caused
little cytotoxicity and thus were suitable for cervical
implantation.

The cytocompatibility tests were carried out by
incubating HUVECs and Hela cells with the con-
structs in the same culture wells for 24 h, in order
to observe whether the 3D-printed constructs are
suitable for cell adhesion. Laser-scanning confocal
micrographs showing cellular adhesion and cell mor-
phology on printed 3D constructs are presented in
figure 5(b). HUVECs and Hela cells were observed
homogenously distributed on the constructs after
24 h of culture. These observations suggest that
the 3D-printed constructs provide a biocompat-
ible environment for adhesion and proliferation of
HUVECs and Hela cells.
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3.4. Protein loading and release
3.4.1. Surface treatment for protein loading
The polyurethane films were surface treated to
modify their hydrophilicity to explore the rela-
tionship between protein loading and polyurethane
hydrophilicity. At a constant power of 100 W, a min-
imum water contact angle was obtained after a 1 min
treatment (figure 6(a)). Subsequently, the water con-
tact angle began to increase, possibly due to the etch-
ing effect of the plasma treatment. For a treatment
duration of 1 min, contact angles for different plasma
processing powers are displayed in figure 6(b). These
results indicate that the water contact angle decreased
as the power input increased, due to higher powers
causing greater ionization of atoms and molecules
resulting in greater surface modification of the film.
Protein loading experiments were performed on
polyurethane materials with water contact angles of
15°, 53° and 84°, prepared using different surface
treatment conditions. After 24 h, the quantity of pro-
tein loaded on each piece of polyurethane material
was quantified by measuring the difference in pro-
tein concentration in the loading solution. The res-
ults shown in figure 6(c) demonstrate that the quant-
ity of protein loaded increased as hydrophilicity of the
material increased. Finally, a power of 100 W oxygen
plasma within a vacuum of 40-100 Pa for 1 min were
chosen for surface treatment to achieve maximum
protein loading.

3.4.2. Protein release

Using the optimal surface treatment conditions
described above, the 3D-printed cervical implants
were surface-treated and loaded with B protein. The
release of JB proteins from implants of different
porosities is displayed in figures 7(a) and (b). The
JB protein was released from the implants extremely
quickly over the first 4 h, approximately 70% of the
total quantity loaded. The slowest release rate was
observed in implants with a wire spacing of 0.8 mm,
in which the protein was continuously released for
20 h. Conversely, implants fabricated using a 1.6 mm
wire spacing exhibited the fastest protein release rate,
with almost all the loaded protein released within
just 8 h. It is worth mentioning that the rate of
protein release increased as fabrication wire spacing
increased, probably due to the increased porosity.
Furthermore, according to figure 7(c), the quantity of
loaded protein (M) exhibited a linear negative correl-
ation with measured porosity of the cervical implants,
as follows:

M = —71.121M measuredporosity + 81.109, R* = 0.9929.
(8)

In order to determine whether the released
JB protein could inhibit HPV, we incubated HPV
pseudovirus, Hela cells and release solution for 16 h,
and then tested the antiviral activity. As shown
in figure 7(d), compared with the original protein
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before releasing, the released JB protein could still val-
idly inhibit HPV pseudovirus from entering host cells
with no reduced activity, indicating that the loading
process do not influence the bioactivity of anti-HPV
protein.

