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Abstract
This study is aimed to fabricate tetanus toxoid laden microneedle patches by using a polymeric blend comprising of polyvinyl 
pyrrolidone and sodium carboxymethyl cellulose as base materials and sorbitol as a plasticizer. The tetanus toxoid was mixed 
with polymeric blend and patches were prepared by using vacuum micromolding technique. Microneedle patches were evalu-
ated for physical attributes such as uniformity of thickness, folding endurance, and swelling profile. Morphological features 
were assessed by optical and scanning electron microscopy. In vitro performance of fabricated patches was studied by using 
bicinchoninic acid assay (BCA). Insertion ability of microstructures was studied in vitro on model skin parafilm and in vivo 
in albino rat. In vivo immunogenic activity of the formulation was assessed by recording immunoglobulin G (IgG) levels, 
interferon gamma (IFN-γ) levels, and T-cell  (CD4+ and  CD8+) count following the application of dosage forms. Prepared 
patches, displaying sharp-tipped and smooth-surfaced microstructures, remained intact after 350 ± 36 foldings. Optimized 
microneedle patch formulation showed ~ 74% swelling and ~ 85.6% vaccine release within an hour. The microneedles success-
fully pierced parafilm. Histological examination of microneedle-treated rat skin confirmed disruption of epidermis without 
damaging the underneath vasculature. A significant increase in IgG levels (~ 21%), IFN-γ levels (~ 30%),  CD4+ (~ 41.5%), 
and  CD8+ (~ 48.5%) cell count was observed in tetanus vaccine-loaded microneedle patches treated albino rats with respect 
to control (untreated) group at 42nd day of immunization. In conclusion, tetanus toxoid-loaded microneedle patches can be 
considered as an efficient choice for transdermal delivery of vaccine without inducing pain commonly experienced with 
hypodermic needles.
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Introduction

Majority vaccines are administered via the conventional par-
enteral route which poses several limitations such as pain 
due to needle pricking of skin, risk of infection (e.g., blood-
borne) transmission as a result of unsafe injection practices, 

requirement of trained personnel, and production of biohaz-
ardous waste [1–5]. During recent years, transdermal route 
has been widely used to overcome these limitations [6–12]. 
Moreover, an organized immune network comprising of high 
density of antigen-presenting and immune-accessory cells is 
present within the skin microenvironment. This makes skin 
an efficient immune responsive site, hence, a feasible target 
for vaccines delivery [13]. However, conventional transder-
mal patches are unable to efficiently administer high molec-
ular weight vaccines (> 500 Daltons) across skin layers due 
to the barrier function of the stratum corneum. Several 
advanced methods have been used for transdermal admin-
istration of vaccines including iontophoresis (e.g., hepatitis 
B [14] and anticancer gp-100 peptide KVPRNQDWL vac-
cine [15]), electroporation (e.g., hepatitis C [16], influenza 
[17], and malaria [18] vaccine), and sonophoresis (tetanus 
toxoid [19] and hepatitis B [20] vaccine) employing electric 
impulse and acoustic waves, respectively. These approaches 
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seldom permit self-application of the medicament; a need for 
trained personnel for drug administration adds to the health 
care costs [21–23].

