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Abstract In this paper, a dual-function drug-laden polycap-
rolactone scaffold, which can serve as both targeted drug
delivery system and attachment platform for tissue regener-
ation for the postsurgical care of limb salvage procedure,
was developed with a simple and solvent-free molding
technique. Scaffolds of varying surface architecture were
created using poly(ethylene glycol) diacrylate microneedle
arrays. A model drug, thodamine B, was incorporated
homogenously into the scaffold. In vitro drug release studies
showed that rhodamine B was released in a slow and sus-
tained manner for 112 days. Its release rate was affected by
drug loading and scaffold surface architecture. Release of
rhodamine B from the scaffolds followed the Higuchi dif-
fusion model. Other drugs, namely, doxorubicin and lido-
caine hydrochloride, were also effectively loaded into and
released from the scaffolds. Cell attachment study demon-
strated potential for the scaffolds to provide attachment
platforms for tissue regeneration.
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Introduction

Limb salvage procedure is a type of surgery that involves
local resection of bone or soft tissue cancers in order to
avoid amputation [1]. This procedure has proven to be
effective in the treatment of osteosarcoma due to its superior
ability to maintain the external appearances and physiolog-
ical functions of the patients’ limbs [2, 3]. Typically, the
surgery involves the removal of tumors and some surround-
ing tissues, followed by the placement of either metal pros-
thesis or bone graft in the resected space to provide
mechanical support and platform for bone regeneration.
The use of metal prosthesis, however, is plagued with nu-
merous limitations such as corrosion [4], metal hypersensi-
tivity [5], stress shielding [6], growth restriction [7],
imaging interference 8], and the need for additional remov-
al operation [9]. The usage of bone grafts is also not ideal
because allograft is often associated with nonunion, infec-
tion, disease transmission, and limited donor availability
[10, 11]. While autograft can circumvent the problem of
disease transmission and tissue incompatibility, it is limited
by donor site morbidity, increased operative time, and
chronic pain [11, 12]. Biodegradable implants, therefore,
emerged as viable alternatives for limb salvage procedure
and have since demonstrated promising results in bone
regeneration of cranioplasty and bone defects [13, 14].
Often, chemotherapy is given to patients following a limb
salvage procedure to destroy any lingering microscopic
deposits of the malignant cells and reduce cancer recurrence
[15]. While chemotherapy has proven to be highly effective
in increasing the disease-free survival rate of localized os-
teosarcoma [16], conventional systemic chemotherapy is
unfortunately highly toxic [17]. Aside from postoperative
chemotherapy, radiotherapy is also used in patients follow-
ing surgical resection to minimize cancer recurrence. While
radiotherapy is considered generally safe and effective, it
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also possesses several disadvantages such as soft tissue
damage, increased pain, and the need for additional ortho-
pedic procedures. Some bone cancer cells also do not re-
spond well to radiotherapy [18]. One major complication
following a limb salvage procedure is surgical wound and
orthopedic device infections [19]. Hence, oral or intravenous
broad-spectrum antibiotics are regularly prescribed to prevent
or treat infections associated with limb salvage surgeries.
Patients often receive prophylactic anticoagulants to prevent
the formation of thrombus and embolus postsurgery. Opioids,
mild narcotics, anti-inflammatory, and other analgesics are
also sometimes given to patients to counter pain experienced
following the surgery [20].

To minimize systemic drug toxicities, especially for the
cytotoxic agents and antibiotics, and to ensure adequate
supply of the various therapeutic agents, a targeted and
controlled drug delivery system can be designed. By encap-
sulating drugs in micropolymeric or nanopolymeric struc-
tures, targeted drug delivery allows drugs to remain at
specific sites of action at sufficiently high concentration to
exert their pharmacological effects, without causing severe
systemic toxicities. Additionally, targeted drug delivery also
improves drug absorption and intracellular penetration, pro-
longs retention time, enhances drug efficacy, and reduces
drug degradation [21].

In view of the existing challenges and limitations of limb
salvage surgery, a novel biodegradable and drug-laden poly-
meric scaffold was envisioned to serve as viable alternative
to metal prostheses and bone grafts to promote bone and
tissue regeneration and to simultaneously function as a
targeted and controlled drug delivery system for the drugs
that patients would typically receive after a limb salvage
surgery to minimize undesirable systemic toxicities.

Polycaprolactone (PCL), due to its nontoxic, inert, bio-
degradable, and biocompatible nature [22], has been gaining
significant popularity in the field of targeted drug delivery.
Numerous drugs, such as cisplatin, doxorubicin, and genta-
micin sulfate, have been successfully incorporated into PCL
in the form of nanoparticles [22-24]. The current fabrication
techniques of drug-laden PCL nanoparticles, namely, emul-
sion solvent extraction/evaporation, phase separation, and
spray drying, unfortunately could only achieve low drug
loading efficiency and produce scaffolds with one sole func-
tion of controlled drug release [25]. Failure to remove the
organic solvents, such as methylene chloride, methanol,
acetone, and ethyl acetate, used in these methods post-
fabrication also present significant toxicological concerns
[26].

