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Abstract 

In this study, it was aimed to introduce a transdermal drug delivery system with dissolving microneedles (DMNs) 
based on gelatin (GEL) and sodium carboxymethyl cellulose (NaCMC) for lidocaine hydrochloride (LidoHCl) delivery. 
Different ratios of GEL and NaCMC were mixed, loaded with an active agent of LidoHCl, and treated with glutaralde-
hyde (GTA) as a crosslinker agent. Prepared hydrogels were cast into a silicon mold. Hereby, microneedles (MNs) with 
500 µm height, 35° needle angle, 40-µm tip radius, and 960-µm tip-to-tip distance were fabricated. Samples contain-
ing LidoHCl 40%, GEL/NaCMC 5:1 (wt/wt), and polymer/GTA ratio 3.1 (wt/wt) showed the highest drug release ability 
(t < 10 min) with proper mechanical properties in comparison with other samples. Due to the drug release in a short 
time (fewer than 10 min), this drug delivery system can be used for rapid local anesthesia for pain relief as well as 
before minor skin surgeries.
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Graphical Abstract

Introduction
The skin is the largest organ of the body that provides a 
convenient and accessible route for drug delivery (Han 
and Das 2015; Cevc and Chopra 2016). Transdermal drug 
delivery (TDD) demonstrates an attractive approach to 
systemic drug delivery and avoids pre-systematic metab-
olism (destruction in the gastrointestinal tract or by the 
liver), the possibility of controlled drug delivery for a 
long time, and an alternative solution for oral dosing in 
patients with anesthesia or nausea and direct access to 
the site or disease, for example, treatment of skin disor-
ders such as fungal infections and psoriasis (Prausnitz 
MR and  Langer R 2008; Jeong et  al. 2021; Wang et  al. 
2021). Most importantly, since TDD is a noninvasive and 
almost painless administration method, it increases the 
acceptance of patients, especially children and the elderly 
(Inamuddin and Mohammad 2018; Zhu et al. 2001; Don-
nelly et  al. 2012). However, there are several challenges 
to TDDs that have not yet fully achieved their poten-
tial as an alternative to hypodermic injections, mucosal 
administration, and oral delivery. First, the physicochem-
ical properties of the skin create a barrier to drug deliv-
ery through the outermost layer of the skin epidermis 
called the stratum corneum (SC) (Jeong et al. 2021; Wang 
et  al. 2021; Pastore et  al. 2015). Second, only a limited 

number of drugs can be administered via TDDs (molecu-
lar weight less than 500 Da) (Bos and Meinardi 2000).

To overcome these limitations, an innovative 
microneedle (MN) approach aimed at developing safe 
and efficient means for delivering medications through 
the skin has attracted the attention of many scien-
tists (Hao Y et  al. 2017;  Kochhar et  al. 2016; Migdadi 
and Donnelly 2019; Ahmad et al. 2020; Bonfante et al. 
2020; Liu et  al. 2022; Dugam et  al. 2021). DMNs pen-
etrate the SC and dissolve in the interstitial tissue and 
release encapsulated drugs into the epidermal layer (He 
X et  al. 2019;  Bonfante et  al. 2020; Ma and Wu 2017; 
Yang et al. 2020; Lee et al. 2020; Zhang et al. 2021; Xing 
et al. 2021). The evolution of these MNs has led to more 
innovative designs (Vecchione R. et  al. 2014:  Dugam 
et al. 2021; Vora et al. 2022; Roy et al. 2022; Shah and 
Choudhury 2017; Zhang et al. 2021). Hydrogel-forming 
MN or swellable MN can be used as a method devel-
oped from the “poke and release” approach for drug 
delivery (Liu et al. 2022; Li et al. 2018; Dash et al. 2013) 
due to their high water content, biodegradability, bio-
compatibility, and renewability (Bao et  al. 2019; Ge 
et  al. 2018). Among the local anesthetics, lidocaine 
is a frequently used medication for the treatment of 
chronic pain and acute (Zempsky WT 2008; Kochhar 
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et al. 2013; Gomes et al. 2016; Houck and Sethna 2005; 
Martell et  al. 2017); lidocaine must get through a skin 
barrier to reach the nerve system in order to provide a 
local anesthetic (Gudin and Nalamachu 2020). Inject-
able Lido solution in either basic (lidocaine) or acidic 
forms (LidoHCl) has the mechanism of action antago-
nism of nerve signals in cells by inhibiting the influx of 
sodium ions through the sodium channels of the bio-
logical cell membrane, which response to temporary 
pain blockage on the skin surface (Rasool et  al. 2020; 
Cepeda et al. 2015; Abdellatif and Ibrahim 2020). How-
ever, using syringes can cause anxiety, pain, and infec-
tion that lead to poor patient compliance and require 
a prescription by experienced medical personnel (Shin 
et  al. 2017; Donnelly et  al. 2010). Topical anesthetic 
gels and creams provide a simple, painless way to apply 
anesthesia. Nevertheless, these procedures lead to pas-
sive diffusion in the outer layer of the skin, resulting 
in slow-onset times of 30 to 60  min (Lee et  al. 2020). 
This delayed onset is a major obstacle to the widespread 
use of local anesthetics for intravenous access meth-
ods (Donnelly et  al. 2010; Spierings et  al. 2008). To 
overcome this limitation, the MN has been studied to 
deliver drugs through the transdermal route for a fast 
onset time.

