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We are flexible in these unprecedented times affecting the global research community.  If you need
more time to complete authoring or reviewing tasks, please contact the editorial office and request an
extension.

Dear Dr. Donnelly:

Thank you for submitting your manuscript for publication in ACS Applied Materials & Interfaces. The
reviewer comments for the above-referenced manuscript are enclosed for your information.  The
reviewers indicate that the manuscript requires major revision to address a number of specific points
before it can be published.

On the basis of the reviewer comments and my own assessment of the manuscript, I am willing to
consider a revised version of this paper for publication in ACS Applied Materials & Interfaces pending a
second round of external review.   In preparing the revision, carefully consider all of the comments made
by the reviewers.

We would like to receive your revision as soon as possible, by 28-Jul-2021 at the latest.

In addition to addressing the reviewers' comments, please make sure that your manuscript addresses
the following issues:

1) Funding Sources: Authors are required to report ALL funding sources and grant/award numbers
relevant to this manuscript. Enter all sources of funding for ALL authors relevant to this manuscript in
BOTH the Open Funder Registry tool in ACS Paragon Plus and in the manuscript to meet this
requirement. See https://eur02.safelinks.protection.outlook.com/?url=http%3A%2F%2Fpubs.acs.org%
2Fpage%2F4authors%2Ffunder_options.html&amp;data=04%7C01%7CR.Donnelly%40qub.ac.uk%
7C4d50803dc86040b3f59408d94151d946%7Ceaab77eab4a549e3a1e8d6dd23a1f286%7C0%7C0%
7C637612642210691094%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAw
MDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&amp;sdata=EwqIVqW%
2BVOjQhfkUiHG5GH349ymQ2nEZ7paFnBDEYWw%3D&amp;reserved=0 for complete instructions.

2) ORCID: Authors submitting manuscript revisions are required to provide their own validated ORCID
iDs before completing the submission, if an ORCID iD is not already associated with their ACS Paragon
Plus user profiles. This iD may be provided during original manuscript submission or when submitting
the manuscript revision. You can provide only your own ORCID iD, a unique researcher identifier. If your
ORCID iD is not already validated and associated with your ACS Paragon Plus user profile, you may do
so by following the ORCID-related links in the Email/Name section of your ACS Paragon Plus account.
All authors are encouraged to register for and associate their own ORCID iDs with their ACS Paragon
Plus profiles. The ORCID iD will be displayed in the published article for any author on a manuscript who
has a validated ORCID iD associated with ACS Paragon Plus when the manuscript is accepted. Learn
more at https://eur02.safelinks.protection.outlook.com/?url=http%3A%2F%2Fwww.orcid.org%2F&
amp;data=04%7C01%7CR.Donnelly%40qub.ac.uk%7C4d50803dc86040b3f59408d94151d946%
7Ceaab77eab4a549e3a1e8d6dd23a1f286%7C0%7C0%7C637612642210691094%7CUnknown%
7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik
1haWwiLCJXVCI6Mn0%3D%7C1000&amp;sdata=mJ70YVknpzamDPgcOAodg2PGS1LVnU
TCQ1cOOnPy2rE%3D&amp;reserved=0.

3) ***Please note that you may receive a follow-up message within one business day describing the
non-scientific changes you must also make to your manuscript before you submit the revision.

4) On resubmission, please provide 2 copies of the final manuscript file:
a) The final revised manuscript file that does not contain any highlighting or editing marks.  This file
should be uploaded as the primary manuscript document file.
b) A marked copy of the revised manuscript that shows changes made on revision clearly highlighted. 
This file should be uploaded SEPARATELY FROM THE FINAL MANUSCRIPT FILE as Supporting
Information for Review.
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c) Do not add any highlighting or other editing marks to the supporting information file that is intended to
be published with the manuscript (this file is uploaded as "supporting information for publication").

To revise your manuscript, log into ACS Paragon Plus with your ACS ID at https://eur02.safelinks.
protection.outlook.com/?url=http%3A%2F%2Fparagonplus.acs.org%2Flogin&amp;data=04%7C01%
7CR.Donnelly%40qub.ac.uk%7C4d50803dc86040b3f59408d94151d946%
7Ceaab77eab4a549e3a1e8d6dd23a1f286%7C0%7C0%7C637612642210691094%7CUnknown%
7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik
1haWwiLCJXVCI6Mn0%3D%7C1000&amp;sdata=yACjWzxax4KNMyNOB2XJVGflvC1LUY
sT4yFxS3%2BEiOg%3D&amp;reserved=0 and select "My Authoring Activity". There you will find your
manuscript title listed under "Revisions Requested by Editorial Office." Your original files are available to
you when you upload your revised manuscript. If you are replacing files, please remove the old version
of the file from the manuscript before uploading the new file.

When submitting your revised manuscript through ACS Paragon Plus, you will be able to respond to the
comments made by the reviewer(s) in the text box provided or by attaching a file containing your
detailed responses to all of the points raised by the reviewers.

Please make sure your manuscript adheres to the formatting specifications of ACS Applied Materials &
Interfaces. The instructions are available to authors using the following url: https://eur02.safelinks.
protection.outlook.com/?url=http%3A%2F%2Fpubs.acs.org%2Fpage%2Faamick%2Fsubmission%
2Fauthors.html&amp;data=04%7C01%7CR.Donnelly%40qub.ac.uk%
7C4d50803dc86040b3f59408d94151d946%7Ceaab77eab4a549e3a1e8d6dd23a1f286%7C0%7C0%
7C637612642210691094%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAw
MDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&
amp;sdata=fwsONh%2BfIurpdnL%2B%2FxRhv7ngUScbU1YNUKEJOq1vmSM%3D&amp;reserved=0

You may also find it helpful to look at the online version of the journal at https://eur02.safelinks.
protection.outlook.com/?url=http%3A%2F%2Fpubs.acs.org%2Fjournal%2Faamick&amp;data=
04%7C01%7CR.Donnelly%40qub.ac.uk%7C4d50803dc86040b3f59408d94151d946%
7Ceaab77eab4a549e3a1e8d6dd23a1f286%7C0%7C0%7C637612642210691094%7CUnknown%
7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik
1haWwiLCJXVCI6Mn0%3D%7C1000&amp;sdata=7o9S%2B5CnTwAkcjhyTYlZLMN2VpNwrXzjk
10Qk%2BYvd2w%3D&amp;reserved=0.

Thank you for considering ACS Applied Materials & Interfaces as a forum for the publication of your
work.

ACS Publications uses Crossref Similarity Check Powered by iThenticate to detect instances of
similarity in submitted manuscripts. In publishing only original research, ACS is committed to deterring
plagiarism, including self-plagiarism. Your manuscript may be screened for similarity to published
material.

With sincere regards,

Prof. Albena Ivanisevic
Associate Editor
ACS Applied Materials & Interfaces
Fax: 12023509587
email: ivanisevic-office@ami.acs.org
----------------------------------------------------------------------------------------------------------

Reviewer(s)' Comments to Author:

Reviewer: 1

Recommendation: Not appropriate for ACS Applied Materials & Interfaces.

Comments:
In this manuscript, the authors explored that a nanocrystalline (NC) formulation of ABZ to be delivered
intradermally using dissolving microneedles (DMNs), so as to improve the solubility and avoid first-pass
metabolism of ABZ. The overall study is relatively comprehensive. However, the manuscript need to be
further concise. In addition, the manuscript suffers from a number of major weaknesses, and certain
aspects need further clarification and revisions. Therefore, the manuscript is not appropriate for ACS
Applied Materials & Interfaces.
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1. The title of the article is too long and inappropriate. The title should fully express the content of the
paper with the minimum number of words.
2. The abstract is too long and needs to be further refinement. In addition, the abstract includes
incomplete sentences. For instance, the sentence “affecting both humansand animals••••••”.
3. “CE has been considered as a neglected tropical disease (NTD) by The World Health Organization
(WHO), and it has been estimated that around 1-3 million disability cases have been reported as a result
of this disease per annum” and “the formulation of nanocrystals (NCs) is one the most attractive and has
been widely used due to its flexibility, scalability and high drug loading efficiency”. The references or
evidences is missing.
4. In the “Investigation of in vitro release” section, the addition of Tween 80 in the release medium is
confusing. In addition, the equation of drug release (%) is missing.
5.In Figure 3, statistical analysis should be added.
6.The authors state that the smallest particle sizes were obtained in the use of P127 as stabilizer and
the NCs prepared from P127 with a concentration of 1% w/v and 4 h milling processing time, possessing
418 ± 52 nm particle size. However, the particle size of 418 ± 52 nm is still relatively large, and small
particle sizes are easier to absorb. In addition, the data indicate that as the concentration of the
stabilizer increases, the formation time and the particle size of the NCs decreases. So why not study the
concentrations over 2% w/v of stabilizer to obtain a smaller particle size of NCs.
7. In Figure 4A and 4B, the scale is too large. In addition, the scale of the coarse ABZ´s SEM
micrograph should be the same as ABZ-NCs in order to accurately compare the size.
8. The authors state that there was no interaction between ABZ and excipient used in the NCs
formulation by FTIR spectra. However, hydrophobic interactions and van der Waals' forces cannot be
detected by FTIR spectra.
9. In the “Ex vivo dermatokinetic studies” section, are the needle-free patches suitable for use as a
control? Why choose the porcine skin for the ex vivo dermatokinetic test, and the rats selected for the in
vivo experiments?
10. As the author described, intradermal delivery was considered as the most suitable option to deliver
ABZ because this route could potentially circumvent the first-pass metabolism in the liver, avoiding the
metabolism of ABZ. However, after ABZ-NCs administration delivered by DMNs, the Cmax values were
0.32 ± 0.07 μg/mL for ABZ-SX, with AUC0-72 values of 16.51 ± 3.62 h.μg/mL.
11. There is no data showing that the ABZ-NCs administration delivered by DMNs are non-irritating on
the skin.

