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A B S T R A C T   

The microneedle (MN) technology platform has a significant potential for enhancing the efficacy of transdermal 
drug delivery, by using micron-scale arrays with restricted geometries that pierce the skin non-invasively. In this 
paper, we developed gelatin methacryloyl (GelMA) MNs containing amoxicillin (AMX) as a novel transdermal 
delivery system using digital light processing (DLP) based 3D printing technology. With the DLP approach, MNs 
were obtained with high resolution and minimal lead times without geometric limitations. The 3D-printed AMX- 
loaded GelMA MNs were examined for their morphological, mechanical, swelling and antimicrobial properties as 
well as the drug release profile. The morphological analysis demonstrated the successful fabrication of the MNs 
with regular structure and sharp tips. The fabricated MNs displayed good mechanical properties consistent with 
0.1 N/needle without breaking. Moreover, the results of the in vitro antibacterial activity assays indicated that 
AMX-loaded GelMA MNs have significantly inhibited the Staphylococcus aureus and Escherichia coli growth. These 
findings suggest that the 3D-printed drug-loaded GelMA MNs are a useful platform for transdermal therapeutic 
delivery and can be developed as a next-generation medical device for managing bacterial infections.   

1. Introduction 

Despite the multiple advantages of transdermal drug delivery which 
provides an improved bioavailability of the drug delivered into the body 
through the skin, better patient compliance, controlled drug release, 
minimal gastric mucosal irritation, and inhibition of first-pass meta
bolism [1–6], the biggest challenge is the rigid and non-permeable 
structure of the stratum corneum (SC), restricting the passage of the 
substance through the skin [5,7,8]. Only low molecular weight lipo
philic drugs are allowed to pass through the SC layer [2,7]. Various 
transdermal drug delivery strategies such as ultrasound, iontophoresis, 
electroporation, various nanocarrier-loaded creams, and transdermal 
patches have been investigated to overcome this issue [6,10]. However, 
the limitations of these strategies have fostered the exploration of novel 
improvements. Microneedles (MNs) consisting of micron-sized needles 

in arrays represent a promising approach for the development of 
transdermal drug delivery systems that could overcome the rigid 
structure of the SC layer [5,9,10]. Due to their small size, the MNs pierce 
the skin painlessly and non-invasively, avoiding contact with dermal 
nerves and blood vessels, thereby increasing skin permeability, with 
minimum potential risks of skin injury and contamination [8,11–13]. 
Moreover, MNs allow small drug molecules, macromolecules (peptides, 
proteins, vaccines, nucleic acids etc.) and nanoparticles to pass through 
the SC layer and reach directly the systemic circulation [6,8]. In addition 
to these properties, cost-effectiveness, high patient compliance and 
efficient storage conditions are other outstanding properties [7,13]. 

Different types of materials have been used for the MNs 
manufacturing, including glass, silicon, metal, polymer and ceramics 
[10,14]. Considering their biocompatibility, biodegradability and 
drug-loading capacity as critical factors, polymeric MNs represent an 

* Corresponding author at: Department of Bioengineering, Faculty of Chemical and Metallurgical Engineering, Yildiz Technical University, Istanbul 34220, Turkey. 
E-mail address: cbustun@yildiz.edu.tr (C.B. Ustundag).  

Contents lists available at ScienceDirect 

Materialia 

journal homepage: www.elsevier.com/locate/mtla 

https://doi.org/10.1016/j.mtla.2023.101700 
Received 30 October 2022; Accepted 27 January 2023   

mailto:cbustun@yildiz.edu.tr
www.sciencedirect.com/science/journal/25891529
https://www.elsevier.com/locate/mtla
https://doi.org/10.1016/j.mtla.2023.101700
https://doi.org/10.1016/j.mtla.2023.101700
https://doi.org/10.1016/j.mtla.2023.101700
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtla.2023.101700&domain=pdf


Materialia 27 (2023) 101700

2

attractive lead, having also convenient processability and low cost [15, 
16]. Hydrogel MNs are structured in cross-linked polymeric networks 
with high pore structure and biocompatibility, capable of absorbing 
water and biological fluids [7,17]. The MNs hydrophilic structure allows 
them to swell upon contact with the skin and to release the loaded drug 
into the epidermis or dermis [18]. Apart from these, hydrogel MNs have 
some superior properties compared to other types of MNs such as higher 
drug release capacity and controllable drug release rate by changing the 
cross-linking ratio [6,10]. Moreover, MNs can be sterilized before use 
and be easily removed from the skin without damaging either the MNs 
or the skin [19]. 

