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ABSTRACT: Transdermal microneedles have demonstrated promising
potential as an alternative to typical drug administration routes for the
treatment of various diseases. As microneedles offer lower administration
burden with enhanced patient adherence and reduced ecological footprint,
there is a need for further exploitation of microneedle devices. One of the
main objectives of this work was to initially develop an innovative biobased
photocurable resin with high biobased carbon content comprising isobornyl
acrylate (IBA) and pentaerythritol tetraacrylate blends (50:50 wt/wt). The
optimization of the printing and curing process resulted in μNe3dle arrays
with durable mechanical properties and piercing capacity. Another objective
of the work was to employ the 3D printed hollow μNe3dles for the treatment
of osteoporosis in vivo. The 3D printed μNe3dle arrays were used to
administer denosumab (Dmab), a monoclonal antibody, to osteoporotic
mice, and the serum concentrations of critical bone minerals were monitored for six months to assess recovery. It was found that the
Dmab administered by the 3D printed μNe3dles showed fast in vitro rates and induced an enhanced therapeutic effect in restoring
bone-related minerals compared to subcutaneous injections. The findings of this study introduce a novel green approach with a low
ecological footprint for 3D printing of biobased μNe3dles, which can be tailored to improve clinical outcomes and patient
compliance for chronic diseases.
KEYWORDS: 3D printing, digital, light Processing, microneedles, monoclonal Antibody, osteoporosis

1. INTRODUCTION
Osteoporosis is a common chronic bone disease associated with
aging that increases bone fragility and renders bones prone to
fracture, with patient population estimates up to 200 million
worldwide.1 Denosumab (Dmab), a human recombinant
monoclonal antibody, has been approved for administration to
osteoporotic patients who are at a high risk of fracture due to its
ability to increase bone mineral density.2 Dmab is typically
administered via subcutaneous injection in six-month intervals.
Alternative administration routes have not yet been explored.

The transdermal drug delivery route has received significant
attention in previous years, especially with the introduction of
the microneedle concept, as a means to overcome the high
impermeability of the skin tissue. Microneedles are miniature
devices that achieve efficient disruption of the skin barrier to
directly introduce drugs to the dermal microcirculation.3 Their
dimensions entail minimal damage of the skin nerves, and thus
pain during drug administration is minimized.4 Microneedles
have been extensively tested for their ability to convey various

therapeutic and immunization substances including macro-
molecules, hydrophilic drugs, and vaccines.

In the field of osteoporosis treatment, research on the
applicability of microneedles has been limited. Katsumi et al.
proposed a patch of dissolvable microneedles that featured a
cargo of alendronate exclusively in the tip area. In vivo studies on
postmenopausal rats showed that the transdermal microneedle-
mediated route was more effective at treating osteoporosis than
oral administration.5 Along the same lines, Zosano Pharma
developed a coated microneedle patch loaded with parathyroid
hormone (I-34) and conducted phase I and phase II clinical
studies. They found that the patch achieved rapid hormone

Received: April 6, 2024
Revised: July 29, 2024
Accepted: July 29, 2024

Articlepubs.acs.org/molecularpharmaceutics

© XXXX The Authors. Published by
American Chemical Society

A
https://doi.org/10.1021/acs.molpharmaceut.4c00379

Mol. Pharmaceutics XXXX, XXX, XXX−XXX

This article is licensed under CC-BY-NC-ND 4.0

D
ow

nl
oa

de
d 

vi
a 

51
.1

94
.1

32
.9

9 
on

 A
ug

us
t 2

1,
 2

02
4 

at
 1

0:
30

:0
0 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/page/virtual-collections.html?journal=mpohbp%26ref=feature
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Md+Jasim+Uddin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sophia+Nikoletta+Economidou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Le%CC%81a+Guiraud"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohsin+Kazi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fars+K.+Alanazi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dennis+Douroumis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dennis+Douroumis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.molpharmaceut.4c00379&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c00379?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c00379?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c00379?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c00379?fig=agr1&ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.4c00379?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/molecularpharmaceutics?ref=pdf
https://pubs.acs.org/molecularpharmaceutics?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


delivery and an increase in spinal bone mineral density.
Interestingly, the patch was also found to induce an early
increase of bone mineral density at the hip area, which was not
observed for the injection-treated subjects.6 Furthermore,
microneedle patches have been systematically studied for the
in vivo administration of antibodies, proteins, and peptides.
Furthermore, the applications of microneedle patches for
transdermal delivery offer a wide versatility for the development
of novel drug delivery systems such as vaccines and DNA-non-
viral therapy.7−10 In such a study, Shakya et al. (2020)11 used
microneedles for the delivery of cyclic diguanylate mono-
phosphate and cyclic diadenylate monophosphate for skin
allergen-specific immunotherapy.12 The results showed higher
levels of Th1 cytokines and much better activation compared to
subcutaneous injections. The same group demonstrated that
microneedle patches can be applied for the administration of
allergens to overcome issues of subcutaneous allergen-specific
immunotherapy.13 These findings indicate that microneedles
may have untapped potential to improve the therapeutic effects
of existing treatments.