Additional Questions:
Is this paper in the top 20% of manuscripts in the field?: No

If this paper is not in the top 20% of manuscripts in the field: It could be improved to be in the top 20%
with further work.

Is it appealing to a broad audience?: No

Does the manuscript give a complete description of the procedures that could be reproduced by others
in the field?: Yes

Are the literature references appropriate and up to date?: Yes

Provides significant insight into or the development of an important application: Fair

Work is original and significant: Fair

Conclusions adequately supported by data: Good

Clarity of presentation: Good

Potential for impact in materials science and engineering: Fair

Reviewer: 2

Recommendation: Publish as is; no revisions needed.

Comments:
The manuscript describes the preparation and evaluation (in vitro and in vivo) of a nanocrystalline (NC)
formulation of albendazole to be delivered intradermally using dissolving microneedles (DMNs). The



combinatorial approach of NCs and DMNs for the intradermal administration of albendazol has also
compared with an oral administration of the drug (either as coarse suspension or in the form of NC). The
manuscript is clearly written and the results are well presented and discussed. From my point of view,
the manuscript may be accepted for publication. In any case, I would recommend improving the
differences between treatments in Figure 7 and Figure 11. Thus, in Figure 7/Figure 11, the lines
identifying the different formulations are not clear enough and it is not easy to distinguish the different
treatments.

Additional Questions:
Is this paper in the top 20% of manuscripts in the field?: Yes

If this paper is not in the top 20% of manuscripts in the field:

Is it appealing to a broad audience?: Yes

Does the manuscript give a complete description of the procedures that could be reproduced by others
in the field?: Yes

Are the literature references appropriate and up to date?: Yes

Provides significant insight into or the development of an important application: Good

Work is original and significant: Good

Conclusions adequately supported by data: Good

Clarity of presentation: Good

Potential for impact in materials science and engineering: Good

Reviewer: 3

Recommendation: Publish after minor revisions noted.

Comments:
Manuscript ID: am-2021-111796
Manuscript title: Albendazole nanocrystal-based dissolving microneedles: A promising approach for
intradermal delivery with improved pharmacokinetic performance for enhanced treatment of cystic
echinococcosis
Authors: Andi Dian Permana, Alejandro J. Paredes, Fabiana Volpe-Zanutto, Muh. Nur Amir, Ismail
Ismail, Muh. Akbar Bahar, Sumarheni, Santiago D. Palma, Ryan F. Donnelly
Overview and general recommendation:
The study aimed to improve albendazole (ABZ) solubility using a nanocrystalline (NC) approach by
milling in an ultra-small-scale device and avoiding first-pass metabolism. Then the NCs were
incorporated into dissolving microneedles (DMNs) using the combination of poly(vinylpyrrolidone) and
poly (vinyl alcohol) formed sharp needles with sufficient mechanical strength and insertion properties
The introduction provides sufficient background and includes to some extent the relevant references.
The research design is appropriate, and the methods are adequately described. The results are clearly
presented but need more discussion. The conclusions are adequately supported by the data presented.
The study integrates knowledge of a material into an important application. The manuscript is likely to be
of interest to a reasonable number of scientists working in the field of applied materials and interfaces.
However, several issues need to be addressed before this manuscript can be deemed publishable.
1.      Page 6, line 135: the authors should mention the full name of Tween 80.
2.      What are the specifications of ultra-small-system assembly used in the preparation of NCs?
3.      What is the source of silicone moulds that were employed to fabricate the two-layered DMNs?
4.      On page 15, line 321: TEA stands for what? Please mention.
5.      In figures 4 and 5: correct the typo mistake of the word physical.
6.      SEM is more enough for morphology observation of two-layered DMNs than the light microscope.
7.      In some sentences, the authors mentioned needles after the abbreviation DMN which is not
correct. Please revise.

Regarding the novelty of the article, recently, many publications reported the combination of
nanocrystals and microneedles techniques. Furthermore, similar papers were already published in other
journals [1–5].



See below key references.
1.      Liu, T.; Yu, X.; Yin, H.; Möschwitzer, J.P. Advanced modification of drug nanocrystals by using
novel fabrication and downstream approaches for tailor-made drug delivery. Drug Deliv. 2019, 26, 1092–
1103, doi:10.1080/10717544.2019.1682721.
2.      Pireddu, R.; Schlich, M.; Marceddu, S.; Valenti, D.; Pini, E.; Fadda, A.M.; Lai, F.; Sinico, C.
Nanosuspensions and microneedles roller as a combined approach to enhance diclofenac topical
bioavailability. Pharmaceutics 2020, 12, 1–14, doi:10.3390/pharmaceutics12121140.
3.      Permana, A.D.; Paredes, A.J.; Volpe-Zanutto, F.; Anjani, Q.K.; Utomo, E.; Donnelly, R.F. Dissolving
microneedle-mediated dermal delivery of itraconazole nanocrystals for improved treatment of cutaneous
candidiasis. Eur. J. Pharm. Biopharm. 2020, 154, 50–61, doi:10.1016/j.ejpb.2020.06.025.
4.      Tekko, I.A.; Permana, A.D.; Vora, L.; Hatahet, T.; McCarthy, H.O.; Donnelly, R.F. Localised and
sustained intradermal delivery of methotrexate using nanocrystal-loaded microneedle arrays: Potential
for enhanced treatment of psoriasis. Eur. J. Pharm. Sci. 2020, 152, 105469, doi:10.1016/j.ejps.2020.
105469.
5.      Mc Crudden, M.T.C.; Larrañeta, E.; Clark, A.; Jarrahian, C.; Rein-Weston, A.; Lachau-Durand, S.;
Niemeijer, N.; Williams, P.; Haeck, C.; McCarthy, H.O.; et al. Design, formulation and evaluation of novel
dissolving microarray patches containing a long-acting rilpivirine nanosuspension. J. Control. Release
2018, 292, 119–129, doi:10.1016/j.jconrel.2018.11.002.

Additional Questions:
Is this paper in the top 20% of manuscripts in the field?: Yes

If this paper is not in the top 20% of manuscripts in the field:

Is it appealing to a broad audience?: Yes

Does the manuscript give a complete description of the procedures that could be reproduced by others
in the field?: Yes

Are the literature references appropriate and up to date?: Yes

Provides significant insight into or the development of an important application: Good

Work is original and significant: Good

Conclusions adequately supported by data: Good

Clarity of presentation: Fair

Potential for impact in materials science and engineering: Fair

----------------------------------------------------------------------------------------------------------
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ACS Publications Customer Services & Information (CSI)
Email: support@services.acs.org
Phone: 202-872-4357
Toll-Free Phone: 800-227-9919 (USA/Canada only)
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part of this communication or any related attachments may be shared with or disclosed to any third party
or organization without the explicit prior written consent of the journal Editor and ACS. If the reader of
this message is not the intended recipient or is not responsible for delivering it to the intended recipient,
you have received this communication in error. Please notify the sender immediately by e-mail, and
delete the original message.

As an author or reviewer for ACS Publications, we may send you communications about related
journals, topics or products and services from the American Chemical Society. Please email us at
Pubsupdates@acs.org if you do not want to receive these. Note, you will still receive updates about your
manuscripts, reviews, or future invitations to review.
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ABSTRACT 31 

Cystic echinococcosis (CE) is a zoonosis caused by Echinococcus spp., affecting both humans 32 

and animals’ lives. Current treatment of CE by oral administration of albendazole (ABZ) is 33 

hampered by several limitations. The poor aqueous solubility and the rapid metabolism of ABZ 34 

in the liver are the main issues, leading to lack of efficacy of the treatment. In the present study, 35 

we developed a nanocrystalline (NC) formulation of ABZ to be delivered intradermally using 36 

dissolving microneedles (DMNs). The NC formulation was developed using milling in an 37 

ultra-small-scale device. Following several screenings, Pluronic® F127 was selected as a 38 

suitable stabilizer, producing NCs with around 400 nm in size with narrow particle distribution. 39 

The crystallinity of ABZ was maintained as observed by DSC and XRD analysis. The NC 40 

approach was able to improve the dissolution percentage of ABZ by approximately 3-fold. 41 

Furthermore, the incorporation of NCs into DMNs using the combination of 42 

poly(vinylpyrrolidone) and poly (vinyl alcohol) formed sharp needles with sufficient 43 

mechanical strength and insertion properties. Dermatokinetic studies revealed that >25% of 44 

ABZ was localized in the dermis of excised neonatal porcine skin up to 48 h after DMN 45 

administration. In in vivo pharmacokinetic studies, the AUC and relative bioavailability values 46 

of ABZ delivered by NC-loaded DMNs were found to be significantly higher than those 47 

obtained after oral administration of coarse suspension of ABZ or ABZ-NCs, as well as DMNs 48 

delivering coarse ABZ as indicated by the relative bioavailability values of > 100%. Therefore, 49 

the combination approach developed in this study could maintain the systemic circulation of 50 

ABZ which could be possibly caused by avoiding the first-pass metabolism in the liver. This 51 

could be beneficial to improve the efficacy of ABZ in CE treatment. 52 

KEYWORDS: Albendazole, nanocrystals, microneedles, cystic echinococcosis, 53 

pharmacokinetics   54 
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1. Introduction 55 