The materials used in the fabrication of hydrogel MNs must be non- 
toxic, biocompatible, biodegradable and capable of releasing drugs [10, 
17]. Hydrogels are simply divided into two classes according to their 
material structure: (1) natural hydrogels (gelatin, cellulose, alginate, 
chitosan, hyaluronic acid etc.) and (2) synthetic hydrogels (acrylate 
polymers, polylactide, polyvinyl alcohol and polyvinylpyrrolidone etc.) 
[20]. Synthetic polymers are superior to natural polymers in terms of 
mechanical performance [2]. On the other hand, natural polymers show 
better biocompatibility and biodegradability over synthetic polymers 
[2,10]. Gelatin is a protein-based polymer, which is derived from 
collagen through various processes and has the feature of promoting cell 
growth [21]. The presence of peptide groups such as 
arginine-glycine-aspartic acid (RGD) in its structure allows it to mimic 
the extracellular matrix (ECM) in terms of cell adhesion and protease 
degradation [22]. However, the mechanical properties of MNs obtained 
from pure gelatin are insufficient to puncture the SC and to provide a 
long-term drug release profile due to its rapid degradability [2]. 
Therefore, modified gelatin can be used instead of pure gelatin to 
fabricate MNs for drug delivery applications. 

Gelatin methacryloyl (GelMA) with higher mechanical strength is 
obtained by modifying the amino groups in gelatin with methacrylate 
groups [23]. Since the structure of RGD peptide groups of gelatin does 
not change, GelMA also preserves the cell attachment and protease 
degradation sites [20,22]. Also, GelMA still shows good biodegrad
ability and biocompatibility and has negligible immunogenicity [19]. 
Moreover, GelMA can be biologically functionalized by encapsulation of 
different molecules such as drugs, growth factors and cytokines [2,20]. 
In addition to these features, the drug release profile can be changed by 
changing the degree of methacrylation and crosslinking ratio. GelMA 
prepared by grafting methacrylic anhydride onto gelatin exhibits 
excellent photo-curability and can be crosslinked by ultraviolet (UV) or 
visible light in the presence of a photoinitiator [20,24]. 

Different microfabrication techniques such as micro-moulding, 
etching, and photolithography have been developed to fabricate MNs 
[23,25,26]. The size and shape of the MNs influence the penetration 
ability, drug loading capacity and release rates; however current ap
proaches can fabricate MNs with limited geometries. Moreover, these 
techniques are complex and require multiple steps, long lead times and 
expensive equipment [27]. 3D printing is an additive manufacturing 
technique that offers advantages such as ease of use, cost-effectiveness 
and printing complex geometry structures compared to other MN 
fabrication techniques [17,28]. Digital Light Processing (DLP) is a 
photopolymerization-based 3D printing method. In this method, the 
cross-section of the model is projected onto the surface of the liquid 
photopolymer through the digital micromirror element, thus the irra
diated photopolymer solidifies layer by layer [29]. Compared with the 
other methods, DLP is less affected by oxygen inhibition [30]. Besides, 
DLP enables higher resolution and faster printing than other 3D printing 
methods [13,30]. In addition, no additional process such as UV and heat 
treatment after printing is required after the DLP printing is used. 
Furthermore, any photo-curable material can be used for fabrication in 
this technique [17,31]. Owing to these advantages, DLP 3D printing is 
widely used in biomedical applications, to print complex structures such 
as to form vascular networks and neural channels [32], and therefore to 
obtain human organ models [33]. It is also used to obtain drug delivery 

systems such as the antitumoral compound dacarbazine [34,35], and 
biosensors [36]. One study used the DLP technique to fabricate MNs 
with various geometries for wound healing applications, followed by 
pulsed laser deposition of silver and zinc oxide thin films. This 
light-based technology has proven useful in the production of antimi
crobial MN patches [37]. To the best of our knowledge, the DLP 3D 
printing approach has not been used before in the fabrication of 
drug-loaded GelMA MNs. 