Microneedles are routinely manufactured mainly through
micromolding, micromachining, and etching, which often
require sophisticated equipment and can be noneconomical
for small product numbers.14−19 3D printing or additive
manufacturing has emerged as a simple, effective, and reliable
microneedle manufacturing alternative to traditional methods.
Several studies have been conducted on the manufacturability of
solid microneedles via stereolithography (SLA), a photo-
polymerization-based 3D printing technology.20−22 The swift
nature of the technology has allowed the tailoring of geometrical
parameters to achieve different delivery profiles, aligned with
individual requirements in a cost-effective and time-efficient
manner.23 Recently, our group presented a strategy for obtaining
hollow μNe3dle patches fabricated via SLA. The patches were
developed as part of a combinatorial device composed of the 3D
printed hollow μNe3dles and a microelectromechanical system
(MEMS).24 A complex patch featuring hollow μNe3dles and an
internal reservoir, with excellent skin piercing capability and
mechanical strength, was fabricated using SLA. The versatile
geometry of the patch prompted the attempt to investigate its
independent use in the clinical setting as a readily available
alternative to typical needles fitted on standard syringes.

Currently, photopolymer resins comprised fossil-based
materials, which are expensive, and have large carbon footprint,
which limits the applicability of 3D printing for medical
devices.25 Hence, there is an enormous need to develop
sustainable alternatives for environmentally friendly and cost-
effective resins that promote a circular economy. There are
several studies that investigate the development of biodegrad-
able or recyclable biobased resins using a range of renewable
resources such as vegetable oils, lignin, cellulose, poly-
(propylene) fumarate, and e-polycarpolactone.26,27

Here, we introduce the development of a low cost, biobased
resin comprising IBA and PETA blends with high biobased
carbon content for the fabrication of μNe3Dle arrays with high
precision accuracy and mechanical strength. Furthermore, we
present for the first time the development and in vivo efficacy
evaluation of a 3D printed hollow μNe3dle-syringe drug delivery
system for the treatment of osteoporosis.28,29 Osteoporotic
animalmodels were developed and subjected to a 6-month study
that investigated the therapeutic impact of Dmab, administered
by hollow μNe3dles. The recovery of bone-related minerals was
monitored to assess the efficacy of the system and enable its

comparison with the traditional route via subcutaneous
injection. The present study aims at demonstrating the
multifunctionality of 3D printed hollow μNe3dles as a potential
tool for the transdermal delivery of a wide range of therapeutic
substances.

2. MATERIALS AND METHODS
2.1. Materials. Denosumab (Dmab), a human monoclonal

antibody (Denosis 60; 147 kDa), was purchased from Incepta
Pharmaceuticals Limited (Dhaka, Bangladesh). The product
contained 1 mL of sterile solution of 60 mg Dmab.
Pentaerythritol tetraacrylate (PETA), isobornyl acrylate
(IBA), and diphenyl (2,4,6 trimethyl benzoyl) phosphine
oxide (Irgacure TPO) were purchased from Sigma-Aldrich
(Gillingham, UK).
2.2. Resin Synthesis. A photocurable resin was synthesized

using IBA-PETA (90:10 wt/wt ratio) and TPO (1%) as the
photoinitiator. PETA was added to the IBA resin and stirred
under the dark for 8 h followed by the addition of TPO and
stirred for another 1 h.
2.3. Development of the μNe3dle -Syringe Drug

Delivery System. Hollow μNe3dle patches were designed
and 3D etched using aMAXX27DLP (Asiga, Erfurt, Germany).
The development of the complex hollow microneedle patches
featuring 4 μNe3dles each and an internal reservoir was
conducted in accordance with the processes presented else-
where.30 The μNe3dle height was 1000 μmwith a tip of 100 μm.
The design, additive manufacturing, and postprinting treatment
processes were followed precisely. The 3D printed patches were
originally designed to be tightly fitting components with
standard syringes. Their assembly was conducted through
tight fit to avoid liquid losses.
2.4. Mechanical Testing of 3D Printed Hollow

μNe3dles. In order to assess the impact of curing parameters,
including temperature and duration, on the mechanical
characteristics of the synthetic resin, a number of cylinders
were printed and then exposed to varying curing conditions. The
predefined chamber periods of 30, 45, and 60 min were
associated with the preset curing temperatures of 40, 50, and 60
°C. For each set of temperature and time, three specimens were
examined.

The compression tests were conducted using a Tinius Olsen
H25KS mechanical testing equipment (Tinius Olsen, Surrey,
UK) with a 25 kN load cell, in accordance with the ASTMD695
Standard Test Method for Compressive Properties of Rigid
Plastic. Each printed cylinder was placed between two flat test
plates, and at a constant speed of 1.5 mm/min, a vertical force
was applied along its longitudinal axis. The Horizon program
(Paris, France) recorded and presented the results generated for
each sample. True stress and true strain values were determined
by analyzing the position and employed force values. The
compressive modulus, yield strength, and ultimate strength of
every specimen were subsequently determined through the 0.5%
offset curve approach.
2.5. Preparation of Skin Samples for the Piercing Test.