4. Discussion

After the conization in early stage cervical cancer,
relapse occurrs in 13% of patients and 86% was local,
since 10%-20% of acute HPV infections persistently
attack host cells [44, 45]. What’s more, considering
the partial tissue defect caused by the surgery, it is
necessary to provide patients with tissue repair as
well as effective anti-HPV infection. Based on clinical
data and the physical characteristics of the cervix, we
utilized LDM technology to construct a biomimetic
cervical implant that was capable of drug release.
Pores at two hierarchical levels were successfully cre-
ated that modified both the mechanical properties
and drug loading and releasing characteristics. The
materials underwent a variety of experimental char-
acterization tests and the effects of different poros-
ities on structural properties were examined. Due
to the high elasticity of polyurethane and the por-
ous structure, the 3D-printed constructs exhibited

mechanical properties comparable to physiological
tissue, with a compressive modulus of 0.06-0.25 MPa
and elongation at break of 100%—-200%. The prop-
erties of the 3D-printed constructs in supporting cell
adhesion and growth were confirmed via cytotox-
icity and cytocompatibility tests. The protein release
profiles demonstrated that an increase in porosity
accelerated the release of the protein. The association
between porosity and quantity of drug loaded on the
cervical implants was found to be a linear negative
correlation. Moreover, the released JB protein could
still effectively inhibit HPV pseudovirus from enter-
ing host cells with no reduced activity.

Cervix tissue is relatively homogeneous, com-
posed principally of extracellular matrix (up to 90%
collagen) and a small number of cells, with high
elasticity [40, 46]. Considering the characteristics of
cervix tissue and the need for future transplanta-
tion, polyurethane was chosen as the material for
3D printing due to its common use in tissue engin-
eering applications and authorization by the United
States Food and Drug Administration in clinical
applications [47]. Polyurethane is polymerized from
polyols (polyethers or polyesters), isocyanates, and
chain extenders (diols and amines) and -NHCOO-
(carbamate). The carbamate in the polyurethane
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Table 2. Fit parameters for the release of JB protein from cervical implants of different porosities based on Weibull equation.

Weibull equation R, = 100(1 — exp (*(T/T)d)

Wire spacing ~ Theoretical macro-porosity (%)  Actual porosity (%) T d R?
800 um 50 83.95+5.07 1.624+0.079  0.547 £0.031 0.99307
1000 pm 60 85.92+2.25 1.1724+0.042  0.524£0.028  0.99567
1200 pm 66.7 87.83 £4.23 1.045+0.041  0.466 £0.030  0.99467
1400 pym 71.4 90.62 +£1.39 0.897+£0.057  0.580£0.059  0.9906
1600 pm 75 92.31£1.59 0.834£0.057  0.651£0.073  0.9913

macromolecular chain is similar in polarity to the
amide bond in the main extracellular component
(collagen, elastin and proteoglycans, etc) of the cer-
vix tissue, therefore, it is expected to have good
biocompatibility with native tissue [48], as evidenced
by biocompatibility test. Additionally, cervix tissue
has excellent mechanical properties, being able to
withstand incredibly large deformations and never-
theless remain strong. Through transvaginal ultra-
sonography, the deformation rate of the cervix during
pregnancy is 23.7% ~ 54.4% [49, 50]. A wholesome
cervix plays a vital role in maintaining intrauterine
pressure during pregnancy [51], which defines the
property of a printed cervical implants with good
stretchability. In current study, tensile and compress-
ive tests demonstrated that printed 3D constructs had
an elongation at break of 100% to 200%, indicat-
ing that cervical implants exceeded deformation rates
experienced during pregnancy and could contribute
to a reduction in preterm birth rates. More import-
antly, the mechanical strength of the structure could
be adjusted through a porosity change [52], which
could be achieved by adjusting macropores with con-
trolled size (equation (1)). Combined with the flex-
ible change of digital model, cervical implants with
specific macroscopic shape and mechanical proper-
ties could be tailored according to the physiological
characteristics of individual patient.