Antibiotics are widely used in the treatment of bacterial infections 
and are most commonly administered via oral or parenteral routes, 
being accompanied by many undesired side effects such as toxicity or 
dysbiosis. Antibiotic administration via GelMA MNs rather than the oral 
or parenteral routes can improve their bioavailability in a painless and 
minimally invasive manner. In this study, we developed antibiotic 
(amoxicillin-AMX) loaded GelMA MNs as a trandermal drug delivery 
system using the DLP 3D printing technique. The morphology, me
chanical behaviours, and swelling abilities of 3D-printed AMX-loaded 
GelMA MNs were evaluated. Moreover, the drug release profile and 
antimicrobial properties of fabricated AMX-loaded MNs were studied in 
vitro. 

2. Materials and Methods 

2.1. Materials 

Gelatin type A from porcine skin, methacrylic anhydride (MAA), 
lithium phenyl-2,4,6-trimethyl-benzoyl phosphinate (LAP), amoxicillin, 
and dialysis membrane (cut-off value 14 kDa and average flat width 43 
mm) were obtained from Sigma–Aldrich (Darmstadt, Germany). Sodium 
carbonate, sodium hydroxide, hydrochloric acid fuming 37%, and Par
afilm® M were purchased from Merck KGaA (Darmstadt, Germany). 
Phosphate-buffered saline (PBS, pH 7.4) was bought from ChemBio 
(Turkey). Sodium hydrogen carbonate (>99.7%) was purchased from 
ISOLAB (Eschau, Germany). 

2.2. GelMA synthesis 

GelMA was synthesized according to a previously described protocol 
[38]. Briefly, to obtain 10% (w/v) gelatin solution, 10 g of type A gelatin 
was dissolved in 100 mL carbonate bicarbonate buffer (CB) (0.1 M CB 
buffer including 3.18 g sodium carbonate and 5.86 g sodium bicarbon
ate in 1 L distilled water, pH 9) under constant stirring at 60 ◦C. Then, for 
each gram of gelatin, 0.1 mL of methacrylic anhydride (MAA) was added 
to the gelatin solution and the solution was stirred at 50◦C for 3 hours, 
and then the pH was readjusted to 7.4 to stop the reaction. Next, the 
solution was dialyzed against distilled water at 37 ◦C for 5 days using a 
14 kDa molecular-weight-cutoff (MWCO) membrane. After being dia
lyzed, lyophilized and the samples were stored at +4 ◦C until further use. 

2.3. Design and DLP printing of GelMA MNs 

Computer-aided design (CAD) files for MNs were developed using 
SolidWorks 2020. MNs were designed conical shaped with 650 µm 
height and 400 µm base width. MN arrays consisted of 6×6 needles on a 
10×10×1 mm substrate. The software of the 3D printer, Chitubox, was 
used to slice the MN designs (Fig. 1A). MNs were fabricated using a 
commercially accessible DLP 3D printer (Phrozen Sonic Mini 8K, Phro
zen Tech Co Ltd., Hsinchu, Taiwan) with a 12 mW/cm2 light intensity 
and 405 nm light wavelength. The exposure time to UV light during the 
printing of MNs was set to 80 s. 

To prepare a 6% (w/v) GelMA solution, the appropriate amount of 
GelMA was added to the PBS (pH = 7.4) and dissolved at 40 ◦C. For drug- 
loaded GelMA MNs, 0.5% (w/v) amoxicillin was added to the GelMA 
solution and stirred at room temperature until the drug was completely 
dissolved. Next, a photoinitiator (LAP) was added at a concentration of 
0.5% (w/v) to both the blank GelMA and drug-loaded GelMA solutions 
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and mixed until a homogeneous mixture was obtained (Fig. 1B). The 
prepared solution was discharged into the vat of the DLP printer. MNs 
were printed by the DLP device according to the parameters given 
above. One MN array was obtained per print and the time taken to print 
one MN array was 3.5 h. Then, 3D-printed MNs were dried at room 
temperature for 24 h and kept in a dehumidified container until char
acterization (Fig. 1C). 