More recently, microneedle (MN) patches have emerged 
as promising candidates that breach the stratum corneum 
barrier in a minimally invasive manner and deliver large 
molecular weight therapeutic entities such as vaccines 
directly into the general circulation [24]. Literature reports 
suggest that the channels generated in the skin by MNs (of 
varying geometry, e.g., size 500 μm, 750 μm, and 1500 μm) 
gradually shrink followed by complete closure within ∼ 
3–40 h [25]. MN patches have been manufactured by using 
numerous materials, for example, metals, silicon, ceramics, 
glass, and polymers. Metal microneedles exhibit high tensile 
strength; however, these are not eco-friendly and produce 
hazardous waste. Silicon, ceramics, and glass MNs are brit-
tle, hence, can easily break upon insertion into skin. Rem-
nants of these materials in the skin can potentially lead to 
an injury. Polymers are considered as a suitable choice for 
MN fabrication due to their biocompatible, biodegradable, 
and non-toxic nature. Furthermore, modulated release and 
stimuli responsive delivery of drugs can also be achieved 
by using polymeric materials [22, 24, 26]. Over time, sev-
eral vaccines including BCG, rabies, influenza, diphtheria, 
malaria, measles, rubella, polio, and COVID-19 have been 
successfully delivered by using MN patches prepared with 
numerous natural (e.g., hyaluronic acid, alginate, chitosan) 
and synthetic (e.g., polyvinyl alcohol, polyvinyl pyrrolidone, 
carboxymethyl cellulose) polymers [13, 21, 27–32].

Polyvinyl pyrrolidone (PVP) and sodium carboxymethyl 
cellulose (CMC) have been extensively employed for fabri-
cating dissolving MNs. These polymers are preferred in the 
formulation due to their hydrophilicity, biocompatibility, bio-
degradability, inertness, and ability to protect loaded thera-
peutic moiety from denaturation [33–35]. Moreover, sodium 
CMC exhibits an adjuvant effect on immune responses 
induced by DNA vaccine formulations, hence, is intended as 
an efficient carrier for vaccines [36]. Following entry to gen-
eral circulation, PVP accumulates in mesenteric lymph nodes 
[37]. PVP is reported to pass through post glomeruli capillar-
ies. Moreover, disposition of PVP through reticuloendothelial 
system has also been reported [38]. CMC completely absorbs 
in the body. The mechanisms involve in the metabolism of 
CMC include hydrolysis of main polymeric chain and mac-
rophagal pinocytosis. The products of CMC metabolism are 
completely eliminated (from the body) with the urine and 
feces without accumulation [39]. Sorbitol, a hydroxyl group-
rich sugar, is employed as a plasticizer; can increase the flex-
ibility; and reduce the brittleness of MN device [40].

The present study aims to fabricate tetanus vaccine-
loaded MN patches by using PVP and sodium CMC blend 
as the MN base and sorbitol as a plasticizer. Prepared 

formulations were evaluated for in vitro release profile and 
in vivo immune response in albino rats.

Material and methods

Materials

Polyvinyl pyrrolidone (K30, molecular weight ~ 40,000 Da), 
sodium carboxy methyl cellulose (molecular weight ~  
25,000 Da), and d-sorbitol were purchased from Sigma 
Aldrich, St. Louis, Missouri, USA. Potassium di-hydrogen 
phosphate and disodium hydrogen phosphate were pur-
chased from Duksan, Ansan, South Korea. Tetanus vaccine 
was purchased from Amson Vaccine & Pharma Pvt Ltd., 
Islamabad, Pakistan. BCA (bicinchoninic acid) assay kit was 
purchased from Thermo Fischer, Massachusetts, USA. Dis-
tilled water was obtained from in-house facility.

Preparation of microneedles

Polydimethylsiloxane (PDMS) silicon moulds of pre-determined  
MN sizes were fabricated by using stainless steel master molds 
following a procedure reported earlier by the authors [21, 26, 
41]. Briefly, conventional machining procedures comprising 
of grinding, electro-discharge process, and electropolishing of 
the MNs were employed to manufacture stainless steel mas-
ter molds. Liquid silicon solution was formulated by blend-
ing hardener (1 part) and Dow corning sylgard 184 silicon 
(9 parts). The prepared mixture was added in stainless steel 
master molds and heated at ~ 80 °C for 60 min. Cured PDMS 
silicon MN molds were separated from stainless steel master 
molds.