The use of biopolymers like polysaccharides and pro-
teins for the crosslinking structure with the functional 
role of trapping drugs and with the goal of optimiz-
ing skin permeation pharmacokinetics has attracted 
the attention of many investigators (Santos LF et  al. 
2018; Edgar et al. 2021; Jeong et al. 2021; Mustafa Kamal 
et  al. 2020). Gelatin (GEL) and sodium carboxymethyl 

cellulose (NaCMC) are biopolymers with bioavailability 
properties that can deliver therapeutic drugs transder-
mally as well as in combination with the composition 
of DNM (Nayak et  al. 2013). GEL is a biodegradable 
protein that is naturally amphoteric due to the presence 
of both acidic and basic functional groups in the struc-
ture (Xing et al. 2014; Hajzamani et al. 2020). The low 
thermal and mechanical stability of GEL hydrogels has 
constrained their use in a variety of applications. How-
ever, by mixing GEL with other natural polymers such 
as NaCMC, and also using crosslinking agents such as 
glutaraldehyde (GTA), its thermal and mechanical sta-
bility can be improved (Khan and Anwar 2021; Liu et al. 
2022; Favatela et al. 2021). GEL/NaCMC hydrogels can 
be modified according to the ratio of polymers and 
the amount of GTA for drug delivery under interstitial 
fluid conditions (pH = 5.5 and T = 37 °C). GEL/NaCMC 
hydrogel synthesis representation is given in Fig. 1. As 
the protein and polysaccharides utilized in this research 
include abundant amino and carboxyl groups, they 
generate a pH-sensitive hydrogel network. As per the 
literature, the interstitial fluid of the skin has a mildly 
acidic environment (Wagner et al. 2003; Proksch 2018; 
Ali and Yosipovitch 2013).

The literature review showed that there are not enough 
studies about dissolving microneedles for anesthetics 
drug delivery systems. Here, a DMN transdermal drug 
delivery system is proposed for the delivery of an anes-
thetic drug. GEL/NaCMC hydrogels in different mix-
ing ratios were prepared and loaded with LidoHCl and 
crosslinked with glutaraldehyde. The structural charac-
teristics of the DMN were determined by FTIR and XRD 

Fig. 1 The GEL/NaCMC hydrogel synthesis of schematic
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to confirm the lack of chemical interactions between the 
drug and comprehend the polymers and the formation of 
crosslinking structure between GEL/NaCMC. The effect 
of varying concentrations of polymers, crosslinker, and 
amount of drug on swelling, solubility, gel fraction, drug 
release behavior, and mechanical strength was also evalu-
ated. So, considering the highest swelling in skin condi-
tions, we believed that the development of GEL/NaCMC 
hydrogels with MN morphology via a manner of “poke 
and release” is a promising approach for TDDs, and 
this strategy can be used for pain relief as well as before 
minor skin surgery, such as the removal of moles, warts, 
and verrucas.

Materials and methods
Materials
GEL type A (300 bloom), NaCMC (Mw 250 kDa, DS: 0.9), 
GTA solution (25% in water), and acetic acid were sup-
plied from Sigma-Aldrich. LidoHCl (Mw 288.81 g  mol−1) 
was provided by Darou Pakhsh Pharma Chem. Co.. All 
chemicals were used without further purification.