2.4. Morphological Characterization of GelMA MNs 

The surface morphology of the GelMA MNs and AMX-loaded GelMA 
MNs were examined using a scanning electron microscope (EVA MA 10, 
Zeiss, Jena, Germany). Dried MNs were coated with gold using a spray 
coating machine (SC7620, Quorum, Laughton, East Sussex, UK) for 120 
sec. 

2.5. Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier transform infrared spectroscopy (FTIR, FT/IR-ATR 4700, 
Jasco, Easton, MD, USA) was used to determine the chemical structure of 
AMX, GelMA MNs and AMX-loaded GelMA MNs. The measurements 
were carried out at room temperature wavelength range of 450–4000 
cm− 1 at 4 cm− 1 resolution. 

2.6. Mechanical characterization and penetration test of GelMA MNs 

The mechanical strength of MNs was measured by a standard me
chanical tester (EZ-LX, Shimadzu, Kyoto, Japan) in compression mode. 
The MNs were placed on the flat surface of a stainless-steel base plate. 
The testing probe was positioned at 2 mm above the bottom of the MNs. 
An axial force was applied perpendicular to the axis of the MNs, at a 
constant speed of 0.1 mm/min. The resistance force as a function of MN 
base displacement was recorded by a moving sensor contacting the tip of 
the MN. All tests were performed in triplicate. 

Studies in the literature have shown that Parafilm M® layers and 
pigskin have similar properties for penetration tests [39]. For this study, 
the penetration abilities of MNs were evaluated using Parafilm® M. The 
film, one layer of which was about 127 µm, was folded into 8 layers of 
approximately 1 mm. A thick layer of Parafilm M® was placed on a hard 
metal surface. The produced dry MNs were placed on top of the Parafilm 
M® layer with the needles coinciding with the Parafilm M®. The pres
sure was applied to the MNs with the help of the thumb. The MNs were 
then removed from the Parafilm M® layer. Parafilm M® layers were 
separated one by one and the number of holes and the hole width in each 
layer were evaluated using an optical microscope (Olympus AnalySIS, 
USA). 

2.7. Swelling of GelMA MNs 

To evaluate the swelling abilities of the GelMA MNs and AMX-loaded 
GelMA MNs, samples were immersed in PBS (pH = 7.4) at 37 ◦C for 30 
min at specific time intervals (1, 5, 10, 15, 20, and 30 min). After the 
specified durations, the residual liquids on the surface were removed 
and the weights were recorded. The swelling ratio was calculated using 
the following Eq. (1): 

Swelling ratio (%) =
Ww − Wd

Wd
× 100 (1)  

where Wd is the dry weight, and Ww is the weight of the MNs after water 
uptake at specified time intervals. All experiments were performed in 
triplicate. 

2.8. In vitro drug release study 

The release profile of AMX from MNs was investigated by measuring 
the UV–vis absorption of the drug in PBS (pH = 7.4) at predetermined 
time intervals. The standard curve of AMX was analyzed firstly by a 
UV–vis absorption spectrophotometer (Jenway 7315, Bibby Scientific, 
Staffordshire, UK) at a wavelength of 201 nm. The samples were kept at 
37 ◦C in 1 mL of PBS. At predetermined time points, samples were taken 
out of the PBS solution, the amount of drug released was measured and 
the samples were placed into a fresh buffer solution to continue the 
release studies. 

2.9. In vitro antimicrobial activity 

The antibacterial activities of AMX-loaded GelMA MNs against 
Staphylococcus aureus (S. aureus) ATCC 25923 and Escherichia coli 
(E. coli) 25922 were tested using the disc diffusion method as described 
by the Clinical Laboratory Standards Institute (CLSI). Overnight cultures 
of S. aureus ATCC 25923 and E. coli 25922 with standard density cor
responding to 0.5 MacFarland were spread onto Mueller-Hinton Agar 
plates, and then AMX-loaded GelMA MNs cut into 6  mm discs were 
placed on the agar plates and incubated at 37 ◦C for 24 h. The anti
bacterial activity was evaluated by measuring the growth inhibition 
zone diameters. 