Aqueous solutions comprising of varying concentrations 
of PVP (20–37.5% w/v), sodium CMC (0.75–4% w/v), and 
sorbitol (15–20% w.r.t total solid polymeric weight) were 
prepared. Sodium CMC solutions were prepared in distilled 
water at 60 °C with continuous stirring for 1 h (solution 
I). PVP and sorbitol were dissolved in specified concentra-
tions in distilled water to form a solution (solution II). Both 
the solutions were mixed and introduced to PDMS molds 
having needle shaped microcavities of sizes, i.e., 150 μm, 
300 μm, and 500 μm, under vacuum [42]. Molds were sub-
sequently incubated at room temperature for 48–72 h in a 
chamber containing silica desiccants. Upon drying, patches 
were removed from PDMS moulds and stored in air tight 
containers with silica desiccants till further use. For fabricat-
ing vaccine-loaded MN patch device, tetanus toxoid vaccine 
solution (50 μl for one patch with a thickness and width of 
0.82 ± 0.010 mm and 7.91 ± 0.150 mm, respectively) was 
thoroughly mixed in the polymeric blend with continu-
ous stirring at 300 rpm for 3–5 min. Vaccine-incorporated 
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patches were fabricated following the procedure mentioned 
earlier for blank MN formulations.

Physical evaluation

Optical imaging

The integrity of dry MN patches was studied by analyzing 
the images recorded with an HD camera, Samsung ES95, 
Seoul, South Korea, coupled with an optical microscope 
(Labomed, Los Angeles, USA) by using a 4× lens.

Uniformity of thickness and width

Thickness uniformity and width of patches (N = 10) were 
determined with the help of a vernier caliper (Lufen 02–067-
4, Zhejiang, China) at six different points and mean ± stand-
ard deviation was calculated.

Folding endurance

Endurance and strength of prepared formulations (N = 10) 
were estimated by continuously folding the patch at the same 
point until a crack appeared on its surface.

Swelling study

Dried blank patches (N = 5) of known mass  (W0) were 
immersed, individually, for 2 min in a petri dish containing 
distilled water. The patches were taken out of petri dish, 
excess water was wiped off by filter paper, and the swollen 
polymeric devices were weighed  (W1). Percentage swelling 
was calculated by using the following formula.

Scanning electron microscopy

Vaccine laden MN patches were studied for morphological 
attributes by using a scanning electron microscope (SEM). 
Formulations were sputtered coated (to ~ 10-nm thickness) 
with gold solution; micrographs were captured by field 
emission scanning electron microscope (Zeiss, Gemini SEM 
300, Oberkochen, Germany) and examined for determining 
MN dimensions and morphology.

In vitro release study

For quantification of vaccine in the prepared MN patches, 
BCA protein assay kit was used which comprises bovine 
serum albumin (BSA) as standard protein and a bicinchoninic 

Percentage swelling =

W
1
−W

0

W
0

× 100

acid-based working reagent. A stock solution of BSA stand-
ard (250 μg/ml) was prepared. Different dilutions of stock 
solution namely 125, 50, 25, and 5 μg/ml were prepared and 
aliquots (200 μl) from each dilution were mixed with 4 ml 
of reagent. Following an incubation at 37 °C for 30 min, the 
absorbance of these samples was recorded at λmax 562 nm 
by using a UV–visible spectrophotometer (Hitachi, U-1800, 
Tokyo Japan) and a calibration curve was constructed.

In vitro release study was performed in phosphate buffer 
(pH 5.5, 25 ml) at 300 rpm and 37 ± 2 °C. Tetanus toxoid-
loaded MN patch was added in the dissolution medium; ali-
quots of 200 μl were drawn at specified intervals; 5,10, 20, 
30, 40, 60, 90, and 120 min; and an equal volume of buffer 
was added to maintain sink conditions [43]. Each sample 
(200 μl) was mixed with working reagent (4 ml) and absorb-
ance was recorded by following the procedure described 
above. The experiment was performed in triplicate. Teta-
nus toxoid protein content in the MN patch formulation was 
estimated by using calibration curve data. Different models 
(i.e., Higuchi, first order, zero order, and Korsmeyer-Peppas) 
were fitted to the obtained data in order to assess the release 
kinetics.