The freshly obtained full-thickness porcine skin from a local
slaughterhouse (Forge Farm Ltd., Kent, UK) was selected for
the piercing test as it represents the similar biological system of
higher animals (e.g., human skin). The collected skin samples
were preserved in the refrigerator at 4 °C in previously prepared
PBS pH 7.4 until the excision procedure was conducted. An
electric razor (Panasonic, USA) was used to remove any excess
hair on the skin before the piercing studies. Initially, the fatty
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layer of porcine skin was removed followed by the excision of
skin (1 mm in length) using a dermatome (Padgett Dermatome,
Integra LifeSciences Corporation, Princeton, NJ, USA). The
skin samples were then cut into the square shapes and hydration
was maintained by storing in a Petri dishes containing buffer
saline of pH 7.4, which were further transferred to the texture
analyzer for the piercing test, which was mentioned in our
previous work.31

2.6. Piercing Tests of Hollow μNe3dles. The penetration
capacity of 3D printed hollow MNs was studied using a TA. A
HD plus Texture Analyzer (Stable Micro Systems, Surrey, UK)
with a 5 kg load cell was used. The compression forces were set
in consideration to MN length, skin physiology, and removal
capacity of 3D MN. Precompression and postcompression
forces were applied as 1.00 mm/s, while test compression was
applied as 0.1 mm/sec, respectively. The dermatomed-full
thickness skin was placed onto the Petri dishes, while 3D hollow
MNfixedwas fixed onto the probe using a double-sided adhesive
tape (3M, USA). The piercing tests were carried out six times for
repeatability and reproducibility. The point of needle insertion
was determined using two parameters: continuous force and
displacement measurements.
2.7. Preparation of Mice Skin Samples for In Vitro

Studies. Female Swiss albino mice were euthanized to obtain
dorsal skin samples for the in vitro release studies. After
euthanasia, the mice were fixed on the working bench with their
abdominal areas exposed. Fresh full-thickness abdominal skin
was excised from the cadavers using a scalpel. The superficial
skin hair was removed using an electric razor. The thickness of
the skin samples was measured with a digital caliper and was
found to be 1.0 ± 0.2 mm. The skin samples were placed in
phosphate-buffered saline (PBS) before experimentation.
2.8. In Vitro Release Studies Through the Dorsal

Mouse Skin. The ability of the 3D printed hollow μNe3dles to
deliver dmabsumab through the dorsal skin of Swiss albino
female mice was examined by using Franz diffusion cells. Freshly
excised dorsal skin samples were used throughout the experi-
ment. The μNe3dle syringe system was used to pierce the skin
and deliver 60 mg/mL of dmabsumab to the skin sample. The
release of the drug was monitored by collecting aliquots from the
receptor compartment of the Franz diffusion cells at the intervals
of 10, 20, 30, 40, 50, and 60 min. The aliquots were analyzed by
using an ELISA Assay Kit, Human, High Sensitivity (Eagle
Biosciences, NH, USA).
2.9. Selection of Animals for In Vivo Clinical Studies.

Swiss albino female mice (6−7 weeks; weighing 150−160 g)
were purchased from the Animal Resources Facilities, Interna-
tional Centre for Diarrheal Disease Research, Bangladesh
(icddr,b, Dhaka, Bangladesh) in good health. All animal
experiments were conducted in accordance with Southern
University Bangladesh principles. Procedures for the protection
of Vertebrate Animals for Experimental and Other Scientific
Purposes were applied, with implementation of the 3Rs principle

(replacement, reduction, and refinement). The protocols for
animal experimentation throughout this study were approved by
the Animal Experimentation Committee (reference no. 0005/
20, Department of Pharmacy, Southern University Bangladesh).
2.10. Development of an Osteoporotic Animal Model.

The mice were subjected to ovariectomy to develop an
osteoporotic animal model. Seven days prior to surgery, the
animals were selected and isolated in separate cages. At the day
of the surgery, the mice were anesthetized by isoflurane (5%)
through the inhalation route. The surgery (dorsal approach) was
carried out only after the attainment of anesthesia. The
vaporization did not exceed 60 min in duration to avoid any
respiration ceasing and possible death. The ovaries were
removed according to the protocol described by Souza et al.32

The ovarian capsules including the ovarian fat pad and part of
the oviduct were removed to ensure the induction of
osteoporosis. During the employed dorsal approach, care was
taken not to remove the uterine horn. The surgery lasted 30−45
min including a recovery time of about 15 min. After 1 day, the
surgical site was examined, and no ovarian tissue was detected
during autopsy (data not provided). The animals were
monitored and weighed daily for 27 days.
2.11. In Vivo Treatment of Osteoporosis with 3D

Printed Hollow μNe3dles. The ability of 3D printed hollow
μNe3dles to deliver dmabsumab to mice for the treatment of
osteoporosis was explored. Prior to the animal study,
osteoporotic female mice were given free access to solid bottom
high cages (Anima Lab, Pozna, Poland) with controlled diet for
24 h. The animals were anesthetized under pentobarbital
anesthesia (40 mg/kg as pentobarbital sodium salt) and shaved
on the area of μNe3dle application using an electric razor
(Panasonic, USA).

The animals were divided into 3 groups (n = 6 each):

i Untreated (negative control), received no treatment;
ii SC (positive control), received 0.14 mg/animal via

subcutaneous injection;
iii 3DMN, received 0.14 mg/animal via the hollow

μNe3dle/syringe system.