In addition to targeted drug delivery, PCL has also been
extensively used in the field of tissue engineering to provide
specific microarchitecture and in vivo mechanical support
for the regeneration of damaged cells or tissues [27]. Con-
ventional methods of three-dimensional scaffold fabrication,

such as gas formation, phase separation, porogen leaching,
and emulsion-free drying, that fail to offer flexibility and
control over the design of scaffold architecture and pore
interconnectivity have been slowly replaced by the rapid
prototyping system in recent years [28, 29]. Capable of
providing easier and greater manipulation over the scaffold
porosity and dimension, the equipment of the rapid proto-
typing system is, however, exorbitant and sophisticated,
making its adaptation into the laboratory costly and difficult.

While PCL has demonstrated tremendous potentials in
both targeted drug delivery and tissue engineering, there are
limited studies that combine these two distinct functions of
PCL. The drug-laden PCL nanoparticles used in targeted
drug delivery often possess no other function than to release
drugs, while the three-dimensional PCL scaffolds developed
for tissue engineering usually contain no drug. The term
tissue engineering therapeutics has been coined to describe
the emerging field of three-dimensional scaffolds with ad-
ditional drug delivery properties [30]. Numerous therapeutic
agents, including growth factors, antibiotics, and anti-
inflammatories, have been successfully loaded into three-
dimensional bioactive scaffolds and demonstrated clinical
potentials in the treatment and management of bone-related
pathologies [31].

In this study, a biodegradable porous drug-laden PCL
scaffold, which can serve as both targeted drug delivery
device and mechanical support for cellular regeneration,
was developed. A novel solvent-free fabrication procedure
involving press-molding with poly(ethylene glycol) diacry-
late (PEGDA) microneedle arrays was successfully devised.
Rhodamine B was chosen as a model drug for the drug
release kinetic study and to investigate the effects of surface
architecture, created using microneedle arrays of varying
diameters and center-to-center spacings, and drug loading
concentration on the rate of drug release. To demonstrate the
drug-delivering potentials of the scaffold, doxorubicin and
lidocaine hydrochloride were incorporated into the scaffolds
and their release profiles were determined. Lastly, a cell
attachment study with human dermal fibroblasts (HDF)
was carried out to examine the scaffold’s ability in supporting
cellular attachment.

Materials and methods
Materials

PCL (Mn=10,000), PEGDA (MW=258), 2-hydroxy-2-
methylpropiophenone (97 %), 3-[tris(trimethylsilyloxy)-
silyl]propyl methacrylate, lidocaine hydrochloride, and In
Vitro Toxicology Assay Kit, XTT-based were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Rhodamine B
was purchased from Alfa Aesar (Lancaster, UK).
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Doxorubicin was purchased from MP Bio (California,
USA). Phosphate-buffered saline (PBS; 10x, pH 7.4) was
procured from Vivantis Technologies (Kuala Lumpur,
Malaysia). HDF cells were obtained from the Institute of
Medical Biology, Singapore.

Fabrication of PEGDA microneedle array

The detailed fabrication procedures of the PEGDA micro-
needle array via soft photolithography have been reported
[32]. The microneedle fabrication steps employed in this
paper were similar to the reported procedures, with slight
modifications. Briefly, microscopic glass slide (Sail Brand,
China), previously coated with 3-[tris(trimethylsilyloxy)-
silyl]propyl methacrylate overnight, was placed on a stage
formed by placing two coverslips (Cell Path, Wales, UK) on
a piece of glass slide. Pre-polymer solution (PEGDA and
0.5 % w/w of 2-hydroxy-2-methylpropiophenone) was
inserted into the gap between the coverslips and the coated
glass slide with a micropipette. The setup was irradiated
with high-intensity ultraviolet (UV) light of 12.4 W/cm?
for 1 s at a distance of 11.5 cm below the light source using
EXFO OmniCure® S200-XL UV curing station (EXFO,
Photonic Solutions Inc., Canada). The glass slide with the
polymerized PEGDA backing was then removed from the
setup and placed on another stage formed by placing two
microscopic slides on a piece of glass slide. Pre-polymer
solution was then inserted into the gap. An inked plastic film
(photomask) containing transparent circle array (Infinite
Graphics Pte. Ltd., Singapore) was placed on top of the
PEGDA-coated slide and was subsequently irradiated under
UV light of 12.4 W/em?® for 1.3 s at a distance of 2.5 cm
below the light source to form the microneedles. The pho-
tomask was removed and the setup was rinsed under water
to remove excess pre-polymer solution. Finally, the micro-
needle array was detached from the setup.