Cystic echinococcosis (CE) is a devastating zoonosis which affects both humans and 56 

animals. CE is caused by Echinococcus spp., commonly Echinococcus granulosus.1,2 After 57 

infecting human, Echinococcus granulosus enters the systemic circulation and are accumulated 58 

in the liver and other organs, forming hydatid cysts.3 This infectious disease causes a significant 59 

public health issue worldwide, including areas of central South America, Asia, and even in 60 

Mediterranean countries4. Moreover, despite the fact that the infected body produces humoral 61 

immune and specific cellular responses, a persistent cohabitation of Echinococcus granulosus 62 

and has been found to be the main challenge in this disease.5,6Additionally, CE has been 63 

considered as a neglected tropical disease (NTD) by The World Health Organization (WHO), 64 

and  it has been estimated that around 1-3 million disability cases have been reported as a result 65 

of this disease per annum.7 Furthermore, around US$3 billion have been spent yearly because 66 

of direct and indirect effects of this disease on both human and livestocks.8 67 

Presently, there are several choices for the treatment of CE. These include antiparasitic 68 

administration, surgical intervention, and percutaneous drainage therapy. The selection of 69 

treatments is dependent on the nature of the cysts in each patient.9 The administration of 70 

antiparasitic agents is the first treatment option where doctors are not available. Additionally, 71 

this is the only alternative in numerous inoperable circumstances, including cysts in the brain 72 

and cysts in patients who are immune-supressed.10  Currently, the benzimidazole carbamate 73 

derivate, albendazole (ABZ), is the most effective drug commonly used for the treatment of 74 

CE. However, ABZ has poor aqueous solubility, resulting in low bioavailability when 75 

administered orally. This leads to lack efficacy, with only one third of patients suffering from 76 

hydatid cysts showing complete remission and 20-40% of patients not responding to ABZ 77 

therapy.11 Consequently, the drug should be taken in high doses (10-15 mg/kg of body weight) 78 

and for long periods (3-6 months), leading to liver toxicity, gastrointestinal toxicity and other 79 
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side effects.12–14 In addition, due to its low solubility in aqueous environments, the route of 80 

administration options are limited to the oral route.15,16 Therefore, it is crucial to develop a 81 

formulation which can overcome the poor solubility.  82 

Multiple approaches have been explored in order to improve the biopharmaceutical 83 

performance of ABZ, including the formulation of solid dispersions17, oil-in-water 84 

emulsions18, inclusion complexes with cyclodextrines19, co-grinding with hydrophilic 85 

excipients20, liposomes21, nanocapsules22, chitosan microspheres23, and nanocrystals (NCs)24–86 

26. Despite the fact that these efforts have been partially successful in increasing the dissolution 87 

rate and in vivo absorption of the drug, they were developed for oral administration. When 88 

administered orally, ABZ encounters rapid first-pass metabolism in the liver, being 89 

transformed into ABZ-sulfoxide (ABZ-SX).27 Although ABZ and ABZ-SX show antiparasitic 90 

activities, ABZ has been reported to possess stronger affinity to parasite tubulins when 91 

compared to ABZ-SX, meaning that ABZ has higher activity than ABZ-SX.28 It has also been 92 

reported that the viability of cysts in NMRI mice infected by Echinococcus granulosus was 93 

lower after the administration of ABZ compared to those with the administration of ABZ-SX.29 94 

Accordingly, a new delivery approach which can avoid the rapid metabolism of ABZ in the 95 

liver may enhance the efficacy of ABZ in the treatment of CE.   96 

Transdermal delivery systems are one of the most favorable methods to improve the 97 

delivery of numerous drugs and are able to avoid hepatic first-pass metabolism,27,30 Amongst 98 

various delivery approaches, dissolving microneedles (DMNs) have shown numerous 99 

advantages compared to other strategies,31 since they by-pass the skin’s stratum corneum.32 100 

DMNs comprises of needles <1 mm in height. Importantly, the application in human volunteers 101 

did not result in any pain, providing compliant administration.33 Furthermore, post-application, 102 

DMNs administration does not produce any biohazardous waste.27,34  103 
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Among the strategies used to enhance the dissolution rate of poorly soluble drugs 104 

mentioned above, the formulation of nanocrystals (NCs) is one the most attractive and has been 105 

widely used due to its flexibility, scalability and high drug loading efficiency.35 This approach 106 

has resulted in more than 20 approved products in the market globally.36 NCs are described as 107 

nanometer-sized drug particles without matrix substances in crystalline from, consisted of up 108 

to 90% hydrophobic drug which are generally stabilized by surfactants.37 NCs enhance the 109 

saturation solubility and the rate of dissolution of hydrophobic drugs by reducing the particle 110 

size and, thus enlarging their surface area.38 This approach has been successfully applied in the 111 

formulation of several hydrophobic drugs, including curcumin,39 budesonide,40 and a number 112 

of highly hydrophobic antifungal drugs41–43, displaying that the dissolution rates of the 113 

aforementioned drugs were significantly improved. Importantly, the combination of NCs and 114 

DMNs technologies has shown promising results in the systemic delivery of poorly soluble 115 

drugs for both, local and systemic effects.44 Considering the significant advantages of DMNs 116 

and NCs, the delivery approach combining these systems could be a favorable choice to 117 

maintain the systemic availability of ABZ for improved effective therapy of CE. 118 

In the presented study, we develop, for the first time, the combinatorial approach of 119 

NCs and DMNs for the intradermal administration of ABZ using to improve its bioavailability. 120 

Initially, the NCs were developed using top-down method using an ultra-small-scale media 121 

mill. Several characterizations were further performed, including particle size, polydispersity 122 

index, physical characteristics and drug release kinetics were further characterized. 123 

Subsequently, the NCs were loaded into DMNs and characterizations of mechanical properties 124 

were carried out. Moreover, ex vivo dermatokinetic studies were also performed to examine 125 

the intradermal delivery of this approach. Finally, in vivo pharmacokinetic studies of ABZ in 126 

NCs after DMN administration in rats were compared to the conventional administration of 127 

ABZ in CE therapy.  128 
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2. EXPERIMENTAL SECTION 129 

 2.1. Materials. Albendazole and albendazole sulfone (purity, ≥98%) of analytical grade 130 

were purchased from Alfa Aesar (Lancashire, UK). Albendazole sulfoxide (purity, ≥98%), 131 

Polyoxyethylene (20) sorbitan monooleate (Tween80),  poly(vinyl alcohol) (PVA) (9–132 

10 kDa) and PVA (31–50 kDa) were obtained from Sigma-Aldrich (Dorset, UK). 133 

Poly(vinylpyrrolidone) PVP (58 kDa) was obtained from Ashland (Kidderminster, UK).  134 

Pluronic® F127 (P127) was gifted by BASF SE (Ludwigshafen, Germany). Yttria stabilized 135 

zirconia beads of 0.5 mm diameter were obtained from Chemco Advance Material (Suzhou, 136 

China). Importantly, other reagents were all obtained from standard commercial suppliers and 137 

were analytical grade. 138 

2.2. Fabrication of ABZ-NCs. A media milling technique utilizing an ultra-small-139 

system assembly was applied to prepare ABZ-NCs,45 with minor changes. The system 140 

consisted of small glass vial with volume of 12 mL, two magnetic bars of (12 x 8 mm) and 141 

magnetic stirrer, as shown in Figure 1.  Initially, 0.25 g of ABZ, 8 g of zirconia beads and 10 142 

ml of stabilizer were put in the glass vial. Afterwards, two magnetic bars were added into the 143 

system. Then, the system was locked with an airtight cap. The formulation was stirred for 24 144 

h at 1000 rpm on Magnetic Stirrer (IKA, Staufen, Germany). In order to obtain the optimum 145 

time process, samples were taken at predetermined interval times for particle size 146 

determinations. Subsequently, to separate the zirconia beads and the magnetic bars, the 147 

dispersion obtained was strained using a mesh 200 sieve. In this study, Tween 80, P127 or PVA 148 

with the concentrations of 0.5% w/v, 1% w/v and 2% w/v in water were screened as stabilizer.  149 
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 150 

Figure 1.  Schematic representation of NC preparation  151 

 152 

2.3. Characterization of ABZ-NCs. Dynamic light scattering (DLS) utilizing a 153 

particle size analyzer (NanoBrook Omni®, Brookhaven, New York, USA) was applied in order 154 

to determine particle size and polydispersity index of ABZ-NCs. The measurements were done 155 

in triplicate. To observe the morphology of ABZ-NCs, scanning electron microscopy (SEM) 156 

(TM3030 microscope, Hitachi, Krefeld, Germany) was used. The coarse dispersion of ABZ in 157 

water was also observed as comparison.  158 

In order to investigate the chemical interactions of each component in the formulation, 159 

a Fourier transform infrared (FTIR) spectrometer (Accutrac FT/IR-4100™ Series, Perkin 160 

Elmer, USA) was used. Additionally, the crystallinity of ABZ-NCs was observed using two 161 

different methods, namely differential scanning calorimetry evaluation (DSC 2920, TA 162 

Instruments, Surrey, UK) and an X-ray diffraction analysis (Rigaku Corporation, Kent, 163 

England). Coarse ABZ powder, ABZ-NCs and physical mixture (PM) of the optimized 164 

formulation were used for these studies. 165 

2.4. Investigation of in vitro release. A dialysis method was used to assess the in vitro 166 

release of ABZ-NCs in comparison with coarse ABZ.46 The release study was carried out in 167 