The animals treated with the device were held gently while the
MN array was applied on the shaved dorsal area using manual
finger pressure to reassure insertion. The above-mentioned
volume of dmabsumab was delivered, in the form of a bolus
dose, to imitate the typical subcutaneous injection treatment
regime and allow comparison thereof. After administration, the
system was detached instantly.

At predetermined intervals (0−6 h) after the dmabsumab
administration and while the animals were placed under
pentobarbital anesthesia (40 mg/kg as pentobarbital sodium
salt), 0.3 mL blood samples were collected from the jugular vein
and stored in tubes. The collected blood was then centrifuged
for 15 min at 4000 rpm to acquire plasma. The plasma
concentrations of denosumab were determined using a

Table 1. Treatment Protocol for Denosumab Delivery

day stage treatment strategy

−7 days prior
ovariectomy

animal model selection and isolation transfer mice to study isolator

0 induction of osteoporosis surgical procedures of ovariectomy
1−27 observation measurement of weight
28 confirmation of osteoporosis induction and

Dmab therapy using hollow μNe3dles
after treatment, blood samples were collected from the jugular vein and the plasma concentrations of
Dmab and bone related minerals were measuredthe study was conducted for 6 months
uninterruptedly.
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Denosumab ELISA Assay Kit, Human, High Sensitivity (Eagle
Biosciences, NH, USA). The treatment strategy is described in
Table 1.

During experimentation, microscopic images of the hollow
μNe3dles were captured through a computer-controlled
compound microscope (Microscope LLC, Roanoke, VA,
USA). An Optical Coherence Tomography (OCT) system
(Carl Zeiss India Pvt. Limited, India) was used to monitor the
penetration of the hollow μNe3dles into the skin (2 mm in
depth). False color representation was used to identify the
μNe3dle shafts, the stratum corneum, the epidermis, and the
dermis.
2.12. Determination of Bone-Related Minerals. The

changes of bone-related minerals (serum iron, copper,
magnesium, and zinc) were investigated using specified
analytical techniques. Serum iron was studied through the
nitroso-2-nitroso-5-[N-n-propyl-N-(3-sulfopropyl) amino]
phenol method, copper through the colorimetric method,
magnesium by the xylidyl blue method, and zinc by atomic
absorption spectroscopy. Mineral measurements and respective
analyses were conducted at 1−6 months.
2.13. Statistical Analysis. The results are expressed as the

mean ± standard errors. For the in vitro and in vivo studies,
samples were considered as statistically significant at p < 0.05
(SPSS statistics, IBM Inc., USA). The secondary data generated
from the in vivo studies were processed, and descriptive analysis
including the calculation of means, variances, and standard
deviations was done for each data set. Statistical tests such as the
t test (paired) and ANOVA were carried out to test the
significance of each data set. The confidence interval was set to
95%, and the p value was calculated. For p < 0.05, the null
hypothesis (no statistically significant difference between data
sets) is rejected and the alternate hypothesis is accepted.

3. RESULTS AND DISCUSSION
3.1. Synthesis and 3D Printing of the Hollow μNe3dle-

Syringe Drug Delivery System. 3D printing has revolu-
tionized the manufacturing of μNe3dle arrays and the
transdermal delivery of drug substances over the last five
years.22,23 It offers particular advantages such as high-level
geometric accuracy during the array fabrication and thus allows
the fabrication of a variety of complex designs with different
lengths, heights, and aspect ratios. Our group was the first to
introduce stereolithography and later digital light processing for
the customization of μNe3dle arrays by using a standard Dental
SG resin (Formlabs) due to its excellent biocompatibility and
mechanical properties. However, one of the drawbacks of 3D
printing is the lack of resins, which are cost-efficient and
biocompatible while presenting high printing accuracy and
mechanical strength.33

The first part of this study involved the development of a resin
formulation comprising biobased acrylate photopolymers.
Hence, IBA, a monomer derived from pine resin with 75% of
its carbons accounting as biobased (Figure 1), was used as
formulation component.34 Similarly, PETA, another tetrafunc-
tional acrylate monomer with 10% biobased carbon, was
selected as a second component of the developed photocurable
resin. By using eq 1, the monomer combination resulted in a
biobased carbon content (BC) of 64%.35

=
+

×
C

C C
BC 100biobased

biobased petro based

The biobased features of developed resins for the fabrication
of μNe3dles can be further improved by investigating
compositions with a higher BC percentage. Furthermore, both
IBA and PETA are known biocompatible materials.36 Never-
theless, the use of such innovative materials with lower
ecological footprint will help to introduce greener manufactur-
ing technologies for achieving a CO2 neutral balance and
eliminate waste in landfills.

Prior to printing of μNe3dle arrays, the postprinting curing
conditions were further investigated to evaluate the effect on the
mechanical properties of the biobased resins. Preliminary data
demonstrated that by increasing the content of PETA, the
mechanical properties of printed cylinders were significantly
improved. These findings were in a good agreement with
published work on the development of biocomposites.37 The
curing settings such as temperature and duration have been
found to impact the Young’s modulus and the ultimate strength
due to their effect on the cross-linking density.