Methods
Preparation of hydrogels

• Solution A: The clear gelatin solution was obtained 
by dispersing the required amount of GEL at 40  °C 
(Bello et al. 2020; Ivone et al. 2021) while stirring, and 
then, the required amount of LidoHCl was loaded 
into it (Table 1), and its pH was adjusted to 3.8–4.2 
by adding acetic acid (0.1 M).

• Solution B: NaCMC was separately dispersed in dis-
tilled water and gently heated (~ 50 °C) to accelerate 
dissolution. Subsequently, solution B was added to 
solution A and stirred until a viscous solution was 
obtained. The total concentration of polymers in the 
solution was constant at 15 (w/v%) for all prepared 
samples. After cooling to 25  °C, the crosslinking 
agent (GTA) was added slowly under continuous stir-
ring (400 rpm speed for 20 min).

Molding
Microneedle molds were made by a two-step “print and 
fill” method, using 3D printing (Krieger et al. 2019; Nejad 
et  al. 2018). First, the positive template was designed 
using 3Design® software. Then, by examining the effects 
of MN mold geometry, the parameters of needle height 
(500 ± 10 µm), needle angle (35°), tip radius (40 ± 10 µm), 
and tip-to-tip distance (960 ± 10  µm) were optimized. 
The optimized design was printed using a 3D printer 
(DLP1). Afterward, it was washed with hot water and 
dried. The molding silicone resin with hardener (in a 10:1 

ratio) was poured into the positive mold, and the proce-
dure was completed by placing it in a vacuum oven over-
night. The last negative silicone mold was used to create 
MN from hydrogels (Fig. 2).

Scanning electron microscopy studies
The surface morphology of the DMN arrays was inves-
tigated using SEM (Vegall, Tescan). DMN samples were 
mounted on an aluminum mount and sputtered with a 
thin layer of gold. The samples were then placed into the 
SEM vacuum chamber and observed at various angles 
using an accelerating voltage of 15  kV. ImageJ software 
was used to measure the dimensions.

FT‑IR spectroscopic analysis
FTIR spectral data were taken with the Infrared Bruker 
Tenso II instrument (at a resolution of 4  cm−1 and aver-
aged 16 scans) to confirm the structure and also to find 
the chemical stability of the drug in the hydrogels. Gela-
tin, NaCMC, and LidoHCl were each separately finely 
grounded with KBr and thus kept ready for taking spec-
tra. Also, for the GEL/NaCMC DMN and drug-loaded 
DMN, ATR spectroscopy was performed with an EQUI-
NOX device from Bruker, Germany.

X‑ray diffraction (XRD) analysis
X-ray pattern of LidoHCL, drug-loaded, and unloaded 
DMN was analyzed using Inel X-ray Diffractometer 
(EQUINOX 3000). This analysis was run at a current of 
30 mA and voltage of 40 kV with Cu Ka radiation.

Swelling, solubility, and gel fraction
The swelling behavior of hydrogels in different pH values of 
1.2, 5.5, 6.5, and 7.5 of USP phosphate buffers at 37 ± 0.1 °C 
was monitored (Khan and Anwar 2021). Typically, a certain 
amount (40 to 50 mg) of DMNs, dried to constant weight, 

Table 1 Formulation MNs

Sample codes Mixing ratio
GEL/NaCMC 
(wt/wt)

Polymer/GTA ratio 
(wt/wt)

LidoHCl 
content 
(%)

MN1 3:1 1.5 10

MN2 4:1 1.5 10

MN3 5:1 1.5 10

MN4 5:1 2.5 10

MN5 5:1 3.1 10

MN6 5:1 1.5 20

MN7 5:1 1.5 40

1 Direct light processing
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was placed in a pouch made of nylon cloth, weighted, 
and left to swell by immersing into a beaker containing 
the swelling media. At regular intervals, the pouch was 
removed from the solvent, after blotting with tissue paper 
to remove excess solvent on the surface, and was weighed 
using an electronic microbalance (Sartorius 313, accuracy 
of ± 0.01 mg) and then returned to the medium. The per-
centage of swelling determined at the time (t) was calcu-
lated using Eq. (1) (Saraswathy et al. 2020; Khan and Anwar 
2021):

where Ws and Wd are the weights of swollen hydrogels 
at t, and dried hydrogels, respectively. The experiments 
were repeated three times and reported as a mean value.