3. Results and Discussion 

3.1. Morphological Characterization 

GelMA MNs and AMX-loaded GelMA MNs were successfully fabri
cated by the DLP 3D printing technique with 80 s of UV exposure. SEM 

Fig. 1. Schematic illustration of the design and DLP 3D printing of AMX-loaded GelMA MNs.  
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images of the fabricated MNs are presented in Fig. 2. All MNs consisted 
of 6×6 needles on a 10×10×1 mm substrate by maintaining a conical 
shape. As shown in Fig. 2, the obtained MNs displayed regular 
morphology with sharp tips and no air bubbles or agglomerates in the 
structure. SEM images also confirmed the dimensions of the MNs: blank 
and AMX-loaded GelMA MNs were 630.4 ± 2 µm (Fig. 2A) and 621.5 ±
1 µm (Fig. 2B) in height, respectively. These heights are ideal for 
penetrating the skin barrier and preventing the skin-wrapping effect 
[40]. The obtained needle heights are lower than the theoretical needle 
height (650 µm). The height difference can be related to how a layer is 
drawn and the minimum UV dose necessary for photopolymerization. 
Normally, the light that each micromirror reflects spreads into adjacent 
pixels. Thereof, large pieces (where light from adjacent pixels comes 
together) have more amount of light per unit area than small pieces. 
Consequently, it is frequently difficult to cure small features. MN trun
cation is expected to occur when the width of the structure is reduced 
enough for the light intensity to fall below the minimum threshold for 
curing [27]. Tip radii of blank and AMX-loaded GelMA MNs were 
measured as 13.1 ± 2 µm and 15.9 ± 1 µm, respectively. The tip radii of 
20–40 µm are sharp enough to penetrate the skin [41]. In this regard, the 
resulting tip radii are among the sharpest needles printed using a 
low-cost DLP printing system. 

3.2. Fourier Transform Infrared Spectroscopy (FTIR) 

The FTIR spectra of AMX, GelMA MNs and AMX-loaded GelMA MNs 
are displayed in Fig. 3. The spectrum of AMX exhibits peaks at around 
3446 cm− 1 and 2967 cm− 1 representing the stretching vibrations of free 
amino groups and -CH, -CH2 and CH3 groups in AMX, respectively [42, 
43]. The peak at about 1683 cm− 1 is attributed to the Amide I bond, the 
peak at about 1573 cm− 1 to the Amide II bond, and the peak at about 
1245 cm− 1 to the Amide III bond [44,45]. 1625, 1523, 1444, 1396, 
1336, 1240, and 1024 cm− 1 peaks were obtained as a result of FTIR 
analysis of GelMA MNs. The sharp peak at around 1625 cm− 1 showed 
the vibration of the C=O bonds known as Amide I [46]. The peak at 
about 1523 cm− 1 is attributed to the N–H bonds known as Amide II. The 
vibrations peak observed at around 1240 cm− 1 is related to the N–H 
bond (also part of the C–N bond), designated as Amide III [47]. Also, the 
peak observed in the range of 3200–3400 cm− 1 is due to the presence of 

peptide bonds (N–H stretching) and –OH functional groups [48]. There 
is no major change in the spectrum of AMX-GelMA MNs compared to the 
spectrum of GelMA MNs. Only slight shifts are observed in the position 
of the GelMA peaks. Since the amount of AMX in the MN structure is 
very low and therefore the FTIR technique remains insensitive, peaks of 
AMX could not be seen in the GelMA-AMX spectra. 

3.3. Mechanical characterization and penetration test of GelMA MNs 

The mechanical properties of MNs are a crucial factor affecting their 
capability of successfully penetrating the skin and delivering the drug 
efficiently into the skin [49,50]. The mechanical performance of GelMA 
MNs and AMX-loaded GelMA MNs was analyzed by a compression test. 
As can be seen in Fig. 4A, in the force-displacement curves, there was no 
discontinuity at 300 µm displacement, and no fracture or breakage was 
observed. This suggests that the fabricated MNs have convenient 
toughness. The maximum force determined at 300 µm displacement was 
2.6 and 3.0 N for GelMA MNs and AMX-loaded GelMA MNs, 

Fig. 2. SEM images of GelMA MNs (A) and AMX-loaded GelMA MNs (B).  