Fabrication of porous PCL scaffold

The porous scaffolds were fabricated via a press-molding
technique with PEGDA microneedle arrays. First, 10 mg of
PCL pellets was put onto a piece of glass slide and placed on
an electric heater at 90 °C. Tweezers were utilized to spread
the molten pellets. Once the molten pellets were spread, the
glass slide was removed from the electric heater and an addi-
tional glass slide was used to further compress the molten
polymer. The additional glass slide was removed when PCL
solidified and the pressed sheet was heated up again. Once the
PCL melted, the glass slide was removed from the electric
heater and a PEGDA microneedle array was used to press on
top of the molten PCL. The microneedle array was removed
from the glass slide when the scaffold solidified. Scaffolds of
different pore dimensions were created using microneedle
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arrays of varying needle diameter and center-to-center spacing.
A schematic of the fabrication process is shown in Fig. 1.

Morphology observation

The scaffolds were observed via phase contrast microscopy
using a Nikon Eclipse Ti Inverted Research Microscope
(Nikon, Japan) to determine the number and diameter of
the pores created and to examine the degree of successful
penetration. Photographic images of the fabricated scaffolds
were obtained at SBIC Nikon Imaging Center, Biopolis,
Singapore using a Nikon SMZ 1500 stereomicroscope.

Drug loading

Rhodamine B was chosen to be used in the in vitro drug
release studies because it possesses a distinctive and strong
absorption peak, which allows for accurate concentration
analysis via UV-visible light spectroscopy [33]. The
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h/ﬂ

¢ PEGDAmicroneedle array

Fig. 1 Schematic of scaffold fabrication process. / 10 mg of PCL
pellet is placed onto a piece of glass slide on an electric heater at 90 °C.
The pellet is spread with tweezers. 2 The glass slide is removed from
the heater. The molten polymer is compressed with another piece of
glass slide. 3 The additional glass slide is removed when PCL solidifies
and the pressed sheet is heated up again. Once the PCL melts, the glass
slide is removed from the heater and a PEGDA microneedle array is
pressed on top of the molten PCL. 4 The microneedle array is removed
from the glass slide when the scaffold solidifies
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fluorescence and colored property of rhodamine B also
enables the observation of drug distribution in the scaffold
post-fabrication with fluorescence microscopy. A measured
amount of rhodamine B was added to a measured amount of
PCL in a beaker placed on top of an electrical heater at 90 ©
C. A metal spatula was used to mix the content to obtain a
homogenous blend, which was then flattened and cooled to
obtain a thin sheet of stock material for scaffold fabrication.
Similar procedures were employed for the encapsulation of
doxorubicin and lidocaine hydrochloride.

In vitro drug release study

The effects of surface architecture and drug loading concen-
tration on the rate of rhodamine B release were investigated.
Rhodamine B-PCL scaffold was placed in a 1.5-ml micro-
fuge tube filled with 1.0 ml of 1x phosphate buffer solution
at pH 7.4. Aluminum foil was used to wrap the tube to
minimize photochemical degradation, and the tube’s open-
ing was sealed with Parafilm to prevent solvent evaporation
during incubation. The entire setup was placed in a rack and
put in an incubator at 37.0 °C. At regular time interval,
0.5 ml aliquot of the sample was withdrawn for concentra-
tion analysis; 0.5 ml of fresh PBS was added to replenish
and to maintain the total dissolution volume at 1 ml after
each withdrawal. The amount of rhodamine B released was
measured spectroscopically with a 96-well plate reader at
554 nm (Tecan Infinite M200, Singapore). Triplicates were
performed. Similar procedures were adopted to determine
the drug release profiles of doxorubicin and lidocaine hy-
drochloride. Spectroscopic analysis of doxorubicin was per-
formed using the Tecan plate reader at 485 nm, while
lidocaine hydrochloride was analyzed with a UV spectro-
photometer (Shimadzu UV1800) at 216.5 nm.

Mathematical model fitting

The release data of rhodamine B were fitted in the zero-
order, first-order, Hixson—Crowell, and Higuchi mathemat-
ical models. The goodness of fit was determined by com-
paring the average R* values generated from simple linear
regression. The model that best fit the data was chosen to
calculate the arbitrary release constants for the various drug
release profiles, which were then used to compare the rates
of drug release from scaffolds of varying pore dimensions
and drug loading concentrations. In addition, the data were
also fitted to the Korsmeyer—Peppas model to determine the
average release exponent.

Cell attachment study

HDF were cultured in Dulbecco’s modified Eagle’s medium
(Invitrogen, California, USA) supplemented with 1 %

penicillin/streptomycin (PAN-Biotech, Aidenbach, Bavaria,
Germany) and 10 % fetal bovine serum (Invitrogen, Cali-
fornia, USA) at 37 °C and 5 % CO,. Blank porous scaffolds,
fabricated with microneedle arrays of 400 pm needle diam-
eter and 2x diameter center-to-center spacing, were im-
mersed in 70 % ethanol overnight, followed by thorough
rinsing with sterile PBS. The scaffolds were then placed into
the wells of a nontissue culture-treated 96-well plate (Nunc,
Roskilde, Denmark). Cell suspensions consisting of 10*
cells were seeded onto the scaffolds and additional culture
medium were added to top up the well volume to 200 pL.
Culture media were changed every 3 days and the cultures
were maintained for 5 days.