In vitro insertion study

Penetration ability of MNs was evaluated by using para-
film as a skin simulant [44]. The optimized MN device 
was applied on the film (thickness 125 μm, dimension 
20 × 20 mm) by pressing with a thumb for 40–50 s. The 
imprints of needles on the flexible film were examined 
under an optical microscope.

Immunogenicity study

Animal study was conducted after approval from the Ethi-
cal Committee of Bahauddin Zakariya University Multan 
(190/PEC/2021). Wistar albino rats, Rattus norvegicus 
domestica (N = 20) with an average weight of 80–100 g, 
were kept at room temperature (25 ± 3 °C), under a 12-h 
dark/light cycle and allowed free access to food and water 
48 h before the experiments. The animals were divided into 
four groups. Group 1 (negative control) was not given any 
treatment. Groups 2 and 3 received blank and vaccine-laden 
MN patches (containing 50 μl vaccine), respectively on the 
shaved abdominal region. The MN patches were applied 
by thumb pressure for 40–50 s (equivalent to a force of 
1–1.5 N). Group 4 (positive control) was intramuscularly 
injected with standard tetanus vaccine (50 μl). Groups 2, 
3, and 4 received primary and booster doses at 0th day and 
22nd day, respectively. The blood samples were taken from 
all animals (N = 20) by penetrating the retro-orbital plexus 
with the help of sterile hematocrit capillary tubes at 1st, 



855Drug Delivery and Translational Research (2023) 13:852–861 

1 3

10th, 21st, 32nd, 42nd day, and centrifuged at 2500 rpm for 
10–15 min to obtain serum for immunoglobulin G (IgG) 
ELISA (enzyme-linked immunosorbent assay). The samples 
drawn on 42nd day were evaluated for interferon gamma, 
CD4 + and CD8 + levels.

Immunoglobulin G (IgG) ELISA

Roche (Basel, Switzerland) mouse IgG ELISA kit was 
used to determine IgG antibodies in the samples. A 50 μl 
capture antibody (anti-mouse-Fcγ from sheep) solution, a 
200 μl blocking reagent (consisting of gelatin, tris hydro-
chloride buffer, and sodium chloride) and 50-μl test sample 
were pipetted into a 96 wells microplate one by one and 
incubated for 90, 15 and 60 min, respectively. Upon com-
pletion of incubation period, each solution was discarded 
and wells were washed with a wash solution (prepared in 
distilled water by using tween 20 and sodium chloride). 
Then, a conjugate solution (comprising of anti-mouse-κ-
POD [peroxidase] and anti-mouse-λ-POD from sheep) 
diluted with blocking reagent (1:20 v/v) was poured (50 μl) 
inside the wells and kept for 60 min. Solution removal and 
washing steps were repeated. A 50 μl substrate solution of 
2,2′-azino-bis [3-ethylbenzothiazoline-6-sulphonic acid] was 
transferred into the wells and incubated for 60 min. The 
absorbance was recorded at 405 nm by using an ELISA plate 
reader (BioTek 800Ts Winooski, Vermont, United States) 
and total IgG levels were measured.

Interferon gamma (IFN‑γ) ELISA

Interferon gamma (IFN-γ) levels were determined by mouse 
IFN-γ mouse ELISA kit (Abcam, Cambridge, UK). The pro-
cedure involved sequential addition of (i) primary capture 
antibody solution, (ii) IFN-γ standard and test samples, (iii) 
biotinylated IFN-γ detection antibody reagent, (iv) horse-
radish peroxidase-streptavidin solution, and (v) tetrame-
thyl benzidine (TMB) substrate reagent into the wells of a 
microplate. Each solution/reagent (100 μl) was incubated 
for specified time (i.e., 90, 150, 60, 45, and 30 min, respec-
tively). After incubation, the solutions were discarded and 
wells were washed with a wash solution (1% tween 20 in 
phosphate-buffered saline). A phosphoric acid comprising 
stop solution was immediately added after completion of 
TMB substrate reagent incubation period and absorbance 
was recorded at 450 nm by using a microplate reader.