Fig. 3. FTIR spectra of AMX, GelMA MNs and AMX-loaded GelMA MNs.  
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respectively. These values are consistent with the reported 0.1 N/needle 
for skin puncture with MNs [51]. Moreover, according to these values, it 
was observed that the mechanical strength of blank GelMA MNs was 
relatively lower compared to AMX-loaded GelMA MNs. This is most 
likely because AMX interacted with polymer chains via Van der Waals 
interactions and strengthened the polymer network in MNs [52]. 

In addition to the compression test, the penetration ability of the 
MNs was performed. The 6×6 MN array was manually placed on the 
Parafilm M® layer consisting of 8 layers by thumb force. Optical mi
croscopy images of the holes formed in the first and third sheets of the 
Parafilm M® layer as a result of the penetration of both GelMA MNs and 
AMX-loaded GelMA MNs were presented in Fig. 4B. In the placement of 
both types of MNs, the hole width in the layers decreased depending on 
the depth of placement. According to the penetration result of GelMA 
MNs, 4 Parafilm layers were pierced. As a result of the placement of the 
AMX-loaded GelMA MNs, MNs pierced 3 Parafilm layers. As shown in 
Fig. 4C, all needles in the GelMA MNs formed holes up to the third layer. 
In the fourth layer, 77.77 ± 4% of the MNs formed holes. The fourth 
layer agrees with the 508 μm penetration depth, where around 80% of 
the needle height of GelMA MNs is inserted. In the AMX-loaded GelMA 
MNs penetration, all needles formed holes in the first layer. 86.1 ± 3% 
of MNs in the second layer and 50 ± 3% in the third layer formed holes. 
The third layer corresponds to a penetration depth of 381 μm, where 
about 61% of the needle height of AMX-loaded GelMA MNs is inserted. 
Similar insertion profiles have been reported in previous studies [15, 
53]. Moreover, the reason that GelMA MNs penetrate more deeply than 
AMX-loaded GelMA MNs is that the needle height of GelMA MNs (~630 
µm) supported by SEM analysis is higher than that of drug-loaded MNs 
(~621 µm). 

3.4. Swelling behaviour of GelMA MNs 

The swelling ability of hydrogel MNs is critical in terms of facilitating 
the release of the payload and also enhancing the interaction of the MNs 
with the inserted cavity, stabilizing them into the punctured site [20]. 
To investigate their swelling behaviour, GelMA MNs and AMX-loaded 
GelMA MNs were immersed in PBS solution and measured their mass 
changes with time. The swelling ratio of MNs significantly increased 
within the first 1 min, as presented in Fig. 5. MNs rapidly absorbed the 
moisture, causing their volume to increase. Blank and AMX-loaded MNs 

Fig. 4. (A) Force-displacement curves of GelMA MNs and AMX-loaded GelMA MNs, (B) Optical microscopy images of first and third Parafilm M® layers of GelMA 
MNs and AMX-loaded GelMA MNs, 5X magnification, (C) Percentage of holes created in each Parafilm M® layer following insertion of GelMA and AMX-loaded 
GelMA MNs. 

Fig. 5. Swelling ability of GelMA MNs and AMX-loaded GelMA MNs.  
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reached swelling equilibrium within 20 min after immersion. It is 
observed that the swelling ratio of blank MNs (~475%) is higher than 
AMX-loaded MNs (~394%). This may be due to the ionic strength 
increased in the swelling solution of AMX-loaded MNs. As a result, the 
swelling solution for AMX-loaded MNs had increased osmotic pressure, 
which constrained the water absorption. Similar results were reported 
by Wang et al [54]. 