On days 2 and 5, the cultures were examined for cell
attachment via an XTT assay. Briefly, culture media were
first removed from the wells via a micropipette and the wells
were washed thoroughly with sterile PBS. Two hundred
microliters of PBS was then added into the wells together
with 40 uL of XTT solution (0.5 mg/ml). One hundred
microliters of the samples were withdrawn and placed into
a new 96-well plate after 5 h of incubation and their absor-
bance at 450 nm were determined with a plate reader.

A negative control, which involves cell seeding in a 96-
well plate without tissue culture treatment or PCL scaffold,
and a positive control, which involves cell seeding in a 96-
well plate with tissue culture treatment (Corning Incorpo-
rated, Corning, NY, USA) but no PCL scaffold, were
conducted.

Statistical analysis

One-way analysis of variance was conducted using SPSS,
while linear regression and graph plotting were performed in
Microsoft Excel Software.

Results
Scaffold fabrication

Porous PCL scaffolds were successfully fabricated using the
method illustrated in Fig. 1. The porous scaffolds formed
from 10 mg of PCL were white in color and resembled a
flattened circular sheet, with a diameter and height of ap-
proximately 8 and 0.2 mm, respectively. It was observed
that the average pore diameter created by the 400-pum micro-
needle arrays (2% diameter center-to-center spacing, 268.09
+32.16 um; 3x diameter center-to-center spacing, 278.51+
23.02 um; 4x diameter center-to-center spacing, 287.72+
29.64 um; 5x diameter center-to-center spacing, 286.67+
26.16 um) were the highest, followed by the 300-pm micro-
needle arrays (2x diameter center-to-center spacing, 187.17
+38.13 wm; 3% diameter center-to-center spacing, 172.15+
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29.56 um; 4x diameter center-to-center spacing, 192.97+
29.87 um; 5x diameter center-to-center spacing, 169.33+
31.19 um) and the 200-pm microneedle arrays (2x diameter
center-to-center spacing, 93.91+27.26 um; 3x diameter
center-to-center spacing, 84.314+24.23 um; 4x diameter
center-to-center spacing, 97.38+25.74 um; 5x diameter
center-to-center spacing, 85.91+16.54 um). The center-to-
center spacing of the microneedle arrays showed no signif-
icant effect on the average diameter of the pores created
(»p>0.05 for all three different microneedle base diameters).

The microscopic images of the fabricated scaffolds are
shown in Fig. 2. The number of pores created decreased
with increasing microneedle base diameter and center-to-
center spacing. It was also observed that the pores created
by the 200-um microneedle arrays were more distorted and
not fully penetrated.

Rhodamine B release profiles

The effect of scaffold pore dimension on the rate of rhoda-
mine B release is illustrated in Fig. 3a. The concentration of

Fig. 2 Microscopic images of
the scaffolds fabricated using
microneedle arrays of varying
needle base diameters and
center-to-center spacings. In-
creasing microneedles base di-
ameter from 200 to 400 um
increases the pore size and
reduces the number of pores
formed. Increasing micronee-
dles center-to-center spacing
from 2x to 5x diameter reduces
the number of pores formed

200pum

4x Diameter 3x Diameter 2x Diameter

Microneedles Center-to-center Spacing

5% Diameter
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rhodamine B within the scaffolds was fixed to be 0.5 % w/w.
The percentage cumulative release of rhodamine B in-
creased steadily over a period of 112 days. A subsequent
concentration analysis done at the end of 10 months dem-
onstrated negligible rhodamine B release (data not shown).
Generally, the effects of different microneedle center-to-
center spacings on the rate of drug release were inconspic-
uous and all scaffolds loaded with the same amount of
rhodamine B achieved comparable plateau level of percent-
age cumulative release at the end of 10 months (data not
shown). Nonetheless, on closer inspection, it was observed
that the scaffolds fabricated with the 300- and 400-pum
microneedle arrays demonstrated increasing drug release
rate with decreasing microneedle center-to-center spacing
at the initial stage of drug release before the common
plateaus were reached. The differences were more conspic-
uous in scaffolds fabricated with the 400-pum microneedle
arrays.