Flow cytometry assay

The heparinized blood sample was diluted with physiologi-
cal saline in 1:1. The mixture was loaded slowly (to avoid 
mixing of blood and medium) on the surface of a polysu-
crose and sodium diatrizoate-based lymphocyte separation 

medium (MP Biomedicals, Irvine, California, USA) result-
ing in the formation of a sharp blood-lymphocyte separation 
medium interface. The mixture was centrifuged at 2000 rpm 
for 15–20 min at 20 °C. Top plasma layer was discarded. 
The lymphocyte layer plus half of the lymphocyte separation 
medium layer below it was aspirated, diluted with an equal 
amount of buffered balanced salt solution, and centrifuged 
at 500 rpm for 10 min at 20 °C. The sedimented cells were 
collected and washed twice by using buffered balanced salt 
solution.

The collected cells were suspended in the flow buffer 
comprising of phosphate-buffered saline, fetal calf serum, 
and sodium azide. Fluorescein isothiocyanate conjugated 
 CD4+ and  CD8+ monoclonal antibodies (BioLegend, San 
Diego, California, USA) were added to the cell suspen-
sion. The solutions were incubated for 30 min at 20 °C 
in dark. Subsequently, cells were washed and centrifuged 
at 2000 rpm for 5 min in the flow buffer twice to remove 
unbound antibodies. The cells were resuspended in the flow 
buffer, analyzed on the flow cytometer (BD Biosciences, 
Franklin Lakes, New Jersey, USA), and T-cells  (CD4+ and 
 CD8+) were counted [45, 46].

Histological examination

After completion of in vivo study, a MN patch-treated ani-
mal was sacrificed and micropierced skin was excised by 
using a sterile blade. The excised skin was fixed in 37% for-
maldehyde. Microtome was used to cut skin specimen into 
thin (~ 1–2 μm) slices followed by fixation (on a glass slide) 
and hematoxylin and eosin (H&E) staining. The stained skin 
was examined under an optical microscope (Labomed, Los 
Angeles, USA) to observe the changes in skin following nee-
dle penetration and results were compared with the untreated 
counterpart.

Results

Physical evaluation

The results from the preliminary examination of MN for-
mulations are represented in Table 1. Polymeric solutions 
comprising of low concentration of sodium CMC (i.e., 
0.75–2.5% w/v) and PVP (i.e., 20% w/v) were dilute and 
formed brittle MN patches. The polymeric solutions com-
prising of high concentration of sodium CMC (i.e., 4% w/v) 
formed thick gels and were difficult to pour in the PDMS 
molds. MN patch formulations comprising of intermediate 
concentration, i.e., sodium CMC 3% w/v and PVP 25% w/v 
concentration exhibited appropriate microstructure and satis-
factory folding endurance. In the case of plasticizer, patches 
containing 20% (w.r.t total dry polymeric mass) sorbitol 
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were found to be malleable. Hence, the optimized MN patch 
formulation comprising of 25% w/v PVP, 3% w/v sodium 
CMC, and 15% (w.r.t total dry weight of base materials) 
sorbitol was selected for further evaluation.

Prepared MN patches were found to be light yellow in 
color (Fig. 1 left) with a reproducible average thickness and 
width of ~ 0.82 ± 0.010 mm and 7.91 ± 0.150 mm, respec-
tively. Photographic images confirmed an even distribu-
tion of microstructures (Fig. 1 right). The optimized patch 
did not exhibit any cracks or loss of integrity after folding 
for 350 ± 36 times indicating that formulated device would 
withstand mechanical stresses which are experienced during 
shipment and application. The patches showed a swelling of 
74 ± 0.026% allowing rapid uptake of physiological fluids 
and release of incorporated vaccine.