 8 

PBS (pH 7.4) containing 1% w/v of Tween 80. Briefly, ABZ (10 mg) and ABZ-NCs 168 

(containing 10 mg of ABZ) were placed into dialysis membrane. Membrane used in this study 169 

possessed 12,000–14,000 molecular weight cut-off (MWCO) (Spectra-Por®, Spectrum 170 

Medical Industries, Los Angeles, CA, USA). Initially, the membrane was then placed into 100 171 

mL of dissolution media. The study was performed for 24 hours and at 37˚C at 100 rpm. At 172 

predetermined times, 1 mL of release medium was taken, and replaced with 1 mL of fresh 173 

medium. Finally, the amount of ABZ released was analyzed using HPLC. The drug release 174 

percentages were then calculated using Equation 1. 175 

The drug release percentage = 
𝐴𝐵𝑍 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 𝑠𝑡𝑢𝑑𝑦

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐴𝐵𝑍
 𝑥 100% Equation 1 176 

The drug release profile of ABZ from ABZ-NCs was fitted to various mathematic 177 

models, namely zero order, first order, Higuchi, Korsmeyer-Peppas and Hixson-Crowell.33,41 178 

DDsolver (China Pharmaceutical University, Nanjing, China) was used to determine the 179 

parameters of each model. 180 

 2.5. Fabrication of two-layered DMNs. In order to incorporate the NCs into DMNs, 181 

initially, the NCs obtained were centrifuged for 30 min at 14,000 rpm using a centrifugation 182 

system (Sigma® 1–14 micro-centrifuge, SciQuip Ltd., Shropshire, UK). This step was repeated 183 

three times in order to wash the NCs using distilled water, generating washed NCs pellets. The 184 

DMNs matrix used was an aqueous blend of the mixture of 25% w/w of PVP (58 kDa) and 185 

15% w/w of PVA (31-50 kDa). As template, silicone moulds were employed to fabricate the 186 

two-layered DMNs. The moulds were prepared utilizing the transparent LSR9–9508- 30 187 

silicone elastomer mix (part A: part B 1:1 w/w).  The moulds possessed 16 x 16 needles with 188 

pyramidal shapes. The height of each needle was 850 μm with 250 µm base colum and 600 µm 189 

pyramidal tip. The base and interspacing between each needle were 300 μm.47 To develop the 190 

DMN formulation, the first layer of DMNs containing ABZ-NCs and DMNs matrix was 191 
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prepared in five different NC concentrations, namely 10% ABZ-NCs (Formulation A), 20% 192 

ABZ-NCs (Formulation B), 30% ABZ-NCs (Formulation C) and 40% ABZ-NCs (Formulation 193 

D). The second layer of the formulation was the polymeric solution containing PVP (90 kDa) 194 

30% w/w. To enhance the elasticity, the second layer solution was mixed with glycerol 1.5% 195 

w/w. Figure 2 shows the schematic representation of two-layered DMN preparation. Following 196 

the mixing process, casting process of the first layer was conducted by pouring the formulation 197 

onto the DMN moulds. Afterwards, the moulds were put in a positive pressure chamber for 2 198 

min and pressure of 5 bar was applied. Then, the excess formulation was removed from the top 199 

of the moulds. To facilitate the attachment of the second layer, a silicone ring was fixed to the 200 

MN moulds.48,49 Then, the second layer formulation (850 μL) was poured on top of first layer, 201 

secured by the holder ring. The moulds were then centrifuged for 15 min at 3500 rpm. The 202 

drying process was divided into two steps. For the first 24 hours, the formulations were dried 203 

at room temperature. Finally, the formulations were dried at 37˚C for 12 hours.  204 

 205 

Figure 2.  Schematic representation of two-layered DMN preparation  206 

 207 

2.6. Morphology observation of two-layered DMNs. The morphologies of DMNs 208 

containing ABZ-NCs were visualized. Two different methods were used, namely light 209 

microscopy using A Leica EZ4D light microscope (Leica Microscope, Milton Keynes, UK) 210 

and scanning electron microscopy using SEM TM3030 (Hitachi, Krefeld, Germany). 211 
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 2.7. Assessment of mechanical and insertion properties of two-layered DMNs. The 212 

mechanical strength of DMNs laden with ABZ-NCs was examined using a TA.XT2 Texture 213 

Analyzer (Stable Micro Systems, Haslemere, UK), as reported previously. The force applied 214 

was 32 N/array for 30 s.50 The mechanical strength was presented by the height percentage 215 

reduction of DMNs after the compression compared to the height before the compression. 216 

The insertion ability of DMNs in both full-thickness neonatal porcine skin and an 217 

established skin-simulant artificial membrane, Parafilm®M was examined utilizing an optical 218 

coherence tomography (OCT) microscope (Michelson Diagnostics Ltd., Kent, UK), as 219 

published ealier.32,50,51 The study was carried out by inserting the DMNs using Texture 220 

Analyzer with the force of 32 N/array for 30 s into eight layers of Parafilm®M. The number of 221 

holes created in each layer of Parafilm®M following the insertion of DMNs was counted. 222 

Furthermore, the visualizations of DMNs insertion and penetration depth into full-thickness 223 

neonatal porcine skin and Parafilm®M were carried out using ImageJ® (National Institute of 224 

Health, Bethesda, MD, USA). 225 

2.8. Quantification of drug content localized in the needle tips of DMN. To 226 

determine the quantity of ABZ in the needle tips of DMN, initially, a scalpel was used to 227 

carefully detache the first layer of DMNs. The collected part was further solubilized in 10 mL 228 

methanol. In order to completely dissolve ABZ, the mixture was placed for 1 h in a bath 229 

sonicator and centrifuged at 14,000 rpm for 15 min. The amount of ABZ in the supernatant 230 

was analyzed using HPLC. 231 

2.9. Determination of particle size of ABZ-NCs in DMN formulations. To evaluate 232 

the effect of DMN formulations on the size of ABZ-NCs, initially, the DMNs laden with ABZ-233 

NCs were completely dispersed in distilled water. Following this step, the particle size and PDI 234 
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of NCs and were determined using the similar technique and those values were equated to the 235 

initial particle size and PDI. 236 

2.10. Microneedles dissolution study. The in situ skin dissolution time of DMNs was 237 

studied as per a method reported previously.33  Briefly, the DMNs were inserted into the center 238 

of the skin section using manual pressure. A cylindrical stainless-steel weight (5.0 g) was 239 

positioned on top of the DMNs during the dissolution study. At defined time points, DMNs 240 

were detached from the skin and the shape of DMNs was viewed utilizing the light microscope. 241 

2.11. Ex vivo dermatokinetic assessments. Evaluation of ex vivo dermatokinetic of 242 

ABZ from DMNs-NCs formulation were conducted in excised full-thickness porcine skin in 243 

Franz cell diffusion cells using a technique described in our previous publications.27,32 Initially, 244 

the DMNs were inserted manually into the skin and the skin was fixed into Franz cell diffusions 245 

using cyanoacrylate glue. In this study, PBS (pH 7.4) and 1% w/v of Tween 80 were used as 246 

receptor medium. The cylindrical stainless-steel weight (5 g) was put on top of the DMNs. The 247 

experiment was carried out at 600 rpm at 37 ± 1°C. The skin samples were taken at defined 248 

interval times, separated from DMNs and washed with PBS. Then, the skin was pierced using 249 

a biopsy punch with diameter of 5 mm (Stiefel, Middlesex, UK). To separate the epidermis 250 

from the dermis layers, the skin samples were heated in a water bath for 2–3 min at 60°C. The 251 

epidermis was carefully separated from the dermis using forceps. Following this step, ABZ 252 

was extracted from the skin by adding 1 mL methanol to the skin sections and the mixture was 253 

then homogenized using Tissue Lyser LT (Qiagen, Ltd., Manchester, UK) at 50 Hz for 10 min. 254 

The determination of ABZ was carried out using HPLC. A curve comprising drug 255 

concentration versus time of application was made and PKSolver (China Pharmaceutical 256 

University, Nanjing, China)52 was applied to calculate the dermatokinetic profiles using a one-257 

compartment open model. The maximum drug concentration (Cmax), the time of maximum 258 
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concentration (tmax), the area under the curve from time zero (t = 0) to the last experimental 259 

time point (t = 24 h) (AUC), the mean half-life (t1/2) and the mean residence time (MRT) were 260 

all calculated. The dermatokinetic assessments of needle-free patches loaded with ABZ NCs 261 

(ABZ-NCs) were also carried out as control. 262 

The distribution and deposition study of ABZ in different skin depths were further 263 

evaluated. Briefly, skin samples after the administration of DMNs in different time points, 264 

namely 1 h, dermis tmax from the dermatokinetic study and 24 h were detached from Franz cell 265 

diffusion cells. Following this step, a silicone mould was filled with the skin samples, mixed 266 

with optimal cutting temperature (OCT) media media (Tissue TEK®) and frozen using liquid 267 

nitrogen. Afterwards, the sectioned skin samples with thickness of 50 μm were obtained using 268 

a Leica CM1900 Cryostat (Leica Microsystems, Nussloch, Germany). Afterwards, this step 269 

was carried out until all samples was completely cut. Five consecutive skin samples (total 270 

thickness of approximately 2.5 mm) were collected into the same microtube. Subsequently, 271 

ABZ was extracted from skin samples in 1 mL methanol, vortexed for 15 min and centrifuged 272 

at 14,000× g for 15 min. Finally, the supernatant was taken and analyzed using HPLC. 273 