Figure 3b depicts the rhodamine B release profiles of
scaffolds with varying drug concentrations over 112 days
The release of rhodamine B, both cumulative and

Microneedles Base Diameter

300pm 400pm

1000 H
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Fig. 3 In vitro drug release studies. a Percentage cumulative rhoda- P> a
mine B release over 112 days for different scaffold pore dimensions ﬁ.
formed from microneedle arrays with microneedle-based diameters @ 100
ranging from 200 to 400 um and center-to-center spacing ranging from % 200pm array
2% to 5% diameter. Drug concentration in scaffolds was fixed at 0.5 %. f 80
b Cumulative rhodamine B release and percentage cumulative rhoda- 2 60
mine B release over 112 days for different drug loading concentrations 3 —+— 2x Diameter
from scaffolds formed from microneedle arrays with microneedle- E 40 3x Diameter
based diameter of 400 um and center-to-center spacing of 2x diameter 3 —#— 4x Diameter
?gn — —#— 5x Diameter
§ 00 20 40 60 80 100 120
] ;
. . . a Time, Days
percentage cumulative, increased gradually over time.
Again, a subsequent concentration analysis of the samples S
at the end of 10 months showed negligible drug release and 2 100
plateaus were obtained (data not shown). It was observed i i 300pm array
that the rate of cumulative release increased with increasing 2
drug loading concentration, while the rate of percentage =_E 60 e it
cumulative release increased with decreasing drug loading E 40 3x Diameter
concentration. E 5 —4—4x Diameter
E —m—5x Diameter
Mathematical model fitting g 09 20 40 60 80 00 120
B Time, Days
The release profiles of rhodamine B fit the Higuchi @
model best, as indicated by the highest R* obtained P
and tabulated in Fig. 4a. The release constant, &, for § i 400pm array
the various sets of experiment was generated using the % 80
Higuchi model. Figure 4b shows a plot of k& across é 60 R
different drug loading concentrations. It was observed :_E’ B B —
that k& decreased with increasing drug loading concen- 3 —4— 4x Diameter
tration. The bar chart of & against different microneedle go 20 ——5x Diameter
center-to-center spacings revealed that, with the excep- S o
tion of scaffolds fabricated using the 200-pm micro- 3 8 = LI o 1 120
s . . o Time, Days
needle arrays, k& decreased with increasing microneedle
center-to-center spacings and the decrease was more
stark in the scaffolds fabricated using the 400-pum @ 016 —hg,;% )
microneedle arrays. These findings were consistent with o i 0.50% -
the observations made earlier with the drug release  § °%? ~ —*-100% e
profiles. & =
Doxorubicin and lidocaine hydrochloride release 5 :
The release profiles of doxorubicin and lidocaine hydro- 0 20 40 60 80 100 120
chloride from PCL, together with that of rhodamine B, Time, Days
are shown in Fig. 5a. The drug loading concentration
used for all scaffolds was 0.5 % w/w and all scaffolds E‘ 125
were fabricated using microneedle arrays with 400 pm 2
needle diameter and 2x diameter center-to-center spac- £ 100
ing. Two distinct release patterns were observed, in ,_% 75
which rhodamine B and doxorubicin were released in g 50
a slow and sustained manner, while lidocaine hydro- E
chloride demonstrated rapid release. The release of & 2
doxorubicin was significant lower than that of rhoda- g 0%" = 5 % Py — i
mine B, achieving only 7 % release on day 56, as & Time, Days

shown in Fig. 5b. The cumulative release of doxorubicin from
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a
Mathematical Model Equation Mean R2
Zero Order y=kt 0.1852
First Order In(100-y) = -kt 0.6016
Hixson Crowell 100-(100-y)/3 = kt 0.4714
Higuchi y = kt?s 0.8598
y denotes cumulative percentage release and k denotes
constant of the respective mathematical model.
10
951 _z
e 9
E 8.5
% 8
c
S 75
2 7 =
o S
b 6.5 +
& 6
5.5 l \ | "} _']
5
0.1 0.3 0.5 1 2
Rhodomine B Concentration, %w/w
7.5
= 7
> 1
€ i
-]
E 6.5
=]
o
& 6
o
[:"]
]
& 55
S
200 300 400

Scaffold Pore Diameter
0O2x Diameter O3x Diameter @4x Diameter @ 5x Diameter

Fig. 4 a Mathematical model equations and fitting results. Release
kinetics were found to fit the Higuchi model best. b Graphs of diffu-
sion constant, k, across different drug loading concentrations and
different scaffold pore dimensions. Increasing rhodamine B scaffold
concentration decreases the & value. Increasing microneedle-based
diameter and center-to-center spacing decrease the k value

the scaffolds was further investigated and it was revealed in
Fig. 5c that doxorubicin demonstrated initial rapid release
followed by slow and sustained release afterwards.