3.5. In vitro drug release study 

In vitro drug release tests were performed to examine the release 
behaviours of AMX from MNs over a 48 h period. The test was carried 
out in PBS (pH 7.4, 37 ◦C) to mimic the physiological conditions of living 
organisms. First, the UV spectra obtained with the concentration range 
of AMX from 0.2 to 1  µg/mL and a linear standard calibration curve 
from AMX absorption values (R2 = 0.998) were created (Fig. 6A,B). The 
released AMX was detected by UV 201 nm absorbance. As indicated in 
Fig. 6C, the AMX-loaded MNs demonstrated an 80% burst release of 
AMX from the MNs within the first 6 h of incubation. After 48 h, all drug 
was released and reached 100%. The burst release may partially is 
caused by loosely attached drug molecules at the surface of the MNs, 
which are highly inclined to diffusion [55]. Also, GelMA swells by 
absorbing water and increases the pore size within the hydrogel matrix, 
ultimately facilitating the release of the loaded drug [56]. Sood et al. 
loaded AMX into the carboxymethyl cellulose-cl-poly(lactic acid-
co-itaconic acid) hydrogel and they observed a high amount of AMX was 
rapidly released within the first 3 h [57]. 

The current studies regarding the antibiotic-loaded MNs show that 
the amount of the loaded drug on MNs varies from 10 µg of doxycycline 
[20] to 100 µg of vancomycin, in the case of MNs developed against 
methicillin-resistant S. aureus skin infections [58]. In these studies, MN 
production was carried out using PDMS moulds. The amount of AMX 

loaded into the GelMA MNs produced for this study is 5 mg, suggesting a 
high drug-loading capacity of GelMA MNs produced by the DLP method 
meaning that they would require less application frequency than other 
MNs. 

3.6. In vitro antimicrobial activity 

In this study, we have evaluated the in vitro antibacterial activity of 
AMX-loaded GelMA MNs against the Gram-positive S. aureus ATCC 
25923 and the Gram-negative E. coli 25922 bacterial strains using the 
disc diffusion method. The growth inhibition zones around AMX-loaded 
GelMA MNs demonstrated the efficiency of MNs against the tested 
reference bacterial strains (Fig. 7A,B). The mean growth inhibition zone 
diameters of AMX-loaded GelMA MNs for both S. aureus ATCC 25923 
and E. coli 25922 were m 22 mm and 25 mm, respectively. The hydrogel- 
forming MNs with antibacterial properties have been reported previ
ously [19]. Tiraton et al. [59] fabricated sodium alginate (S)-gelatin (G) 
MNs patch containing clindamycin for acne treatment and found it to 
inhibit the growth of Cutibacterium acnes. In another study, a 
hydrogel-based wound dressing containing ciprofloxacin has been pro
duced and shown to be effective against methicillin-resistant S. aureus 
[60]. However, the fabrication of AMX-loaded GelMA MNs with anti
bacterial activity against S. aureus and E. coli using the DLP 3D printing 
approach has not been previously reported. 

4. Conclusions 

In summary, a novel transdermal delivery system based on AMX- 
loaded GelMA MNs was successfully prepared by the DLP 3D printing 
technique. According to SEM analysis, sharp-tipped MNs with desired 
dimensions and regular morphology were obtained. Mechanical test 
results supported that the 3D-printed MNs showed no discontinuity or 

Fig. 6. In vitro drug release profile of AMX from the GelMA MNs: (A) Absorption spectra of AMX at different concentrations, (B) calibration curve of AMX, (C) drug 
release profile from the AMX-loaded GelMA MNs. All the measurements were repeated three times, and the errors were less than 5%. 
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breakage at 300 µm displacement and were consistent with the 0.1 N/ 
needle value suitable for transdermal applications. Moreover, 3D- 
printed MNs were found to rapidly release AMX within the first 6 h of 
incubation. In addition, the AMX-loaded GelMA MNs exhibited anti
bacterial activity against both Gram-positive and Gram-negative bac
terial strains, suggesting their potential to be used as transdermal drug 
delivery devices or biomaterials such as wound dressings for tackling 
bacterial infections that could delay wound healing. Overall, the ob
tained results demonstrate that the drug-loaded MNs fabricated with the 
DLP printing approach can be effective for transdermal drug delivery. 
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