As shown in Figure 2, the printed cylinder specimens were
subjected to different temperatures (40−60 °C) and exposure
times (30−60 min). Based on the experimental findings, the
optimal curing settings were identified at 40 °C for 30 min. The
selection was related to highest values obtained for Young’s
modulus, yield strength, and breaking point at the faster curing
time and lower temperature. It is obvious that both temperature
and exposure time influence the obtainedmechanical properties,
which are directly related to the resin cross-linking. The
comparison with previous results when a dental resin was used
showed significant reduction on the curing time. In accordance
with the manufacturing strategy presented elsewhere,30 complex
μNe3dle patches were 3D printed. The patches featured 4 cone-
shaped μNe3dles each, in a symmetric 2 × 2 configuration. The
hollow shafts were designed on a flat substrate and
communicated by their bores with an internal reservoir at the
bottom of the substrate.

The reservoir was connected to a cylindrical opening at the
bottom of the patch that was designed to fit tightly on standard
syringes (Figure 3a). After manufacturing, the patches were
sterilized in an autoclave. Fracture and mechanical safety
analyses were conducted in accordance with previous studies,30

rendering the system mechanically safe for in vivo application
(data not shown). The final assembly of the drug delivery system
was carried out by simply fitting the patch to a syringe (Figure
3d).
3.2. Piercing Tests.The piercing forces weremonitored and

recorded during the piercing tests in the full thickness skin.
Comparative studies were performed with 3D printed solid MN
of similar dimensions. The experimental findings (Figure 4)
were similar to our previous findings.22−24,31,38

All MNs showed similar piercing capacity with insertion
forces of 35.9 ± 3.3 mN force/3D printed hollow MN and 36.9
± 4.9 mN force/3D printed solid MN, respectively. At the
commencement of the experiment, the slopes of the curves of
3D printed solid MN and hollow MN were constant. It was due

Figure 1. Structural formula and BC content of biobased acrylate
monomers.
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to the elastic deformation of the full thickness skin before
piercing. Similar findings were reported elsewhere30 in
accordance with the respective literature that 3D printed hollow
MN will cause minimal or no pain. It will also be beneficial in

terms of patient compliance since it does not involve an
application or trained health care practitioners.
3.3. In vitro Release Studies. Prior to the animal studies,

the in vitro release of Dmab delivered by the hollow μNe3dles to
mouse skin was investigated using Franz diffusion cells. The
surgical procedure for collecting freshly excised dorsal skin is
shown in Figure 5a−d. Dorsal skin was selected due to its
uniform distribution of skin layers. The use of abdominal skin
was avoided on the grounds of the latter being composed of
thick layers of adipose tissue, which might interrupt the passage
of high molecular weight drugs to the bloodstream. The
parameters of Franz diffusion cells were discussed in previous
studies.24,39 A release profile was constructed over a time period
of 60min. The %Dmab release was recorded at 10min intervals,
meaning that six readings were recorded in one hour. As seen in
Figure 2f, approximately 90% of the total amount delivered was
detected in the receptor compartment in 1 h.

The prolonged release of Dmab was attributed to its larger
molecular weight as well as to depot formation within the skin
tissue, which acts as a drug reservoir underneath the skin and
releases its content slowly by passive diffusion. Data and
respective statistical analyses were conducted. For the

Figure 2. Optimization of the IBA/PETA (90:10 wt/wt) resin postprinting process using 3D printed cylinders under different curing settings of 40, 50,
and 60 °C for 30, 45, and 60min, in relation to their mechanical properties. The graphs illustrate the evaluation of Young’s modulus, yield strength, and
breaking point.

Figure 3. Development of the hollow μNe3dle/syringe system. (a) A virtual model of patch featuring 4 cone-shaped hollow μNe3dles and their bores,
an internal reservoir, and the bottom opening for fluid provision; (b) a SLA 3D printer; (c) a standard syringe; and (d) an assembled μNe3dle-syringe
drug delivery system.

Figure 4. Piercing tests in porcine skin; force/needle vs displacement
data; and insertion force/needle for 3D printed-hollow and 3D printed-
solid MN (inset).

Molecular Pharmaceutics pubs.acs.org/molecularpharmaceutics Article

https://doi.org/10.1021/acs.molpharmaceut.4c00379
Mol. Pharmaceutics XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c00379?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c00379?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c00379?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c00379?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c00379?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c00379?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c00379?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c00379?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c00379?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c00379?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c00379?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c00379?fig=fig4&ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.4c00379?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 5. In vitro Dmab release studies using full thickness mouse skin. (a) Surgical start points on euthanizedmice, (b) removal of abdominal skin, (c)
removal of dorsal skin and the excision of a full thickness dorsal skin, (d) selection of hairless dorsal skin for diffusion studies, (e) in vitro release studies
through skin using Franz diffusion cells, and (f) cumulative Dmab release at 0−60 min.