The gel fraction was determined by weighing the 
unwashed DMNs before drying them in an oven at 40 °C 
(Mi). To remove non-crosslinked polymer, the samples 
were immersed in deionized water as a solvent for 24  h. 
After that, DMNs were dried in a vacuum oven at 40  °C 
until a constant weight was obtained (Mf). The percentage 
of gel fraction was calculated using Eq.  (2) (Favatela et al. 
2021):

Solubility analysis was performed to determine the 
quantity of partial dissolution or the percentage of mass 
lost. The DMNs were weighed before (Mi) and after (Mf) 
being placed in 100-ml buffer (PBS pH 5.5) at 37  °C for 
48  h, and then, weight loss was inspected. The samples 
solubility was calculated based on Eq. (3) (Esteghlal et al. 
2018):

(1)WR(%) =
Ws −Wd

Ws
× 100

(2)GF(%) = (
Mf

Mi
)× 100

(3)Solubility (%) = (Mi −Mf /Mi)× 100

Release study of LidoHCl in vitro
The in vitro drug release from LidoHCl-DMN was stud-
ied in PBS buffer (pH = 5.5) by dissolution analysis. 
For this purpose, the paddle-over disk method (Fig.  3) 
was used to examine the transdermal delivery systems 
(USP38/NF33 2015; Jesús et al. 2022; Price et al. 2020).

First, 500  ml of the buffer solution was poured into 
the vessel, and then, the DMN assembled on a disk was 
placed at the end of the vessel and stirred at 50 rpm. At 
predetermined time intervals, 2  ml of the solution was 
taken and replaced with a fresh one, and all samples were 
tested in triplicate. Sink conditions were maintained 
throughout the experiment, with the concentration of 
the LidoHCl in the release medium being less than 10% 
of the saturated solubility and constant temperature of 
37 ± 0.5 °C. The concentration of LidoHCL in the release 
media was determined by UV–Vis spectrophotometer 
(PerkinElmer, LAMBDA 365, USA) at λmax of 263 nm. To 
determine the reproducibility and the accuracy of the UV 
test, the RSD percentage was calculated, and it was deter-
mined to be less than 5%. Also, UV spectroscopy was 
performed for each of the ingredients of the formulation. 
Solution samples were tested separately, and PBS buffer 
(pH = 5.5) was the reference.

Calibration curve of LidoHCl
A calibration curve is required to determine the rate of 
drug release from the samples (Pandit et al. 2016; Kumar 
et al. 2012) Specified concentrations of LidoHCL (5, 10, 
15, 20, 30, and 40  µg/ml) in the buffer (pH = 5.5) were 
scanned in the range of 200–400 nm by using a UV–Vis 
spectrophotometer, and a prominent peak was observed 
at 263 ± 1 (nm). The absorbance values were recorded 
at 263  nm with the corresponding concentrations, the 
calibration curve was plotted, and the line equation was 
obtained with R2 = 0.9953. Using Eq. 4, the drug release 
rate was obtained by knowing its absorbance.

Fig. 2 MN mold. a Positive template fabricated by the 3D printer. b Obtained negative silicone mol
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Mechanical properties
The evaluation of the mechanical strength of the 
LidoHCl-DMN was measured using a SANTAM-
STM20 instrument with a 6 N load cell as it allowed 
for sensitive measurements within an accuracy level of 
0.4%. LidoHCl-DMNs containing 5 × 5 needle arrays 
were fixed on a platform surface under the vertically 
moving mechanical sensor using a double-sided adhe-
sive tape. Then, the probe moved downward vertically 
at a speed of 0.5  mm   s−1 as shown in Fig.  4. Subse-
quently, the varying force and sensor displacement were 
recorded during the test to obtain the axial force that 
causes the fracture of DMN.

Antibacterial analysis
The antimicrobial activities of the prepared MN were 
investigated using the diffusion method. One-hundred 
milliliters of gram-negative bacterial Escherichia coli and 
Staphylococcus aureus with a concentration of 0.5 ×  107 
was cultured, and it is used to test antibacterial activity 
by agar diffusion assay. The bacterial plates were placed 
in an incubator at 37  °C for 24  h. After 24  h, the plate 
was checked from the zone of inhibition by calculating 
the diameter of the inhibition section, and a picture was 
taken (Xue et al. 2013).