Cell attachment study

While it was revealed that the PCL scaffolds were able to
provide attachment surfaces for the HDF, as evidenced by
the higher cell viability obtained as compared to the nega-
tive control in Fig. 6, the scaffolds were unable to achieve
the same degree of cellular attachment provided by the
positive control.
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Fig. 5 a Percentage cumulative release of rhodamine B, doxorubicin,
and lidocaine hydrochloride over 7 days. Lidocaine hydrochloride
showed rapid and complete release within a week, while rhodamine
B and doxorubicin demonstrated sustained release. b Percentage cu-
mulative release of rhodamine B and doxorubicin over 56 days. The
percentage of drug release was higher for rhodamine B- than
doxorubicin-loaded scaffolds by day 56. ¢ Cumulative release of
doxorubicin over 240 days. Initial burst release followed by slow and
sustained release were observed

Discussion
Scaffolds fabrication

The scaffolds’ pore sizes are affected by the diameter of the
microneedle arrays. The larger the microneedle base
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Fig. 6 In vitro cell attachment study on PCL scaffolds with HDF. Cell
attachments were observed on the scaffolds but not in the negative
control (nontissue culture-treated 96-well plate without scaffold). Cell
attachments on positive control (tissue culture-treated 96-well plate
without scaffold) were higher than that on the scaffolds

diameter, the larger the pore diameter. Microneedle center-
to-center spacing and base diameter determine the number
of pores formed on the scaffold. As microneedle arrays with
larger center-to-center spacing and higher diameter possess
fewer individual needles per unit area, the resultant scaffolds
formed from these arrays would contain fewer pores as
compared to those fabricated using arrays with smaller
microneedle center-to-center spacing and microneedle di-
ameter. As the base diameter and the center-to-center spac-
ing of the microneedle arrays can be easily adjusted by
changing the photomasks used to fabricate the micronee-
dles, this press-molding technique developed can, therefore,
be used to produce scaffolds with different surface architec-
tures with great ease and flexibility.

Fabricating scaffolds using microneedle arrays with
200 pm needle base diameter were particularly challenging.
Arrays with larger center-to-center spacing were generally
more fragile, as the individual needles are thinner and are
separated at greater distance from each other. Arrays with
smaller center-to-center spacing, on the other hand, lacked
uniformity and often fused at certain spots, possibly due to
insufficient spacing between adjacent needles and limited
UV penetration across smaller transparent circles on the
photomasks. All these factors contributed to the variable
pore size and poor degree of penetration on scaffolds fabri-
cated with 200 pm microneedle arrays.

Microneedle arrays with 400 pm diameter and 2x diam-
eter center-to-center spacing were observed to possess the
highest mechanical strength and were found to be the easiest
to fabricate and work with. In addition, they also produce
scaffolds with consistent pore diameter and penetration. As
such, for the subsequent experiments, except the study on
the effects of different scaffold pore dimensions on the rate

of drug release, microneedle arrays with 400 pum needle
diameter and 2x diameter center-to-center spacing were
chosen to fabricate the scaffolds.

Unlike the other existing drug-laden nanoparticles fabri-
cation techniques, no organic solvent was used in the fabri-
cation process developed in this study, thereby eliminating
the need to remove solvent post-fabrication. However, as a
temperature of at least 60 °C is required to melt PCL, this
fabrication technique might not be suitable for the encapsu-
lation of chemical drugs and proteins that are susceptible to
thermal degradation.

Mathematical model fitting and drug release mechanism

Different drug release models represent different drug re-
lease mechanisms. The zero-order kinetic states that the rate
of drug release is directly proportional to time and can be
used to describe the release of drugs with low solubility
from a matrix tablet system [34]. The first-order kinetic
suggests that the rate of drug release is directly proportional
to the amount of drug remaining in the system and is useful
in explaining the release of drugs dispersed in a porous
matrix system [35]. The Hixson—Crowell model describes
the release of drugs by dissolution associated with a change
in the surface and volume of particles or tablet [36]. The
Higuchi model, which was derived from the Fick’s first law
of diffusion, states that the release of drug is governed by
simple diffusion [37].

From the experiments and mathematical model fitting con-
ducted, it can be deduced that the release of rhodamine B from
PCL follows simple diffusion as described by the Higuchi
model, in which solvent would first penetrate the scaffold,
dissolve the drug loaded within, and release the dissolved drug
into the acceptor solution. The result from the Korsmeyer—
Peppas model, which gave an average exponent value of
0.427 (<0.45), further indicates that the release of rhodamine
B from PCL follows simple Fickian diffusion [38].

The diffusion constant, &, of the various sets of experi-
ments was calculated using the Higuchi model. Higher &
value indicates faster drug release and vice versa. The use of
k values allows for clearer visual comparison between the
different release profiles. This was useful especially since
the release profiles obtained for scaffolds fabricated with
varying microneedles dimension were rather close to each
other, with differences occurring primarily at the initial
phase of drug release before the plateau was attained.

Effects of scaffold surface architecture on rhodamine B
release

Comparison between the different & values calculated sug-

gested that, with the exception of scaffolds fabricated with
the 200-um microneedle arrays, the rate of drug release, as
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indicated by k, decreased as the center-to-center spacing of
the microneedle arrays used increased. In general, micro-
needle arrays with higher center-to-center spacing produce
scaffolds with fewer pores and hence smaller total surface
area. Since the rate of diffusion is directly proportional to
the surface area, scaffolds with a lower surface area, fabri-
cated using microneedle arrays of higher center-to-center
spacing, would demonstrate a slower rate of drug release.