Figure 6. In vivo animal studies of Dmab administration to an osteoporotic mouse model using 3D printed hollow μNe3dles. (a) Unrestricted animal
movement 2 h before the experiment, (b) shaved application site on dorsal skin, (c) application of the 3D printed μNe3dle patch and Dmab
administration, (d)microscopic close view of the μNe3dle on the skin, (e) OCT image of the penetration μNe3dle penetration through the skin layers,
(f) confirmation of skin pore resealing 5 min after application, and (e) monitoring of plasma Dmab concentration for 6 h after therapy.
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cumulative release data, statistical tests such as Pearson
correlation and linear regression modeling were performed.

The Pearson correlation test was carried out to investigate the
relationship between the two continuous quantitative variables,
with time being the independent variable and cumulative Dmab
release being the dependent variable. The Pearson correlation
coefficient (r), which determines the strength and direction of
the relationship between the two variables, was calculated. The
range of the coefficient is from −1 (strong negative relationship)
to +1 (strong positive relationship). The obtained value of r was
0.975, which is very close to +1. This indicates a very strong
positive correlation between the time and cumulative Dmab
release. As time increases, the % Dmab release also increases
almost linearly at a very similar rate. The p value obtained from
the Pearson correlation analysis is 0.000194, which is less than
the threshold of 0.05. Thus, the null hypothesis (which states
that there is no significant difference between time and % Dmab
release) is rejected, and the alternate hypothesis (there is a
significant difference between the time and % Dmab release) is
accepted. Thus, the test accounts for the significance of the data
set.

Linear regression analysis was applied to determine the effect
of the increase in the time variable on the % release of Dmab.
The linearity of the data set was determined by the value of R2,
which was 0.975. This means that the higher proportion of
variation in the dependent variable (% release) is attributed to
the independent variable (time). The high value of 0.975
indicates that the data set fits very closely with the linear
regression model. The p value obtained from this test was also
1.94 × 10−4, which means that the data set is statistically
significant.
3.4. Preclinical Investigation Using Animal Model In

Vivo. Microneedle patches have been introduced for the
administration of biopharmaceutics including a wide range of
proteins, peptides, and antibodies offering enhanced therapeutic
efficacy in comparison to conventional administration ap-
proaches such as intramascular or subcutaneous injections.41,42

Several studies have shown that administration of such
molecules does not rigger immunogenic effects while enhancing
the bioavailability.8,43 To our knowledge, this is the first study to
date that puts forward the use of μNe3dles for the transdermal
delivery of Dmab with the aim to treat osteoporosis in vivo. The
therapeutic performance of Dmab delivered by 3D printed
hollow μNe3dles was investigated on an osteoporotic animal
model under the approved protocol discussed in the
experimental section. The postmenopausal osteoporotic
mouse model was created by performing ovariectomy on female
Swiss albino mice. Four weeks after ovariectomy, the
osteoporotic mice were separated into three groups: untreated
(negative control), subcutaneously (SC) injected (positive
control), and treated with the 3D printed hollow μNe3dles
(3DMN). The amount of drug administered to the SC and
3DMN groups was identical. The in vivo experimentation
process is illustrated in Figure 6. The 3D printed microneedle
patches were inserted in the shaved dorsal skin using thumb
pressure, and the drug containing syringe was used to administer
the drug (Figure 6c). OCT images of the μNe3dles embedded
into the skin illustrate the successful penetration of the device.
The μNe3dles are shown to surpass the epidermis and reach the
dermis, which is essential for fast drug absorption by the skin
capillary bed (Figure 6).

A single dose of Dmab was administered in order to avoid
overdose in mice. A well-documented issue related to Dmab

administration is its association with adverse dermatological
reactions.40 A first measure taken to tackle this issue was to
reduce the dose compared to the amount that could be
administered based on clinical goals and animal weight. This
strategy has been proposed elsewhere,44 based on the argument
that a reduced dose of a high molecular weight compound
administered via a route that generates high bioavailability is
likely to reduce skin irritation while maintaining therapeutic
efficacy. Furthermore, the nature of the microneedle-mediated
administration, wherein the drug is channeled directly into the
dermis, has been shown to prevent drug-related skin irritation.5

Indeed, no skin discoloration, swelling, or erythema was
observed during and after the microneedle application. The
piercing marks left on the skin postapplication, similar to the
ones that have been observed in previous studies,30 disappeared
5 min after removal (Figure 6f). Thus, the skin irritation study
was not considered to be a requirement in the framework of the
present study. In addition, piercing was done by applying very
low forces to avoid animal discomfort due to the excellent
piercing capacity of the μNe3dle arrays.

The plasma Dmab concentration was measured for each
animal group, and the recorded data are shown in Figure 4g. The
pharmacokinetic parameters are displayed in Table 2. The
relative bioavailability (RBA) of the drug was calculated based
on the following equation:

=
×

×
%RBA

AUC dose
AUC dose

3DMN sc

sc 3DMN (1)

A major limitation associated with delivery via subcutaneous
injection is caused by back pressure produced during injection,
which can delay the drug distribution and absorption. The use of
hollow μNe3dles can act as a measure to tackle this issue in the
sense that ejection from multiple openings can favor the broad
and swift distribution of liquid within the skin tissue.