Results
Fabrication of MN
The polymer mixture was cast into the negative mold 
by centrifuged force. The negative silicon mold was first 

(4)
Absorbance = 0.0181Concentration (µg/ml)+ 0.0258 fitted at the end of the falcon tube, and then, the hydro-

gels were added and centrifuged for 5 min at 5000 rpm. 
The centrifugal force caused the hydrogels to enter 
the microcavities of the MN mold (Fig. 5e). The molds 
containing the hydrogel were then placed in a vacuum 
oven to dry for 6  h. Finally, the DMN hydrogels were 

Fig. 3 Paddle over disk for dissolution test

Fig. 4 Schematic of the mechanical test machine
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separated from the mold and washed three times with 
distilled water (40  °C) to remove unreacted materials. 
The dried DMN hydrogels were placed in a vacuum-
equipped desiccator until further usage.

Macrostructure
Figure 5a, b, and c indicated the surface morphology of 
DMN arrays. The DMN arrays in this study had a sur-
face area of 25  (mm2) and contained 25 MN equally 
distributed in a 5 × 5 arrangement (Fig.  5e, f ). It was 
observed that SEM micrographs of the DMN arrays 
sample contain slightly rough surfaces. The structure of 
individual needles was evident at increased magnifica-
tion (Fig. 5a).

Structure investigation
The ATR-FTIR analysis confirmed the successful 
crosslinking of GEL and NaCMC chains. The spectra 
of GEL, NaCMC, GEL/ NaCMC DMN, LidoHCl, and 
LidoHCl-loaded GEL/NaCMC DMN are presented 
in Fig.  6. As shown, the stretching vibrations of the 
O–H and N–H in the GEL/NaCMC hydrogel spectrum 
shifted gently to lower wavelengths. In addition, the 
amide I band shifted from 1654 to 1656   cm−1. These 
indicated that the anionic groups in NaCMC with the 
cationic ones in GEL were coupled. On the other hand, 
the new bands in the range of 1150 to 1070 are attrib-
uted to the C–O–C stretching vibrations, which con-
firmed the crosslinking of the polymers.

Figure  7 shows the diffractograms of LidoHCl, Gel/
NaCMC, and drug-loaded samples. As illustrated, 
LidoHCl has shown numerous characteristic sharp 
peaks due to its highly crystalline nature. The XRD 
pattern of blank GEL/NaCMC hydrogel (MNB sam-
ple) exhibits a broad peak, which represented the 
amorphous state. The diffractogram achieved by the 
drug-loaded GEL/NaCMC DMN (MN3, MN6, MN7) 
indicated the same amorphous state at 2 = θ 21°. The 
appearance of peaks following LidoHCl loading at 14° 
and 26° indicates an increase in the crystallinity of the 
hydrogel samples.

Effects of pH, the ratio of polymers, and polymer/GTA ratio 
on swelling
The swelling behavior of GEL/NaCMC hydrogels is 
influenced by the pH of the immersed media, the ratio 
of the two polymers, and the amount of the crosslinking 
agent. Table  2 demonstrates the extent of the swelling 
of DMNs. The highest value of swelling was observed 
in acidic pH. Also, by raising the gelatin content in the 
microneedle composition, an increment in the water 

absorption of the microneedle was observed. The 
amount of glutaraldehyde had an inverse relation with 
swelling. In other words, increasing the crosslinker 
concentration forms a strong structure that declines 
the swelling.

Gel fraction and solubility study
The effects of the LidoHCl-DMN contents on the 
gel fraction are presented in Table  2. To scrutinize 
the effect of the amount of crosslink agent on GF%, 
three samples (MN3, MN4, and MN5) were studied 
with different amounts of polymer/GTA ratio (3.1, 
2.5, and 1.5), while the ratio of polymers and the 
amount of drug are constant. These results show 
that increasing the amount of crosslink agent leads 
to an increase in the percentage of GF. To elaborate 
the effect of polymers ratio on GF of DMN, three 
samples (MN1, MN2, and MN3) were prepared with 
varying rates of GEL: NaCMC (3:1, 4:1, and 5:1) and 
keeping the amount of GTA and LidoHCl constant. 
This is because increasing the concentration of GTA 
leads to an increase in active sites for the crosslink-
ing reaction. Thus, the crosslinking density between 
GEL and NaCMC increases, which leads to an 
increase in the mechanical strength of the hydrogel 
and a higher percentage of GF.

In vitro drug release
In vitro release studies were performed to under-
stand drug release from LidoHCl-DMNs in the condi-
tions of skin pH. The selectivity results revealed that 
in the λmax of LidoHCl, each of the ingredients of the 
formulation had no significant absorption. As shown 
in Fig.  5g, h, and i, the tips of the needles swell after 
5  min, and a significant amount of needles dissolve 
after 10 min. Figure 8 illustrates the effects of the ratio 
of the polymer, the amount of crosslinker, and the 
amount of medication on drug release at pH = 5.5.