Aside from center-to-center spacing, the microneedle
diameter also contributed to the overall rate of drug release.
It was observed that the larger the diameter of the micro-
needles used in fabrication, the slower the rate of drug
release. While microneedle arrays of a larger diameter are
able to produce scaffolds with larger pores, the fewer num-
ber of pores created, as compared to those fabricated with
microneedle arrays of smaller diameter, still lead to a lower
scaffold surface area and thus slower rate of drug release.

A multiple linear regression analysis conducted to corre-
late the three factors, namely, &, microneedles base diameter,
and microneedles center-to-center spacing, for the release
data of scaffolds fabricated with the 300- and 400-um
microneedle arrays revealed a significant negative linear
relationship between the variables (R*=0.725). Increasing
microneedles diameter and center-to-center spacing lead to
decreasing k& and hence rate of drug release. The less than
desired R? value obtained, however, could be indicative that
the relationship between the variables is not purely linear.

The drug release data of the scaffolds fabricated using the
200-um microneedle arrays were not consistent with the
expected trend and were observed to be more erratic and
variable. This discrepancy could be due to the technical
inconsistencies of fabricating microneedle arrays with
smaller needles diameter, which presented great difficulties
in controlling the scaffold surface area. Moreover, the close
proximity and limited spacing between the individual nee-
dles on the 200-pum microneedle arrays, especially for arrays
with 2x diameter center-to-center spacing, often produced
arrays with fused patches that tend to adsorb rhodamine B
preloaded into the polymer, as evidenced by the pink stains
observed on the microneedle arrays post scaffold fabrica-
tion, leading to significant drug loss and hence slower
apparent rate of drug release.

Effects of drug loading concentration on rhodamine B
release

The scaffold surface architecture was fixed in this experi-
ment in order to examine the effect of varying drug loading
concentrations on the rate of drug release. As the scaffold
pore dimension was observed previously to have limited
consequences on the rate of drug release, microneedle arrays
of 400 um needle diameter and 2% center-to-center spacing
were chosen to be used in this experiment to fabricate the
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scaffold as they have shown to be capable of producing
scaffolds with consistent pore dimensions and are relatively
easier to work with as compared to those arrays with smaller
microneedle diameter and larger center-to-center spacing.

Increasing drug loading concentration has a positive re-
lationship on the cumulative release of rhodamine B. This is
because, as drug loading concentration increases, the
amount of drug present in the scaffold also increases, result-
ing in a steeper diffusion gradient between the scaffolds and
the surrounding dissolution media, leading to increased rate
of diffusion and drug release.

An opposite trend, however, was obtained for the plot of
percentage cumulative release. This is postulated to be due
to thodamine B being preferentially adsorbed on the surface,
instead of being embedded in the core of the polymer. Drugs
on scaffold surface would first be dissolved and be released
into the dissolution medium during drug release. Since a
higher proportion of drug in scaffolds with lower drug
loading concentration is present on the surface, whatever
released from the scaffold, even if the absolute amount may
be low, would account for a huge percentage of drug loss
from the total amount of drug incorporated.

Release profiles of doxorubicin and lidocaine hydrochloride

The scaffolds developed demonstrated promising potential
in encapsulating different types of drugs for targeted drug
delivery. The release of doxorubicin was observed to be
significantly slower than that of rhodamine B, possibly
due to the limited solubility of doxorubicin in PBS at
pH 7.4 that retarded the rate at which the drug is dissolved
by the dissolution medium [39]. Unlike rthodamine B and
doxorubicin, lidocaine hydrochloride demonstrated rapid
and high initial burst release and was almost completely
released from the scaffolds after 2 days. The difference
could be attributed to the highly soluble nature of lidocaine
hydrochloride salt, which greatly enhanced the rate of dis-
solution and hence drug release. Rhodamine B, being a
relatively more hydrophilic entity, may not model the re-
lease of salts or highly polar chemicals as well as their more
hydrophobic counterparts. In order to better predict the
release characteristics of salts, other model compounds
may be needed.

Cell attachment study

HDF were chosen for the cell attachment study as HDF have
demonstrated the ability to differentiate along an osteoblas-
tic linage [40] and can be isolated with greater ease and less
invasiveness as compared to conventional osteoblasts used
in bone tissue engineering [41].

Two different types of tissue culture plates were employed
in this study, namely, the tissue culture-treated plate and the
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nontissue culture-treated plate. The term “tissue culture-
treated” refers to treatment procedures, like corona discharge
or gas—plasma, that render the material surface more hydro-
philic, via the generation of energetic oxygen ions that attach
to the material surface, and therefore, more favorable for
cellular attachment [42]. Nontissue culture plates, on the other
hand, offer hydrophobic surfaces and are often chosen for the
culturing of cells where cellular attachments are to be mini-
mized or avoided.