The plasma Dmab concentrations for the 6 h duration of the
study are presented in Figure 4g and the respective
pharmacokinetic parameters are displayed in Table 2. The
data suggest that Dmab delivered by the 3D printed hollow
μNe3dles produces similar rapid development of plasma
concentrations compared to the administration with subcuta-
neous injection. The peak plasma concentration detected in the
3DMN group was found to be slightly lower than the SC;
however, the %RBA values demonstrate that the two
administration routes achieve almost equivalent results with
no significant differences in pharmacokinetics. This is an
important finding since the pharmacokinetic profile plays a
significant role in bone formation and bone remodeling. The
hourly measured concentrations of Dmab were further analyzed
to obtain the secondary data on which the statistical data analysis
was done. The null hypothesis for this study was that there is no
significant difference between the data obtained from the SC
and 3DMN groups while the alternate hypothesis was that there

Table 2. Pharmacokinetic Parameters of Dmab
Administration

pharmacokinetic parameters

Cmax (ng/mL) tmin (h) AUC0−6 h RBA (%)

untreated 0 0 0 0
SC 296.91 ± 15.3 1 1037.5 100
3DMN 245.5 ± 9.9 2 1038.1 100.06
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is a significant difference between the data obtained from the SC
and the 3DMN groups. t tests were carried out to compare the
data from both animal groups, and small mean value differences
were observed. The p value obtained from the t test was 0.4912,
which means that the null hypothesis is accepted and there is no
significant difference between the means of the two groups. This
finding suggests that 3D printed hollow μNe3dles presented
similar clinical efficacy to traditional subcutaneous injection
routes for the in vivo administration of Dmab.
3.5. Quantification of Changes in Serum Bone

Minerals. To evaluate the therapeutic effect of Dmab delivered
by the 3D printed hollow μNe3dles, the quantification of
changes in bone related minerals after confirmation of
osteoporosis and Dmab administration was essential. A six-

month study was conducted, wherein the serum concentrations
of 4 different ions, namely, iron, magnesium, zinc, and copper,
were recorded for the 3 animal groups studied (untreated, SC,
and 3DMN, n = 6). The time interval between recordings was
set at 1 month, and the data were collected at the same date of
every month. Figure 7a−c illustrates the visually observable
bone alterations attributed to the induction of osteoporosis in
comparison to the healthy state, followed by evident recovery 6
months after the administration of Dmab.

Serum iron concentration data showed that the mineral
gradually increased for the 3DMN animal group, with decreases
being recorded at 4 and 6 months. The respective data of the SC
group showed a similar but subtler increasing trend up until the
third month when a significant decrease was observed. Overall,

Figure 7. In vivo monitoring of bone mineral changes after Dmab administration to osteoporotic animals using subcutaneous injections and 3D
printed hollow μNe3dles. (a) Healthy bone before ovariectomy; (b) deformed bone 4 weeks after ovariectomy; at this point, the animals are
considered osteoporotic; (c) bone recovery at 6 months after animals received treatment; and monthly percentage change of serum (d) iron, (e)
copper, (f) magnesium, and (g) zinc concentrations during the 6-month study.
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the recovery of serum iron is evidently higher for the μNe3Dle
treated animals for the whole duration of the study, indicating
that the subcutaneously injected Dmab did not maintain stable
state of serum iron. On the other hand, the trend of serum
copper concentration followed similar patterns for both treated
animal groups. The copper concentration showed a gradual
increase with time, with an abrupt decrease at 2 months (Figure
7e) for both animal groups.

However, at all time points, the copper serum concentration
for the animal group treated with hollow μNe3dles was found to
be higher than the respective SC group. Along the same lines, the
concentration of serum magnesium showed a similar gradual
increase for the two groups, with the peak concentration
recorded at 4 months post treatment. The Dmab fails to
maintain high magnesium concentrations after that time point,
as evinced by the decrease at months 5 and 6. This effect,
however, appears to be irrelevant to the administration route.
Finally, serum zinc concentration showed a similar increasing
pattern for both animal groups, with a decrease at the third
month of the study, which again seems to be independent of the
administration route and pertinent to the pharmaceutical
activity of the drug. In Figure 7d−g, a decrease of mineral
concentration was observed in early months, since the animals
went through surgical ovariectomy, and a single dose
administration was injected at the beginning of the treatment.
It was also attributed to the longer circulatory time of Dmab in
the blood. Initially, the Dmab solution was injected underneath
the skin and formed a depot in the dermal area, which was
absorbed from the dermis to the blood by passive diffusion. The
amounts of the studied bone minerals were measured before
Dmab administration (Table 3) as well as after the conclusion of
the 6-month monitoring period (Table 4).

Statistical analysis on the percentage change of ion
concentrations was performed to evaluate the significance of
the SC and 3DMN data sets. Paired t test and ANOVA were
used, and the confidence interval was set at 95%. Hence, for p <
0.05, the difference between bone mineral data obtained from
the SC and 3DMN groups was considered statistically
significant.