2.12 In vivo study 274 

 275 

2.12.1. Assessment of the pharmacokinetics of ABZ, ABZ-SX and ABZ-SN in Wistar 276 

rat’s plasma. The in vivo pharmacokinetic assessment was carried out to evaluate the delivery 277 

of ABZ from DMNs-NCs in healthy male Wistar rats weighing 208.17 ± 13.31 g.  This study 278 

was conducted in compliance with the Health Ethical Committee at the Faculty of Medicine, 279 

Hasanuddin University, Indonesia. One week before the in vivo experiment, the rats were 280 

adapted to the laboratory conditions. During the adaptation and the experiment periods, food 281 

and water were given ad libitum. The animals were divided into four cohorts (n = 5 per cohort) 282 

and treated as follows: Group A received 2 x DMNs containing ABZ-NCs; Group B received 283 
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2 x DMNs containing coarse ABZ; Group C received 1 mL ABZ-NCs orally and Group D 284 

received 1 mL ABZ coarse suspension. All cohorts received a dose which was equal to 15 285 

mg/kg of ABZ. 286 

For the groups receiving DMNs, the rats’ hair on the back region was shaved using an 287 

electric clipper, followed by the use of hair removal cream (Veet®). DMNs were initially 288 

attached to Microfoam® tape and administered using finger pressure for 30 s onto the shaved 289 

area of the rats. Following this step, the DMNs were secured using Tegaderm™ (3 M, St Paul, 290 

Minnesota, USA). Then, Micropore™ tape (3 M UK Plc, Bracknell, Berkshire, UK) was 291 

applied on top of Tegaderm™. Blood samples of the rats from all cohorts were taken at 0.5, 1, 292 

2, 4, 6, 12, 24, 48 and 72 h. The blood collected was placed into an Eppendorf tube containing 293 

3.8% w/v of sodium citrate. To obtain the plasma samples, tubes were centrifuged for 10 min 294 

at 4°C at 3000 x g. Prior to analysis, the plasma samples were kept at -20°C.  295 

2.12.2 Sample preparation and analyte extraction. To extract ABZ from plasma 296 

samples after the in vivo pharmacokinetic studies, a simple one-step protein precipitation 297 

technique utilizing methanol was applied. First of all, in an Eppendorf tube, 500 μL of 298 

methanol was added to 100 μL plasma. The mixture was vortexed for 10 min and centrifuged 299 

at 14,000 x g at 4°C for 15 min. The supernatant was collected and dried in a fume hood for 3 300 

h in a glass vial. Afterwards, 100 μL of the mobile phase was added into the residue. The 301 

mixture was vortexed for 10 min. The supernatant was obtained by centrifugation at 14,000 x 302 

g for 15 min. The samples were analyzed using HPLC. In addition to ABZ, ABZ-SX and ABZ-303 

SN as the metabolites of ABZ, were also analyzed . 304 

2.12.3 Calculation of pharmacokinetic parameters. The of drug concentration in 305 

plasma versus sampling time was constructed. The pharmacokinetic profiles were analyzed 306 
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using a non-compartmental model. The maximum drug concentration (Cmax), the time of 307 

maximum concentration (tmax), the area under curve from time zero (t = 0) to the last 308 

experimental time point (t = 24 h) (AUC), the mean half-life (t1/2) and the mean residence time 309 

(MRT) were calculated using PK Solver 52. 310 

The relative plasma bioavailability (F) of ABZ following intradermal administration of 311 

NCs delivered from DMNs, in comparison with oral administration, was estimated using 312 

Equation 2.  313 

F = 
𝐴𝑈𝐶𝑀𝑁 𝑥 𝑑𝑜𝑠𝑒𝑜𝑟𝑎𝑙

𝐴𝑈𝐶𝑜𝑟𝑎𝑙 𝑥 𝑑𝑜𝑠𝑒𝑀𝑁
 𝑥 100% Equation 2 314 

 315 

Where, AUCMN is the AUC of plasma from DMNs administration, AUCoral is the 316 

AUC of plasma oral administration of ABZ. 317 

 318 

2.13. The chromatographic condition for ABZ analysis. Quantification of ABZ in in 319 

vitro studies was performed using HPLC (Agilent Technologies 1220 Infinity UK Ltd, 320 

Stockport, UK). The stationary phase used in this study was Phenomenex Luna C18 (ODS1) 321 

column with internal diameter of 150 mm x 4.6 mm and particle size of 5 μm. The mobile 322 

phase used was the mixture of 25 mM sodium dihydrogen phosphate buffer containing 0.1% 323 

v/v triethylamine (TEA) (pH 3) and methanol with a ratio of 75:25 v/v. The chromatographic 324 

conditions were flow rate of 1 mL/min and injection volume of 25 μL. The analyses were 325 

carried out at room temperature and all samples were detected at 290 nm. The analytical 326 

method was validated according to the International Conference on Harmonization (ICH) 2005. 327 

The limit of detection (LoD) and the limit of quantification (LoQ) values of ABZ were 0.002 328 

g/mL and 0.03 g/mL, respectively. 329 
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In in vivo experiments, the analyses of ABZ, ABZ-SX and ABZ-SN were carried out 330 

using  HPLC (Shimadzu Prominence, Shimadzu, Kyoto, Japan). The analyses were conducted 331 

utilising an Xselect CSH™ C18 column with 3.0 x 150 mm internal diameter and 3.5 µm 332 

particle size. The mobile phase used was the mixture of 0.1% v/v of trifluoracetic acid in water 333 

and methanol with a ratio of 75:25 v/v. The chromatographic conditions were; flow rate of 1 334 

mL/min, UV detection at 290 nm and injection volume of 25 μL.  The analyses were again 335 

carried out at room temperature. The bioanalytical assay was validated according to the 336 

International Conference on Harmonization (ICH) 2005. The limit of detection (LoD) values 337 

were 0.003 g/mL, 0.002 g/mL and 0.003 g/mL; and the limit of quantification (LoQ) values 338 

were 0.02 g/mL, 0.01 g/mL and 0.02 g/mL for ABZ, ABZ-SX and ABZ-SN, respectively. 339 

2.14. Statistical analysis. Statistical analysis was carried out using GraphPad Prism® 340 

version 6 (GraphPad Software, San Diego, California, USA). All results were presented as 341 

means ± standard deviation (SD). An unpaired t-test was applied to analyze the results from 342 

two cohorts. To compare more than two cohorts, one-way ANOVA was applied. Data was 343 

considered significantly different when p values < 0.05. 344 

 345 

3. Results and Discussion 346 

3.1. Fabrication and characterizations of ABZ-NCs. In the present work, NCs-based 347 

formulations were developed to overcome the poor aqueous solubility of ABZ. Specifically, 348 

the top down technique using modified media milling was selected. This method forms NCs 349 

according to mechanical abrasion to transform large crystalline particles into nanosized 350 

particles.53 Compared to the bottom up technique, this method has been reported to be more 351 

likely to maintain the crystalline form of the particles.54 Several stabilizers were screened, 352 
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including Tween 80, PVA and P127, with different concentrations. The graphs presenting the 353 

particle size and PDI values in the screening proses are depicted in Figure 3. 354 

Tween® 80 produced particles possessing sizes in nanometer scales at the stabilizer 355 

concentrations of 0.5% w/v and 1% w/v after 12 h. Meanwhile, after 10 h, the NCs were formed 356 

when 2% w/v of stabilizer was used. The particle sizes of NCs were found to be 732 ± 87 nm 357 

for 0.5% w/v, 683 ± 76 nm for 1% w/v and 489 ± 38 nm for 2% w/v after 24 h. The PDI values 358 

obtained were more than 0.3, showing the wide distribution of the NCs. This could potentially 359 

result in physical instability of NCs due to the Ostwald ripening phenomenon.55 Nevertheless, 360 

this phenomenon could only occur in the liquid environment. This can be circumvented by the 361 

removal of the solvent and changing the NCs dispersion into a solid state.56 Accordingly, 362 

because DMNs are solid in their forms, the combination of NCs and DMNs could be potentially 363 

beneficial to avoid this instability. Moreover, the utilization of PVA as stabilizer could generate 364 

NCs after 10 h milling time for the concentration of 0.5% w/v and 8 h milling time for the 365 

concentrations of 1% w/v and 2% w/v. The PDI values were found to be more than 0.3. 366 

Specifically, the particle sizes obtained after 24 h were observed to be 626 ± 65 nm for 0.5% 367 

w/v the stabilizer concentrations, 372 ± 32 nm 1% w/v the stabilizer concentrations and 368 ± 368 

29 nm 2% w/v the stabilizer concentrations, respectively. The smallest particle sizes were 369 

obtained in the use of P127 as stabilizer. The NCs were formed after shorter milling time, 4 h 370 

for the stabilizer concentration of 0.5% w/v; 3 h for the stabilizer concentrations of 1% w/v 371 

and 2% w/v. After 24 h, the particle sizes of NCs were observed to be 621 ± 74 nm, 369 ± 45 372 

nm and 356 ± 39 nm for the concentrations of 0.5% w/v, 1% w/v and 2% w/v. Importantly, the 373 

PDI values obtained were below 0.3, indicating narrow particle distributions.24 The NCs 374 

stabilization prepared from P127 can be explained by the presence of hydrophobic poly 375 