In this experiment, a negative control, which involved the
seeding of HDF in a nontissue culture-treated plate, was
conducted to demonstrate that the cellular growth observed
in the experiment set, which involved the seeding of HDF in
a nontissue culture plate with PCL scaffolds, is due to the
attachment surfaces provided by the scaffold per se. In the
presence of PCL scaffolds, HDF growth and attachment
were observed to be significantly higher than that of the
negative control, suggesting that the scaffolds are capable of
providing the cells with suitable sites for attachment. The
attachment, however, was better in the positive control
because anchorage-dependent cells, such as HDF, do not
grow and attach on hydrophobic surfaces well [43] and
PCL, being a highly hydrophobic polymer, is unable to
provide a cell-attaching environment that is as ideal as those
provided by the tissue culture-treated plates.

Potential clinical applications

The scaffold developed in this paper could potentially per-
form similar function to those orthopedic devices and act as
a cell attachment site for the regeneration and growth of
healthy bone cells. Long-term in vivo studies have demon-
strated that the PCL implant was able to maintain its phys-
ical shape after 2 years of implantation. In addition, PCL
was also shown to be capable of being degraded into low
molecular pieces at the end of 30 months and be excreted
out of the body completely, without accumulating in the
body tissues [44]. The slow degradation rate and biodegrad-
able property of PCL makes it ideal to be developed into
implants that could support long-term tissue regeneration.

As a targeted drug delivery system, the scaffolds can be
used to encapsulate anticancer drugs such as doxorubicin
and cisplatin to prevent cancer recurrence and minimize
systemic toxicity. Other agents, including antibiotics, anti-
coagulants, opioids, mild narcotics, anti-inflammatory, and
analgesics, can also be incorporated into the scaffolds and
be released to the surrounding tissues, reducing the need for
daily dosing and possible systemic side effects.

One concern regarding the use of this dual-function scaf-
fold lies on the influence of the cytotoxic agent like doxo-
rubicin on bone cells attachment and regeneration. In a
clinical setting, intensive chemotherapy following limb sal-
vage surgery is warranted to eradicate remaining malignant

deposits. Unfortunately, bone healing occurs simultaneously
with the administration of systemic chemotherapy. While
postsurgical chemotherapy has been shown to improve
relapse-free survival time of patients with certain primary
osteosarcomas, postoperative chemotherapy does indeed af-
fect bone growth and bone healing [45, 46]. As for the
treatment regimen, most patients would be placed on doxo-
rubicin 25 mg/m*/day on days 1 to 3 and cisplatin 100 mg/
m? on day 1, every 3 weeks for six cycles [47-49]. Other
options include the control arm of the AOST0331 protocol
(methotrexate, doxorubicin and cisplatin (MAP) chemothera-
py) which involves 10 weeks of preoperative and 18 weeks of
postoperative chemotherapy with doxorubicin, cisplatin, high-
dose methotrexate, and leucovorin rescue (protocol informa-
tion available online at www.cancer.gov/clinicaltrials/COG-
AOSTO0331). Generally, 18 weeks (around 126 days) of inter-
mittent postoperative chemotherapy are required. While the
scaffolds developed in this paper could potentially face the
same problem of growth inhibition induced by the release of
chemotherapeutic agents like doxorubicin, they have success-
fully demonstrated initial rapid release of up to around
100 days for rhodamine B and around 60 days for doxorubi-
cin. Specifically for rhodamine B, close to 79 % of the total
drug loaded was released at the end of 112 days and only a
mere additional 2 %, making to an eventual total of 81 %, was
released between day 112 and day 300. Similarly for doxoru-
bicin, approximately 6 % of the total drug content was
released at the end of 56 days and only an additional
1 % was released between day 56 and day 240. With
higher rate of initial release, sufficient quantity of the
cytotoxic agent could be released at the implanted site
to destroy lingering malignancies during the initial
phase of treatment, leaving negligible amount of drug
to be released afterward so that the scaffold can function
primarily as a tissue engineering platform to support cell
growth and bone regeneration. A study has shown that
58-580 ng/ml of doxorubicin has shown significant dose-
dependent growth inhibition in a panel of human cell lines,
representative for primary metastatic bone tumors [50]. The
amount of drug loaded in the scaffold may be adjusted to
achieve this desired local concentration after release for the
initial killing of cancerous cells. Multiple chemotherapeutic
agents may also be incorporated into the scaffold to better
mimic conventional multidrug chemotherapy regimens.

Conclusion

A novel porous and drug-laden biodegradable PCL scaffold
with high loading efficiency was developed using a simple,
inexpensive, and solvent-free press-molding technique with
PEGDA microneedle arrays. It has been shown that the
scaffolds were able to release thodamine B slowly over a
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period of 112 days with a simple diffusion mechanism and
that the rate of drug release can be controlled by altering the
drug loading concentration and the scaffold surface architec-
ture. Two other drugs, namely, doxorubicin and lidocaine
hydrochloride, were also successfully incorporated into the
scaffolds, demonstrating the vast potential of the scaffolds to
be an effective targeted drug delivery system. The positive
result of the cell attachment study also verified the ability for
the scaffold to support cellular attachment.
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