The p values obtained from the respective tests conducted on
the iron, copper, magnesium, zinc, and copper data were 0.047,

0.0449, 0.00178, and 0.013, respectively (Table 5). In all 4 t
tests, the value of p was less than 0.05, which verifies that there is

a statistically significant difference between the bone mineral
recovery in the SC injection and the 3DMN treated animals. To
further validate this finding, ANOVA tests were performed. The
respective p values calculated for iron, copper, magnesium, and
zinc were 0.00147, 0.0379, 0.0101, and 0.026, which are all lower
than the 0.05 threshold (Table 5). Summarizing, statistical
analyses verify the hypothesis that the use of 3D printed hollow
μNe3dles for Dmab delivery increases the serum concentration
of the ions under investigation at a greater rate compared to the
SC injection.

The data of this study generate an interesting finding.
Although the relative bioavailability of the drug postadministra-
tion was almost identical for both administration routes, the
therapeutic effect of Dmab delivered via hollow μNe3dles was
superior in terms of bone mineral regain. At the end of the 6-
month study, the majority of the studied bone-related minerals
were found to be at higher amounts for the μNe3dle-treated
animals compared to the injection treated ones. The explanation
behind this effect may be associated with the long-term
pharmacokinetics of the drug administered via the two different
routes; however, additional research that is beyond the scope of
the present article is required. In a similar study conducted by
Courtenay et al. (2018), it was found that microneedle patches
increased the in vivo bioavailability of bevacizumab, an antibody
for cancer treatment.8 Ding et al. (2023) introduced hydrogen
peroxide-responsive microneedle patches for the delivery of
delivery of integrin αvβ6-blocking antibody, which demonstrated
excellent biocompatibility combined with specific targeting to
lesions.44 Nevertheless, our study demonstrated that in the
future, 3D printed μNe3dles can be an alternative approach for
delivering Dmab in humans. This could easily be done by
coupling printed arrays in a pen-injector to control the
administrated dose.

4. CONCLUSIONS
In this work, we presented a multifunctional platform device for
drug administration based on hollow μNe3dles manufactured
via 3D printing. The SLA 3D printing technology was employed
to successfully fabricate complex hollow μNe3Dle arrays
comprising a low-cost biobased resin with excellent printability
(accuracy), mechanical properties, and skin permeability. The
μNe3Dles were found to be equally as effective in administering
Dmab to osteoporotic mice in comparison with subcutaneous
injections. Although the bioavailability of the drug administered
via the two approaches was similar, its therapeutic effect in terms
of bone mineral restoration was superior for the μNe3dle-
treated animals, as demonstrated after a 6-month study. Overall,
this study puts forward the broader use of hollow μNe3dles as a
more efficient alternative to typical needles. More importantly,
the use of biobased materials paves the way for the development
of biodegradable or recyclable medical devices and the adoption

Table 3. Baseline Amounts of Serum Bone Minerals Before
the Treatment

amount of
serum iron
(μg/dL)

amount of
serum copper

(μg/dL)

amount of
serum

magnesium
(μg/dL)

amount of
serum zinc
(μg/dL)

untreated 32.3 ± 5.0 79.6 ± 7.0 2.4 ± 0.3 29.2 ± 2.3
SC 34.8 ± 2.5 86.8 ± 2.5 2.3 ± 0.5 30.9 ± 3.3
μNe3dles 28.9 ± 3.7 81.2 ± 4.6 2.2 ± 0.3 30.7 ± 1.3

Table 4. Amounts of Serum Bone Minerals 6 Months After
Treatment

amount of
serum iron
(μg/dL)

amount of
serum copper

(μg/dL)

amount of
serum

magnesium
(μg/dL)

amount of
serum zinc
(μg/dL)

untreated 44.5 ± 5.1 84.2 ± 7.2 1.3 ± 0.2 35.8 ± 2.3
SC
injection

135.6 ± 7.7 108.4 ± 4.6 3.4 ± 0.2 57.3 ± 5.4

μNe3dles 167.9 ± 7.6 107.2 ± 2.3 4.6 ± 0.7 63.6 ± 5.1

Table 5. Statistical Analysis for Bone Mineral Recovery Data
Obtained for Animals Treated with SC Injection and 3D
Printed Hollow μNe3dles

changes of
serum iron

changes of
serum copper

changes of serum
magnesium

changes of
serum zinc

t test 0.047 0.0449 0.00178 0.013
ANOVA 0.00147 0.0379 0.0101 0.026
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of greener technologies. The use of 3D printing as the μNe3dle
manufacturing technology further simplifies the development
process of such intricate systems, thus increasing their
attractiveness and enabling their fast and reliable production
and subsequent use in the clinical setting.

■ AUTHOR INFORMATION
Corresponding Author

Dennis Douroumis − Centre for Research Innovation,
University of Greenwich, Medway Campus, Chatham
Maritime, Kent ME4 4TB, United Kingdom; orcid.org/
0000-0002-3782-0091; Phone: +44 2083318440;
Email: D.Douroumis@gre.ac.uk

Authors
Md Jasim Uddin − Centre for Research Innovation, University
of Greenwich, Medway Campus, Chatham Maritime, Kent
ME4 4TB, United Kingdom; Department of Pharmaceutical
Technology, Faculty of Pharmacy, Universiti Malaya, Kuala
Lumpur 50603, Malaysia

Sophia Nikoletta Economidou−Medway School of Pharmacy,
University of Kent, Medway Campus, Chatham, Kent ME4
4TB, United Kingdom
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