Scanning electron microscopy

The SEM images confirmed the presence of evenly distrib-
uted needles displaying pointed and sharp tips (Fig. 2). The 

microstructures exhibited smooth and uniform surface with-
out any irregularity. The tiny needles with sharp tips and 
appropriate height are expected to efficiently deliver incor-
porated vaccine in the general circulation without stimulat-
ing the pain receptors.

In vitro release study

During the in vitro release study, 18.4 ± 2.1% vaccine was 
released from the MN device  (F10) within the first 5 min. 
Over the next 25 min, another ~ 43 ± 3.2% vaccine release 
was observed. Within 60 min, ~ 85.6 ± 2.9% vaccine was 
released from the prepared patch (Fig. 3 bottom). On the 
basis of R-square value, the dissolution modeling confirmed 
that the vaccine release profile followed first-order kinetics.

In vitro insertion study

Microscopic photographs (Fig. 4) of parafilm showed evi-
dence of needle penetration. Complementary structure of 

Table 1  Physical evaluation of MN patch formulations

The symbol +  +  +  + means good; +  +  + means average; +  + means poor; + means very poor

Formulation code and composition Thickness (mm) Width (mm) Folding endurance Swelling (%) MN 
morphology/
integrity

F1 (sodium CMC 0.75%, PVP 37.5%, sorbitol 15%) 0.82 ± 0.011 8.10 ± 0.089 0 ± 0 –-  + 
F2 (sodium CMC 1%, PVP 25%, sorbitol 15%) 0.80 ± 0.02 7.96 ± 0.121 10 ± 3 –-  + 
F3 (sodium CMC 2%, PVP 25%, sorbitol 15%) 0.80 ± 0.016 7.89 ± 0.102 12 ± 2 –-  + 
F4 (sodium CMC 2%, PVP 25%, Sorbitol 20%) 0.80 ± 0.012 7.91 ± 0.162 100 ± 18 69.8 ± 0.034  +  +  + 
F5 (sodium CMC 2.5%, PVP 25%, sorbitol 15%) 0.81 ± 0.015 7.91 ± 0.141 350 ± 42 22.44 ± 0.009  +  +  + 
F6 (sodium CMC 4%, PVP 20%, sorbitol 15%) 0.80 ± 0.011 7.91 ± 0.132 500 ± 39 18.57 ± 0.009  +  +  + 
F7 (sodium CMC 4%, PVP 25%, sorbitol 15%) 0.80 ± 0.012 7.91 ± 0.140 500 ± 45 7.95 ± 0.005  +  + 
F8 (sodium CMC 4%, PVP 30%, sorbitol 15%) 0.80 ± 0.013 7.91 ± 0.122 500 ± 21 68 ± 0.060  +  +  + 
F9 (sodium CMC 3%, PVP 25%, sorbitol 15%) 0.81 ± 0.013 7.89 ± 0.171 400 ± 53 72 ± 0.029  +  +  +  + 
F10 (sodium CMC 3%, PVP 25%, sorbitol 15%, 50 μl 

tetanus vaccine)
0.82 ± 0.010 7.91 ± 0.150 350 ± 36 74 ± 0.026  +  +  +  + 

Fig. 1  (Left) Photographic 
image of MN device, (right) 
needles of size 300 μm under 
optical microscope
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MNs was successfully reproduced on the skin simulant para-
film. Clear imprints of microstructures (size ≥ 300 μm) on 
the parafilm suggested that the prepared device would effi-
ciently breach the skin barrier and deliver the incorporated 
drug to the general circulation.