The 3D-printed cervical implants in this research
were not only suitable for tissue repair, they also func-
tioned as a drug release system against the HPV virus.
In order to maintain the activity of the protein, drug
loading on the cervical implants was conducted using
adsorption in this study. The protein solution entered
the pores inside the constructs by negative pressure
to enhance loading capacity. Results about the anti-
viral activity of released JB protein have proved that
this loading method effectively maintain the protein
bioactivity. In this study, LDM integrated with freeze-
drying was employed to fabricate the cervix tissue
implants with pores at two hierarchies, as confirmed
by SEM. Macro-pores with a diameter of a few hun-
dred microns were controlled by wire spacing, and
micro-pores of 1-10 microns formed in each filament
after freeze-drying. The formation of these micro-
pores resulted in a higher specific surface area, which
in turn leaded to higher drug dosages and loading
efficiency [53]. Additionally, the surface area of the
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cervical implants could be regulated by the macro-
pososity and the macroporosity could be controlled
precisely through a change in wire spacing (equations
(1), (2), (7)). As a result, the drug dosage load on cer-
vical implants could also be controlled accurately, as
confirmed by the linear relationship between porosity
and drug loading capacity (equation (8)).

Comparing the protein release profiles of cervical
implants with different porosities, it is noticeable that
the rate of protein release increased with increasing
porosity. The release kinetics of proteins are primarily
determined by the adsorption-desorption equilibria
in solution [54]. Based on the Weibull model, pro-
tein release followed an exponential relationship with
duration of immersion with high correlation coeffi-
cients for all cervical implants of different porosities
(table 2). The value of Weibull constant d for all cer-
vical implants was less than 0.75, suggesting that pro-
tein release was controlled by Fickian diffusion [39].
According to the relationship between the Weibull
model and release kinetics, the Weibull constant d is
related to the diffusion coefficient, the specific surface
area and the medium diffusion path [55]. Therefore,
differences in release kinetics may be related to dif-
ferent structural properties of the cervical implants,
such as porosity, surface area, and pore distribution
[54]. In addition, the release kinetics parameter 7
decreased as porosity increased, also suggesting that
release rate increased as porosity increased. Con-
sequently, protein release could be controlled through
a change in wire spacing of the constructs, consid-
ering that porosity is largely determined by the wire
spacing.

When the reproductive system is weak after the
surgery, the dissociative viruses near the cervix, which
cannot be removed through the conization, will be
inhibited from entering the host cells by short-term
release of the JB protein. However, previous research
found that the median recurrence time for cervical
cancers was 15.54 months [56], so the protein release
in one day may not be long enough to completely
eradicate all potential HPV virus in the vagina. Since
the protein was only adsorbed on the surface of the
material by intermolecular forces, this loose bind-
ing resulted in rapid release of the protein. In future
research, we plan to directly mix the protein solu-
tion with the printed material or prepare the pro-
tein as a hydrogel to fill the pores in the cervical
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implant to achieve prolonged release time. Addition-
ally, the cervix is surrounded by viscous matrix and
collagen in vivo [57], an environment different from
the PBS buffer used in the in vitro release experi-
ments. In future, it would be necessary to develop an
in vitro release system that simulates more closely the
in vivo environment to obtain a more accurate release
profile.

5. Conclusions

In this study, cervix tissue implants with releasable
antivirus protein were designed from clinical data
and fabricated from polyurethane using LDM tech-
nology. By adjusting the wire spacing, 3D-printed
cervical implants with different porosities were fab-
ricated. As suggested by the mechanical tests, prin-
ted 3D constructs exhibited mechanical properties
comparable to physiological cervix tissue with a com-
pressive modulus of 0.06-0.25 MPa, capable of 1-2
times deformation. The constructs were also found
to support cell adhesion and growth, according to
cytotoxicity and cytocompatibility tests. Anti-HPV
protein was successfully loaded onto the constructs
and a linear negative correlation observed between
construct porosity and dosage of loaded protein.
Moreover, the release profiles fitted the Weibull
model, demonstrating that increased porosity accel-
erated the rate of protein release. Most importantly,
the released protein could still validly inhibit HPV
pseudovirus from entering host cells with no reduced
activity. These results suggest that the 3D-printed cer-
vical implants could potentially contribute to tissue
repair after conization and block HPV infection by
protein release.
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