(propylene oxide) (PPO) and hydrophilic poly (ethylene oxide) (PEO) chains.32 The PPO 376 

chains of poloxamer facilitate the stabilizer to adsorb onto the hydrophobic surface of the drug 377 
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crystals.57 Furthermore, aggregation is inhibited by the extension of  PEO chains into the 378 

aqueous phase, offering steric stabilization.58 In this study, we found that, in comparison with 379 

the particle sizes with milling times of 4 h, the particle sizes after longer milling times, 380 

including 24 h did not considerably change (p > 0.05). Additionally, the particle sizes obtained 381 

by the use of 1% w/v P127 were not statistically different in comparison with those obtained 382 

from 2% w/v P127. Accordingly, with the aim to minimize the production time and the use of 383 

stabilizer, the NCs prepared from P127 with a concentration of 1% w/v and 4 h milling 384 

processing time, possessing 418 ± 52 nm particle size and 0.29 ± 0.03 PDI were chosen for the 385 

further steps. 386 

 387 

Figure 3. The particle size (1) and PDI (2) values of ABZ-NCs formulated using Tween 388 

80 (A), PVA (B) and P127 (C) at 0.5, 1 and 2 % w/v (means ± SD, n = 3, * p < 0.05)  389 
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In the NCs characterizations, several methods were applied. First, the morphology of 390 

ABZ-NCs was observed using SEM. The SEM micrographs of ABZ-NCs and coarse ABZ are 391 

exhibited in Figure 4. It was observed that the size of ABZ-NCs in SEM analysis was found to 392 

be similar with the size obtained in DLS measurement, which was around 300 nm.  393 

Furthermore, the interactions between ABZ and excipients were also evaluated. The 394 

FTIR spectra of ABZ, physical mixture of NC formulation and ABZ-NCs are presented in 395 

Figure 4. The spectrum of FTIR of ABZ exhibited several absorptions, due to the presence of 396 

several functional groups. The signal identified at 1193 cm-1 could be due to the presence of 397 

the C-O-C bond. The signals observed at 1635 cm-1 and 1572 cm-1 were attributed to the N-H 398 

out of the plane bending of ABZ structure. The presence of carbonyl groups was identified at 399 

1709 cm -1. In addition, the sharp peaks found at 2935 cm-1 and 2878 cm-1 were due to the C-H 400 

stretching. Finally, the peaks at 3331 cm-1 and 2705 cm-1 were detected, which might be due 401 

to the presence of N-H stretching and the hydrogen bond between imidazole-NH and carbamate 402 

carbonyl, respectively. Importantly, these peaks were also observed in the physical mixture 403 

and ABZ-NCs formulation. Therefore, it could be concluded that there was no formation of a 404 

new chemical bond between ABZ and excipient used in the NCs formulation. However, it is 405 

important to note that hydrophobic and van der Waals interactions cannot be observed by FTIR. 406 

To further investigate the crystallinity of ABZ after NCs preparation, DSC and XRD 407 

analyses were then performed. The DSC thermogram of ABZ, physical mixture of NC 408 

formulation and ABZ-NCs are depicted in Figure 5. It was found that ABZ had a sharp 409 

endothermic peak representing the melting point of ABZ at 193°C. Additionally, the melting 410 

point peak was followed by a recrystallization of the melt at 207°C. These peaks were also 411 

observed in the physical mixture and ABZ-NCs formulation. The presence of the melting point 412 

peak indicated the crystal form of ABZ. The crystallinity was also observed in XRD 413 
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examination, displaying sharp signals at 2θ values of 6.63, 11.73, 16.72, 19.82 and 27.92 in 414 

ABZ, physical mixture and ABZ-NCs, respectively (Figure 4). Accordingly, the formulation 415 

of NCs using media milling allowed maintenance the crystallinity of ABZ.  416 

 417 

Figure 4. SEM images of coarse ABZ (A) and ABZ-NCs (B) at a magnification power of 418 

30000x (The black scale bar shows a length of 1 µm). FTIR spectra of ABZ, physical mixture 419 

and ABZ-NCs (C). X-ray diffractogram of ABZ, physical mixture and ABZ-NCs (D). 420 

 421 

3.2. Investigation of in vitro release. Following its formulation into NCs, the in vitro 422 

release of ABZ was compared to the release of pure ABZ, as shown in Figure 5. After 24 h, 423 
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only 28.11 ± 4.32% cumulative release was achieved from pure ABZ. On the other hand, the 424 

ABZ NCs improved the in vitro release of ABZ, showing percentage release of 89.92 ± 11.02% 425 

(approximately three times higher than pure ABZ) after 24 h. After statistical analysis, it was 426 

found that the release percentage of ABZ from NCs after 24 h was significantly greater (p = 427 

0.017) in comparison to ABZ without NC formulations. The increase in the percentage of 428 

cumulative release of ABZ following the NCs formulation is related to the expanded specific 429 

surface of ABZ after the particle size reduction, resulting in an enhancement in the dissolution 430 

rate.24,59 431 

 432 

 433 

Figure 5. DSC thermogram of ABZ, physical mixture and ABZ-NCs (A). In vitro release 434 

percentages of ABZ from NC formulations compared to the coarse ABZ (means ± SD, n = 3) 435 

(B). 436 

In an attempt to determine the release mechanism of ABZ from NCs formulation, the 437 

release profile was fitted to various kinetic models. The results revealed that the values of 438 

correlation coefficient were 0.43 for Zero-order, 0.92 for First-order, 0.56 for Higuchi, 0.81 for 439 
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Korsmeyer-Peppas and 0.76 for Hixson-Crowell, respectively. As the selection of the most 440 

suitable release model was performed according to the highest correlation coefficient value, 441 

the First-order kinetic model was found to be the most appropriate release model. Accordingly, 442 

concentration dependent was considered as the release mechanism of ABZ from the NCs 443 

formulation.32,60 Several studies have shown the suitability of this model in describing several 444 

NC formulations.32,41,48 445 

 446 

3.3. Fabrication and morphology observation of two-layered DMNs. As previously 447 

discussed, the main aim of this study was to incorporate ABZ-NCs into DMNs. Herein, an 448 

aqueous blend containing a specific combination of PVA and PVP was selected. These 449 

polymers have been extensively utilized as polymer matrixes for DMN formulations. Based on 450 

our previous investigation, the combination of PVA and PVA could produce DMNs with better 451 

characteristics when compared to DMNs prepared from PVA alone or PVP alone. This may be 452 

explained by the interaction of -OH groups of PVA and C = O groups of PVP, forming 453 

hydrogen bonds.27 A two-layered DMNs approach was selected in this study. This system 454 

offers several advantages. It has been reported that the permeation of hydrophobic drugs from 455 

DMNs only occurred in the needle parts of DMNs. Therefore, to prevent drug waste in the 456 

baseplate of DMNs, the drug was only localized in the needles.27,61 Moreover, our initial 457 

investigation showed that the DMNs containing ABZ-NCs in the whole DMNs exhibited poor 458 

mechanical properties. Therefore, it was crucial to formulate the DMN baseplates using a 459 

different formulation. In this case, an aqueous blend containing 1.5% w/w glycerol and 30% 460 

w/w PVP (360 kDa) was used as a second layer baseplate. In the first layer, several 461 

formulations were screened in order to achieve a formulation with high drug loading and 462 

adequate mechanical properties. After preparation, all DMNs were observed by a light 463 

microscope and a SEM, as shown in Figure 6. All DMNs prepared in this study exhibited 464 
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homogenous polymer mixtures with sharp needle tips formed. Thus, all formulations were 465 

evaluated for their mechanical and insertion properties. 466 

 467 

Figure 6. Light microscope pictures (A) of the DMN formulations prepared from 10% ABZ-468 

NCs (Formulation A) (1), 20% ABZ-NCs (Formulation B) (2), 30% ABZ-NCs (Formulation 469 

C) (3), 40% ABZ-NCs (Formulation D) (4) and 50% ABZ-NCs (Formulation E) (5). SEM 470 

images (B) of the MN formulations containing 10% ABZ-NCs (Formulation A) (1), 20% 471 

ABZ-NCs (Formulation B) (2), 30% ABZ-NCs (Formulation C) (3), 40% ABZ-NCs 472 

(Formulation D) (4) and 50% ABZ-NCs (Formulation E) (5). 473 
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3.6. Assessment of mechanical and insertion properties of two-layered DMNs. 474 

After the fabrication process, the DMNs containing ABZ-NCs were further characterized for 475 

their mechanical strength. This property is crucial because DMNs should have an adequate 476 

strength to penetrate the skin to deliver their drugs cargo. The strength was evaluated based on 477 

needle height reduction percentage following compression with 32 N/DMN array.62 The 478 

mechanical properties presented by the percentage of the height reduction of all DMN 479 

formulations are exhibited in Figure 7. The percentages of the height reduction were calculated 480 

to be 10.63 ± 2.81%, 11.65 ± 2.19%, 11.97 ± 3.02%, 12.87 ± 3.21% and 19.76 ± 2.65% for 481 

Formulation A, Formulation B, Formulation C, Formulation D and Formulation E, 482 

respectively. The percentage needle height reductions between Formulation A, Formulation B, 483 

Formulation C, Formulation D and Formulation E was not considerably different (p > 0.05). 484 

Nevertheless, the percentage needle height decreases of the DMNs containing 50% w/w ABZ-485 

NCs (Formulation E) were significantly (p < 0.05) higher compared to other formulations, 486 

indicating the decrease of mechanical strength of Formulation E. Accordingly, the mechanical 487 

properties of DMNs in this study were affected by the drug cargo concentration. 488 
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 489 