Immunogenicity study

Immunoglobulin G ELISA

The control group showed IgG levels of 1.07 g/l. On the 
21st day of immunization, IgG levels exhibited by blank MN 
patch, vaccine-laden MN patch, and standard intramuscu-
lar injection treated rats were1.0 ± 0.07 g/l, 1.20 ± 0.04 g/l, 
and 1.30 ± 0.05 g/l, respectively. A slight increase, i.e., 
1.23 ± 0.07 g/l and 1.34 ± 0.04 g/l in IgG levels of group 
3 and 4, respectively was observed on the 32nd day. High-
est IgG levels were displayed by these groups on 42nd day. 
A ~ 21.3% and ~ 32.5% increase in antibody levels was 

recorded in rats treated with vaccine laden MN patches 
(1.31 ± 0.05 g/l) and intramuscular injection (1.43 ± 0.08 g/l) 
with respect to control group (Fig. 5). The prepared MN 
patch formulation successfully induced humoral immunity 
and the results are comparable with the standard intramus-
cular injection.

Interferon gamma ELISA

IFN-γ levels shown by control, blank MN device, teta-
nus vaccine-loaded MN patch, and standard intramuscu-
lar injection administered groups were 21.91 ± 1.1 ng/l, 
22.83 ± 1.5  ng/l, 28.54 ± 2.2  ng/l, and 38.28 ± 1.8  ng/l, 
respectively (Fig. 6). A significant increase, i.e., ~ 30% in 
IFN-γ levels of MN patch-treated group as compared to the 
control group suggested an induction of immune response 
following administration of vaccine.

Fig. 2  SEM photomicrographs of MNs
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Fig. 3  In vitro release profile of vaccine from MN patch Fig. 4  Microscopic image of MNs on simulated skin
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Flow cytometry assay

CD4+ count observed in group 1 and 2 was 2618 ± 120/mm3 
and 2550 ± 100/mm3, respectively. A significant increase 
in absolute count of  CD4+ cells was observed in vaccine-
loaded MN device-treated group (3704 ± 90/mm3) and 
results were comparable with standard intramuscular injec-
tion administered group, i.e., 3918 ± 115/mm3 (Fig. 7 top).

CD8+ cell levels recorded in the control group and 
blank MN patch-treated group were 1941 ± 100/mm3 
and 1990 ± 115/mm3, respectively.  CD8+ cell levels were 
elevated in the vaccine-loaded MN device-treated group 
(2881 ± 85/mm3). The  CD8+ cell count was 3134 ± 112/mm3 
in standard intramuscular injection given group (Fig. 7 bot-
tom). These results suggest that the prepared MN patches are 
capable of inducing T-cell-mediated immunity.

Fig. 5  IgG levels measured over 
different time intervals for all 
groups
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Histological examination

Microscopic images of H&E-stained control and MN-treated 
skin samples are represented in Fig. 8. The outermost skin 
layer epidermis was intact in control skin sample while MN-
treated skin exhibited a disrupted epidermis and invasions were 
clearly visible at several points. Dermis, connective tissue, and 
blood vessels remained intact in MN-treated skin, hence, sug-
gesting that prepared MNs did not damage deep skin structures 
and pierced the skin in a minimally invasive manner.

Discussion

Tetanus is a common infection in low- and middle-income 
countries. In 2015, ~ 79% of the deaths recorded worldwide 
due to tetanus occurred in south Asia and sub-Saharan 
Africa. In the same year, neonatal tetanus (infection occur-
ring within 28 days of birth) resulted in ~ 34,000 deaths. 
Although there has been a decline in the incidence rate of 
tetanus in the developing countries, the mortality rate, par-
ticularly for patients aged over 60 years, is > 50%. The inci-
dence of tetanus infection surge in natural disasters due to the 
lack of resources (e.g., vaccine supply and health personnel) 
in these situations. At the same time, a higher number of tet-
anus-prone injuries are observed which in combination with 
the geographic displacement of the population further worsen 
the public health. For instance, in Aceh, Indonesia and Kash-
mir, Pakistan, 106 and 139 tetanus cases were reported in 
the months following tsunami in 2004 and earthquake 2005, 

respectively. Although tetanus is a vaccine-preventable infec-
tion [47], administration of vaccine via the invasive paren-
teral route requires trained personnel (which raises the overall 
cost of vaccine by 25%) and bruised patients are frequently 
left non-compliant. Transdermal route seldom serves as an 
alternate as high molecular weight vaccines cannot pass 
through the intact stratum corneum due to its barrier func-
tion [48].