Mechanical properties
An axial compression force was applied to the MN 
arrays to see whether they had adequate mechanical 
strength to penetrate the skin (Chen et  al. 2021). As 
reported in the force/needle results of DMNs (Table 2), 
all MN arrays have the sufficient mechanical strength 
to penetrate the skin.

Antimicrobial activity
The prepared sample was applied to bacterial E.coli and 
S.aureus which results in antibacterial activity as shown 
in Fig. 9. MN7 proved to be antibacterial in nature. The 
average diameter of the zone of inhibition is 0.88 cm.
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Fig. 5 LidoHCl DMNs. a Hydrogel-filled silicon mold. b and c Synthesized samples. d SEM at 280 × , e 500 × , f 80 × magnifications. g 0, h 5, and i 
10 min after exposure to pH 5.5. j Before and k after the force application
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Fig. 6 FTIR spectra of the LidoHCL, NaCMC, GEL/NaCMC DMN, and drug-loaded DMN

Fig. 7 XRD pattern of LidoHCl, MNB, MN3, MN6, and MN7 samples

Table 2 The results of swelling, GF, solubility, and mechanical strength tests

Sample codes Degree of swelling (%) GF (%) Solubility (%) Force/
needle 
(N)pH (1.2) pH (5.5) pH (6.5) pH (7.5)

MN1 346 298 165 86 73 53 0.23

MN2 540 467 303 101 68.4 65 0.19

MN3 610 553 333 120 64.2 73 0.15

MN4 330 263 111 86 76.1 45 0.34

MN5 160 123 103 74 84.5 40 0.45

MN6 646 555 340 135 57 85 0.14

MN7 650 560 350 150 58.3 89 0.16
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Fig. 8 Effect of a GTA, b polymer ratio, and c the amount of LidoHCl on in vitro release profile



Page 11 of 15Bahmani et al. AAPS Open             (2023) 9:7  

Discussion
Dissolving and hydrogel-forming MN with the “poke and 
release” approach are a novel method of TDDs in which 
drugs can be loaded and released when the MN dissolves 
after insertion (Liu et al. 2022), also reducing onset time 
and improving permeability (Ma and Wu 2017; Yang 
et  al. 2020). In this study, a mixture of a polysaccha-
ride (NaCMC) and a protein (GEL) was used to create a 
drug delivery carrier with microneedle morphology. The 
dimensions of the prepared microneedle were needle 
height 450 µm, tip radius 30 µm, and tip-to-tip distance 
960 µm. Examining the different dimensional parameters 
of the microneedle, it was found that needles with an 
input height of 300 to 600 µm are not of sufficient qual-
ity for molding, and higher heights may cause pain in the 
patient (Krieger et al. 2019; Nejad et al. 2018).

The ATR-FTIR spectrum of samples clearly showed 
the absorption bands of the crosslinked mixture of poly-
mers. In the spectrum of GEL, a sharp absorbance band 
was observed at 3420  cm−1 due to N–H stretching vibra-
tion. The medium peak at 1558   cm−1 belonged to the 
N–H bending vibration. The absorption bands appearing 
at 1654 and 1330  cm−1 indicated the type 1 amide band 
and the C–N band stretching vibrations, respectively, 
which are the most significant peaks for FTIR analysis 
of the gelatin structure (Khan and Anwar 2021; Buhus 
et  al. 2009). The medium peak at 1239   cm−1 belonged 
to the type 3 amide, and the weak peak that appeared at 
1525   cm−1 was assigned to the type 2 amide. The band 
appearing at 1440   cm−1 indicated aliphatic C–H bend-
ing vibrations, while aliphatic C–H stretching vibrations 
were observed at 2923  cm−1.

NaCMC showed a strong absorbance band at 
3368   cm−1 was assigned to the O–H stretching vibra-
tion. The shoulder at 2918  cm−1 indicated aliphatic C–H 
stretching vibrations, while the strong peak at 1625  cm−1 
and medium peak at 1425   cm−1 were due to the asym-
metric and symmetric stretching of the carboxylate 
group. The intense peak of C–O stretching vibration for 
ethers was ascribed to the significant absorption peaks at 
1000–1160  cm−1. These findings are in good accord with 
findings from previous investigations (Devi and Maji 
2009).