Figure 7. The percentage of height reduction of needles on the DMN arrays prepared from 490 

ABZ-NCs (means ± SD, n = 3) (A). The percentage of holes generated in Parafilm®M layers, 491 

applying an insertion force of 32 N/array for DMN formulations fabricated from ABZ-NCs 492 

(means ± SD, n = 3) (B). Illustrative OCT micrographes of Formulation D following insertion 493 

into Parafilm®M film (C) and full-thickness porcine skin (D). 494 

In addition to the mechanical strength, the insertion ability of DMNs weas further 495 

evaluated. In this study, Parafilm®M was employed as an established skin-simulant membrane. 496 

This artificial membrane has been established to replicate human skin in MN insertion 497 

assessment.62 The results of this evaluation were depicted in Figure 7. Similar to the outcomes 498 

from the mechanical characteristics assessment, Formulation A, Formulation B, Formulation 499 

C and Formulation D were able to penetrate four layers of Parafilm®M. Considering that the 500 
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thickness of each layer was approximately 126 µm, around 54% (504 µm insertion) of the 501 

needle tips of DMN of those formulations were inserted into the skin-stimulant membrane. In 502 

contrast, only two layers of Parafilm®M were able to be penetrated by Formulation E, a 503 

percentage insertion of less than 50%. Accordingly, Formulation E developed in this study 504 

possess the lowest mechanical and insertion abilities. Formulation D with the highest drug 505 

loading ability (40% w/w) was thus selected for further studies. The selected formulation was 506 

then characterized by visualizing visualization using OCT. This technique has been employed 507 

to study the insertion profiles of DMN in various studies.50,63–67 The insertion visualizations 508 

were observed in the ParafilmM and the full-thickness neonatal porcine skin. Figure 7C and 509 

tD represent the OCT micrographs illustrating the insertion of Formulation D into the 510 

ParafilmM and the full-thickness neonatal porcine skin. It was found that Formulation D was 511 

able to penetrate the ParafilmM and the full-thickness porcine skin until the depth of 501.59 512 

± 23.47 µm and 505.29 ± 19.82 µm, respectively. The results obtained in the OCT evaluation 513 

were found to be similar to the insertion investigation results observed in the percentages of 514 

holes produced in ParafilmM.  515 

3.7. Quantification of drug content localized to the needle tips of DMN. The 516 

quantity of drug localized in the needle tips of DMN was also the critical point for in order to 517 

estimate the dose. Accordingly, after the drying process, the amount of ABZ in the needle tips 518 

of DMN was further determined. It was found that the amount of ABZ localized in the needle 519 

tips of DMN was 3.79 ± 0.51 mg. Therefore, this amount was considered as the dose of ABZ 520 

in one DMN array in the further studies.  521 

2.9. Determination of particle size of ABZ-NCs in DMN formulations. The 522 

properties of NCs, particularly the particle size and PDI, after the incorporation into DMNs 523 

were evaluated. It is important to note that these properties should not be influenced by DMN 524 
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preparations. The results showed that in DMN preparations, the properties of ABZ-NCs were 525 

observed to be 423 ± 43 nm and 0.26 ± 0.03 for the particle size and PDI, respectively. After 526 

statistical analysis, it was found that there were no significantly differences (p > 0.05) in these 527 

properties in comparison with the initial properties.  528 

3.9. Dissolution study. The ex vivo skin dissolution evaluation was carried out to 529 

estimate the time needed by DMNs to dissolve completely following application to skin. DMNs 530 

containing ABZ-NCs were partially liquefied and showed a decrease in needle height after 10 531 

min of application, as observed in Figure 8. The DMNs reached complete dissolution within 532 

30 min of application to the skin.  533 

  534 

Figure 8. Ex vivo dissolution profiles the Formulation D at 0 min (A), 10 min (B), 20 min 535 

(C) and 30 min (D) observed using digital microscope after insertion into and removal from 536 

excised neonatal porcine skin. 537 

 538 
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3.10. Ex vivo dermatokinetic studies. This study was designed to deliver the NCs into 539 

the dermis layer, where the drugs would be released for subsequent absorption into the systemic 540 

circulation by dermal capillaries. Thus, the release kinetics of ABZ from NCs after being 541 

delivered by DMNs into the skin were investigated using ex vivo dermatokinetic analysis. This 542 

method has been useful to evaluate the ex vivo skin kinetic profiles of numerous drugs delivered 543 

by DMNs.27,32,33,68 Needle-free patches were used as a control and were also evaluated for their 544 

dermatokinetic profiles. It was discovered that the ABZ concentrations localized in the dermis 545 

and epidermis layer after the application of needle-free patches of ABZ were considerably 546 

lower (p < 0.05) in comparison with the ABZ concentration in the skin layers after the 547 

administration of DMNs. Therefore, this result revealed that DMNs could increase the 548 

intradermal delivery of ABZ. 549 

Following the penetration of DMNs into the skin, the DMNs absorbs skin interstitial 550 

fluid. The polymers are then hydrated and fully dissolved. Afterwards, the drug particles are 551 

released and diffuse into the deeper skin layers.27 Figure 9 presents the comparison of ABZ 552 

concentration delivered in the epidermis and dermis after the administration of DMNs 553 

compared to the administration of needle-free patch. Moreover, Table 1 presents the 554 

dermatokinetic parameters of ABZ following intradermal delivery using DMNs-NCs, namely 555 

Cmax, Tmax, T1/2, AUC and MRT. As shown, the Cmax values of ABZ following DMNs 556 

application were observed to be 415.69 ± 64.31 g/cm3 at 2.07 ± 0.29 h and 1891.53 ± 273.83 557 

g/cm3 at 2.79 ± 0.41 in the epidermis and dermis, respectively. Furthermore, in the epidermis 558 

and the dermis, the AUC values were 10523.40 ± 2732.88 h.g/cm3 and 56615.29 ± 8919.79 559 

h.g/cm3, respectively. Following statistical analysis, the Cmax and AUC value of ABZ in the 560 

dermis were significantly greater (p < 0.05 each) than the value in the epidermis. Importantly, 561 

the values of all parameters of dermatokinetic profiles of ABZ after the administration of 562 
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needle-free patches were drastically lower (p < 0.05) in comparison with the obtained results 563 

after DMNs-NCs application.  564 

565 

Figure 9. The ABZ concentration and time profile in epidermis (A) and dermis (B) layers of 566 

excised full-thickness neonatal porcine skin, following the application of DMNs compared to 567 

needle-free patches laden with ABZ-NCs (means ± S.D., n = 3). 568 

 569 

Table 1. The parameters dermatokinetic profiles of ABZ in epidermis and dermis layers of 570 

excised full-thickness neonatal porcine skin, following the application of DMNs compared to 571 

needle-free patches laden with ABZ-NCs (means ± S.D., n = 3). 572 

Parameters Epidermis Dermis 

Cmax (g/cm3) 415.69 ± 64.31 1891.53 ± 273.83 

Tmax (h) 2.07 ± 0.29 2.79 ± 0.41 

AUC (h.g/cm3) 

10523.40 ± 

2732.88 56615.29 ± 8919.79 

T1/2 (h) 20.44 ± 4.19 28.13 ± 5.63 

MRT (h) 29.99 ± 6.31 41.26 ± 8.17 

 573 
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In addition to the dermatokinetic profiles, the distributions of ABZ in various layers of 574 

full-thickness porcine skin were investigated. In this study, three time points, i.e. 1 h, tmax of 575 

dermatokinetic parameters and 48 h after the administration of DMNs-NCs were chosen. It was 576 

found that ABZ was well-localized in various depth of the skin until a depth of 2.5 mm 577 

following the application of DMNs-NCs (Figure 10). This study showed that the longer 578 

application time was able to result in the increase of ABZ concentration in the lower areas on 579 

the skin, indicating the movement of ABZ-NCs in the skin.  580 

 581 

Figure 10. The ABZ concentrations localized in the different layers of neonatal porcine skin, 582 

following the administration of DMNs containing ABZ-NCs at 1 h (A), tmax of 583 

dermatokinetic profiles (B) and 48 h (C), in comparison with needle-free patches at 48 h (3) 584 

(means ± S.D., n = 3). 585 

 586 
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Particularly, the maximum concentrations of ABZ were found to be 211.06 ± 47.19 587 

µg/cm3, 554.52 ± 121.13 µg/cm3 and 107.91 ± 19.92 µg/cm3 at depths of 0.9 mm, 1.3 mm and 588 

1.5 mm, respectively. On the other hand, with respect to needle-free patch distribution, ABZ 589 

was only detectable until a depth of 1.1 mm. Additionally, the skin distribution of ABZ after 590 

the administration of needle-free patch was found to be statistically lower (p < 0.05) compared 591 

to DMNs-NCs demonstrating the poor skin distribution after their administrations. The 592 

findings obtained in this study exhibited the benefit of the combination of DMNs and NCs in 593 

enhancing the delivery of ABZ in the dermis layer, where the drugs are absorbed by blood.69 594 

3.11. In vivo studies. As previously discussed, intradermal delivery was considered as 595 

the most suitable option to deliver ABZ because this route could potentially circumvent the 596 

first-pass metabolism in the liver, avoiding the metabolism of ABZ. In this experiment, the 597 

pharmacokinetic parameters of ABZ and its metabolites, ABZ-SX and ABZ-SN in plasma 598 

were assessed following being delivered using DMNs-NCs approach. Importantly, we 599 

compared the pharmacokinetic profiles of all compounds with the oral administration of ABZ-600 