Recently, MNs emerged as potential contenders for trans-
dermal vaccine administration due to their ability to breach the 
stratum corneum and deliver vaccines into the systemic circula-
tion without stimulating nociceptors [49]. Moreover, MNs are 
self-administrable, hence, can offer convenient and quick immu-
nization during natural disasters and in resource-poor countries.

In this study, polymeric dissolvable MN patches were 
prepared with PVP and sodium CMC (as microarray base) 
and sorbitol (as plasticizer) by using the vacuum micromold-
ing approach. Optimized MN patches were successfully 
folded for 350 ± 36 times suggesting integrity of prepara-
tion. SEM and optical microscopy results confirmed pres-
ence of equidistant microstructures with uniform surface 
and pointed and sharp tips. Imprints of tiny needles on the 
model skin parafilm confirmed the penetration ability of 
optimized MN formulation. The prepared device success-
fully breached the stratum corneum during in vivo insertion 
study on albino rats without damaging deep skin structures. 
A swelling percentage of ~ 74% indicated ability of prepared 
polymeric formulation to efficiently uptake the liquid and 
rapidly release encapsulated vaccine. These tendencies are 
validated in in vitro studies wherein ~ 85.6% of the drug was 

Fig. 8  Microscopic images of MN device-treated (left) and control (right) rat skin (A epidermis, B dermis, C connective tissue, D blood vessels, 
E disrupted epidermis)
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released within an hour. During in vivo study in rats, IgG 
levels were increased by ~ 21% following MN application 
(1.31 ± 0.05 g/l) w.r.t control (1.08 ± 0.07 g/l) indicating the 
production of humoral response. IFN-γ levels also soared 
by ~ 30% in MN patch applied rats (28.54 ± 2.2 ng/l) of the 
control (21.91 ± 1.1 ng/l). A significant increase in IFN-γ 
levels denotes activation of macrophages, natural killer cells 
and neutrophils. A ~ 41.5% and ~ 48.5% increase in  CD4+ 
and  CD8+ cell count, respectively, following the application 
of MN formulation suggested generation of T-cell response. 
It is noteworthy that the immune responses in tetanus toxoid 
MN patch-treated animals were comparable to the counter-
parts treated with intramuscular injections. The MN patch 
formulation approach can be considered as an attractive 
alternative to the conventional intramuscular injection as this 
is minimally invasive and self-applicable in nature, thus, 
promising an improved patient compliance and reduced 
healthcare cost especially in resource-poor settings.

Conclusion

Tetanus toxoid encapsulated microneedle patches of 
acceptable microstructure, i.e., evenly positioned micro-
structures with pointed tips and uniform surface were pre-
pared by using polyvinyl pyrrolidone, sodium carboxym-
ethyl cellulose, and sorbitol. Histological examination of 
microneedle-treated rat skin confirmed disruptions in the 
outer layer of epidermis without damaging the deeper tis-
sues containing nociceptors. Following administration of 
microneedle patch, an increase in immunoglobulin G lev-
els (~ 21%), interferon gamma levels (~ 30%), and  CD4+ 
(~ 41.5%) and  CD8+ (~ 48.5%) cell count in treated albino 
rats suggested an induction of humoral and T-cell-mediated  
immunity (comparable to intramuscular injection) as 
well as activation of macrophages, neutrophils, and natu-
ral killer cells. It was therefore concluded that prepared 
microneedle patch formulation can serve as a promising 
candidate for transcutaneous immunization especially in 
resource-poor settings due to self-applicating and mini-
mally invasive nature.
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