The main absorption peaks of LidoHCl powder were 
observed at 3382, 3011, 1654, and 1470   cm−1. These 
bands were assigned as N–H stretching, C–H stretching, 
amide I (C = O), and amide II (C–N), respectively. FTIR 
spectra were also used to affirm the chemical stability 
of LidoHCL in samples. As observed in Fig. 6, the posi-
tion of these bonds in drug-containing hydrogels almost 
remained unchanged, indicating there was no significant 
chemical interaction between the drug and the GEL/
NaCMC hydrogels. It may be noted that in the case of 
drug-containing DMNs, the band observed at 1654  cm−1 
overlapped with the GEL amide band, so XRD analy-
sis was performed to confirm the stability of Lido in the 
hydrogel.

The intensity of XRD peaks was more noticeable for the 
MN7 sample than for the MN3 and MN6 samples, indi-
cating a higher amount of drug. These results are consist-
ent with the in vitro drug release data.

The study of swelling results showed that acidic media 
is due to the protonation of the free amino groups of 
GEL, which leads to electrostatic repulsions between 
them and thus expands the polymer network, whereas 
free carboxylic groups with hydroxyl groups of NaCMC 
may lead to a contraction of the network by intense 
hydrogen interactions or by intermolecular lactonization 
(Khan and Anwar 2021; Tataru et  al. 2011). As the pH 
increases towards the basic medium, carboxylic groups 
of CMC become ionized, and GEL owns COO − groups, 
and the electrostatic repulsion between the carboxy-
late groups expands the polymer network. Due to the 
higher weight ratio of GEL in hydrogels, its effect on 
the degree of swelling was superior to NaCMC; hence, 
the maximum swelling was observed in acidic pHs (1.2, 
5.5). Similar findings were presented by Khan and Taturo, 
and that the swelling ratio increases with increasing GEL 
content (Khan and Anwar 2021; Tataru et  al. 2011). As 
shown in Table  2, hydrogels containing higher amounts 
of GEL (MN3) showed a higher degree of swelling than 
formulations containing lower amounts of gelatin (MN1, 
MN2). The swelling data of crosslinked hydrogels showed 
that by increasing the amount of GTA in the polymer 
hydrogel from 3.1 to 2.5 (wt/wt), the swelling decreases 

Fig. 9 Antimicrobial activity of MN7
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significantly from 553 to 263%. This was owing to the 
hydrogel’s mechanical strength increasing as a result of 
crosslinking and the formation of a more compact wall. 
Also, it is observed that MN5 has the highest GF with 
more crosslinker. Similar findings were reported that 
GF is directly related to crosslinking density (Khan and 
Anwar 2021). The GEL/NaCMC ratio of 5:1 showed a 
lower gel fraction compared to the ratio of 3:1 and 4:1. 
This is consistent with the results of Kreua-Ongarjnukool 
et  al. (2020) who concluded that at constant concentra-
tions of GTA, the gel fraction decreases with increasing 
polymer concentration, meaning that polymer chains 
have less crosslinking. Also, there was no significant 
difference between MN7 and MN6, indicating that the 
amount of drug did not affect GF. MN5 with the high-
est amount of GTA showed the lowest dissolution. Other 
authors have achieved similar results in examining the 
crosslinks of GEL/NaCMC (Khan and Anwar 2021; 
Favatela et  al. 2021). They argued that increasing the 
crosslink density increases the mechanical strength of the 
hydrogel, which in turn leads to a decrease in the solubil-
ity of the hydrogel and reduces the water-uptake capacity 
of the polymer network. From data in Table 2, it is evi-
dent that the solubility at the 5:1 (MN3) ratio of polymers 
was higher than the ratio of 3:1 (MN1) which is in good 
agreement with the results of swelling. Similar findings 
were presented by Tataro et  al. (Tataru et  al. 2011) that 
as the amount of gelatin increased, more electrostatic 
repulsion was generated, leading to the relaxation of the 
polymer network. In MN3, MN6, and MN7 samples, the 
effect of drug amount on solubility was investigated. The 
MN7 sample showed the highest percentage of solubil-
ity. At a constant ratio of polymers and the amount of 
crosslinker, the solubility increases with the increasing 
amount of drug. This may be due to increased electro-
static repulsion between the polar groups of GEL and 
LidoHCl.

According to these results, during the first 10  min of 
release, a burst release effect was observed, and then, its 
value increased slightly for a while and was fixed after 
60  min. Effects of various ratios of polymers in formu-
lations MN1, MN2, and MN3 on release rates are pre-
sented in Fig.  8b. The MN3 formulation showed higher 
release rates than MN2. Similarly, MN2 revealed a higher 
release rate than MN1. Drug release experiments agreed 
with the study of swelling; as the rate of GEL versus 
NaCMC increases, the swelling increases, which in turn 
causes the higher release of drug (Fig. 8b). The effect of 
GTA content in MN3, MN4, and MN5 formulations on 
drug release rate is shown in Fig. 8a. The drug release rate 
was higher in the case of MN3 than in MN4 and MN5. 
This is because increasing the concentration of GTA 
leads to the formation of a rigid network structure. To 

elaborate the effect of drug loading on in  vitro release 
profiles, three DMN samples (MN3, MN6, and MN7) 
were prepared with varying concentrations of LidoHCl 
(10, 20, and 40%) and kept the concentration polymers 
and GA constant. This indicates that an increase in drug 
concentration causes an increase in the release rates of 
drugs (Fig. 8c). Also, MN7 exhibited excellent antibacte-
rial activity. According to previous studies, in the short 
contact time and low concentration of glutaraldehyde, 
the adverse effect on the skin does not remain (Ballan-
tyne and Jordan 2001).

DMN array failure force is presented in Table 2. Accord-
ing to the literature, the insertion force required to over-
come the barrier of the skin and deliver the drug efficiently 
into the skin is 0.058 (N  needle−1) (Davis et al. 2004). For 
MN3, MN4, and MN5 DMNs, failure force increased 
with an increasing amount of GTA. This dependence is 
expected because increasing the crosslinker quantity leads 
to a rigid network structure. Comparing the mechani-
cal strength of neat GEL and GEL/NaCMC DMN arrays 
showed that the addition of NaCMC to GEL greatly 
increases the mechanical properties. However, pure GEL 
DMN arrays exhibit compression forces at the end (low 
stress at fracture) of 0.051 (N), while mechanical strength 
for GEL/NaCMC DMN arrays reached 0.162 ± 0.01 N. 
Liu et  al. (2022) deduced that the addition of cellulose 
nanofibrils to GEL could effectively improve the strength 
and toughness of the composite hydrogels. They found 
that when the composite hydrogel is under stress, the load 
can be transferred efficiently between the GEL matrix and 
cellulose nanofibrils. As shown in Table 2, the mechanical 
strength of MN1 with a polymer ratio of 3:1 has higher 
mechanical strength than MN3 and MN2. However, there 
was no significant difference in the mechanical strength of 
various amounts of the drug (MN3, MN6, and MN7). The 
shape of the synthesized DMN before and after applying 
the force is shown in Fig. 5j and k.

Conclusion
Dissolving microneedles loaded lidocaine based on natu-
ral polymers GEL and NaCMC were synthesized using 
GTA as the crosslinking agent. Prepared DMN can replace 
conventional anesthetic delivery methods such as injec-
tions and topical creams, due to their dissolution in skin 
pH, rapid onset time, and ability to cross the SC layer 
and deliver the sufficient drug to the skin. FTIR was used 
to corroborate the formation of crosslinked hydrogels 
between GEL and NaCMC. Also, XRD analysis indicated 
that the LidoHCl remained crystalline in the hydrogels. In 
addition, the shape of the DMN was shown on scanning 
electron microscopy micrographs. The synthesized DMN 
showed excellent swelling and solubility at skin pH. The 
results of the drug release study demonstrated that it was 
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directly related to the ratio of polymers and the amount 
of drug and inversely to the amount of crosslinker. It was 
also observed that all samples presented a burst release in 
the first 10 min. Mechanical properties data revealed that 
all synthesized DMNs were able to cross the skin barrier. 
In this study, MN7 was considered the ideal DMN with the 
highest drug release rate and sufficient mechanical strength 
to penetrate the skin. It can be concluded that DMN loaded 
LidoHCl based on GEL/NaCMC hydrogels have the poten-
tial to be used as transdermal drug delivery devices. They 
can dissolve well in skin pH and are a good clinical tool in 
the field of local anesthesia and management of periopera-
tive pain and chronic pain as well as before minor skin sur-
gery, such as the removal of moles, warts, and verrucas.
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