NC as the conventional administration route of ABZ for CE. Additionally, the pharmacokinetic 601 

studies were also performed for DMNs and oral administration for coarse ABZ.  602 

In the in vivo experiment, following 24 h, we removed the DMNs from the rats and it 603 

was observed that all DMNs were completely dissolved in the rats’ skin. We did not observe 604 

any signs of irritation on the skin of all the rats. Table 2 and Table 3 present the plasma 605 

pharmacokinetic parameters of all analytes in Wistar rats following the intradermal 606 

administration of DMNs-ABZ NCs and DMNs-coarse ABZ, as well as the oral administration 607 

of ABZ-NCs and coarse ABZ. Concentrations of ABZ, ABZ-SX and ABZ-SN in plasma after 608 

the DMNs and oral administration of ABZ-NCs and coarse ABZ are shown in Figure 11. 609 
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Furthermore, the values of the pharmacokinetic parameters are depicted in Table 2 and Table 610 

3.611 
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Table 2. In vivo plasma pharmacokinetic parameters of ABZ, ABZ-SX and ABZ-SN post-oral dosing of coarse suspension of ABZ and ABZ-612 

NCs to Wistar rats (means ± SD, n = 3 for each group). 613 

Parameters 

Oral-Coarse Suspension Oral-NCs 

ABZ ABZ-SX ABZ-SN ABZ ABZ-SX ABZ-SN 

Cmax (g/mL) 1.52 ± 0.42 1.38 ± 0.29 0.09 ± 0.01 2.43 ± 0.41 2.98 ± 0.51 0.12 ± 0.02 

Tmax (h) 0.5 1 4 0.5 1 2 

AUC0-72 (h. g/mL) 0.74 ± 0.12 13.01 ± 2.23 1.02 ± 0.23 10.84 ± 2.31 31.72 ± 6.52 2.07 ± 0.41 

AUC0-inf(h. g/mL) 0.74 ± 0.12 14.01 ± 2.21 1.65 ± 0.28 10.95 ± 2.43 54.22 ± 8.43 3.08 ± 0.54 

T1/2 (h) 0.88 ± 0.17 13.89 ± 2.24 14.60 ± 2.73 3.54 ± 0.67 48.75 ± 8.04 33.41 ± 6.82 

MRT (h) 0.68 ± 0.14 1.08 ± 0.31 9.09 ± 1.02 6.06 ± 1.32 58.03 ± 11.91 43.5 ± 7.49 

 614 

 615 

 616 

 617 
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Table 3. In vivo plasma pharmacokinetic parameters of ABZ, ABZ-SX and ABZ-SN following DMNs administration of coarse suspension of 618 

ABZ and ABZ-NCs to Wistar rats (means ± SD, n = 3 for each group). 619 

Parameters 

DMNs-Coarse Suspension DMNs-NCs 

ABZ ABZ-SX ABZ-SN ABZ ABZ-SX ABZ-SN 

Cmax (g/mL) 0.29 ± 0.06 0.08 ± 0.01 0.06 ± 0.01 0.96 ± 0.32 0.32 ± 0.07 0.06 ± 0.01 

Tmax (h) 24 24 48 6 24 48 

AUC0-72 (h. g/mL) 12.09 ± 1.33 2.70 ± 0.43 2.82 ± 0.66 57.59 ± 12.49 16.51 ± 3.62 2.88 ± 0.61 

AUC0-inf(h. g/mL) 20.56 ± 4.01 4.27 ± 0.61 N/A 189.23 ± 33.51 36.03 ± 6.09 N/A 

T1/2 (h) 43.52 ± 8.09 36.31 ± 7.19 N/A 136.18 ± 21.28 69.38 ± 10.81 N/A 

MRT (h) 76.35 ± 18.81 70.31 ± 13.19 N/A 197.44 ± 34.23 110.87 ± 24.09 N/A 

 620 
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With respect to the Cmax values following oral dosing of coarse suspension, the analytes 621 

reached the maximum concentrations at the concentrations of 1.52 ± 0.43 µg/mL for ABZ, 1.38 622 

± 0.29 µg/mL for ABZ-SX and 0.09 ± 0.01 µg/mL for ABZ-SN. The AUC0-72 values were 0.74 623 

± 0.12 h.µg/mL for ABZ, 13.01 ± 2.23 h.µg/mL for ABZ-SX and 1.02 ± 0.23 ± h. µg/mL for 624 

ABZ-SN. Being formulated into NCs, following oral administration, the maximum plasma 625 

concentrations of ABZ, ABZ-SX and ABZ-SN were found to be 2.43 ± 0.41 µg/mL, 2.98 ± 626 

0.51 µg/mL and 0.12 ± 0.02 µg/mL, respectively. The AUC0-72 values were observed to be 627 

10.84 ± 2.31 h.µg/mL for ABZ, 31.72 ± 6.52 h.µg/mL for ABZ-SX and 2.07 ± 0.41 ± h.µg/mL 628 

for ABZ-SN. After DMNs administration of coarse ABZ, the maximum concentrations of 0.29 629 

± 0.06 µg/mL (AUC0-72 value of 12.09 ± 1.33 h.µg/mL), 0.08 ± 0.01µg/mL (AUC0-72 value of 630 

2.70 ± 0.43h.µg/mL) and 0.06 ± 0.01 µg/mL (AUC0-72 value of 2.82 ± 0.66h.µg/mL) were 631 

found for ABZ, ABZ-SX and ABZ-SN, respectively. After ABZ-NCs administration delivered 632 

by DMNs, the Cmax values were calculated to be 0.96 ± 0.32 µg/mL for ABZ, 0.32 ± 0.07 633 

µg/mL for ABZ-SX and 0.06 ± 0.01 µg/mL for ABZ-SN, with AUC0-72 values of 57.59 ± 12.49 634 

h.µg/mL, 16.51 ± 3.62 h.µg/mL and 2.88 ± 0.61 h.µg/mL, respectively. 635 
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 636 

Figure 11. Mean plasma concentrations and time profiles of ABZ, ABZ-SX and ABZ-SN 637 

after oral administration of coarse suspension of ABZ (A) and ABZ-NCs (B), as well as after 638 

intradermal administration of coarse ABZ (C) and ABZ-NCs (D) using DMNs. The relative 639 

bioavailability values of ABZ delivered by DMN-NC compared to oral administration of 640 

coarse ABZ, oral administration of ABZ-NCs and DMN administration of ABZ-NCs (E) 641 

(means ± SD, n = 3). 642 
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As the main purpose of this study was to improve the bioavailability of ABZ, we 643 

focused on the pharmacokinetic profiles of ABZ in detail. Analyzed statistically, it was found 644 

that the Cmax of ABZ following oral administration of ABZ-NC and coarse ABZ were 645 

statistically greater (p < 0.05) in comparison with the Cmax values after DMN administration. 646 

Cmax is the maximum (or peak) concentration of drug achieved in a specified compartment.70 647 

Furthermore, the AUC value is a pharmacokinetic parameter utilized in diverse ways according 648 

to the background of experimental.70 In this study, this parameter was used as an index of the 649 

total drug exposure integrated over time in the body. Accordingly, AUC values can also be 650 

used to determine the amount of drug absorbed or the effectiveness of physiological processes 651 

to eliminate the drugs.70,71 The  t1/2 represents the time required for half the initial dose of drug 652 

administered to be eliminated from the body.71,72 The MRT refers to the whole persistence of 653 

the drugs in the body and is, hence, the mean time that the drugs reside in the body. In this 654 

study, it was found that the t1/2 values of ABZ following the oral administration of coarse ABZ, 655 

the oral administration of ABZ-NCs, the DMN administration of coarse ABZ and the DMN 656 

administration of ABZ-NCs were determined to be 0.88 ± 0.17 h, 3.54 ± 0.67 h, 43.52 ± 8.09 657 

h and 136.18 ± 21.28 h, respectively. Moreover, MRT values were found to be 0.68 ± 0.14 h, 658 

6.06 ± 1.32 h, 76.35 ± 18.81 h and 197.44 ± 34.23 h after the oral dosing of coarse ABZ, the 659 

oral dosing of ABZ-NCs, the DMN application of coarse ABZ and the DMN application of 660 

ABZ-NCs. After statistical analyses, the values of AUC0-72, the t1/2, and MRT of ABZ after 661 

DMN application of ABZ-NCs were determined to be statistically greater (p < 0.05) in 662 

comparison with post-oral application. Considering these parameters, despite the lower Cmax, 663 

the intradermal administration of ABZ-NCs by DMNs was able to prolong the systemic 664 

exposure of ABZ in the circulation. This may be because the release of the active substance 665 

may be sustained following the intradermal administration, leading to the longer systemic 666 

circulation.73 The same trend has been reported earlier, showing that compared to drug 667 
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administration via oral route, the intradermal administration using DMNs resulted in greater 668 

AUC value.74 It has been reported that cytochrome P450 is also found the skin,75 also after 669 

absorption in the skin the molecules travel in the body, including to the liver the ABZ 670 

metabolism happen. Additionally, the microsomes in the skin are able to metabolize known the 671 

substrates of P450. In the skin, the activity of this enzyme varied between 2.5% and 13.4% of 672 

the activities in the liver. Therefore, small metabolism of ABZ through intradermal route could 673 

occur.75,76 It was also important to note that the pharmacokinetic profiles of ABZ-SX following 674 

the oral dosing were considerably greater (p < 0.05) compared to the DMN administration, 675 

showing that we were able to maintain plasma concentrations of ABZ without being rapidly 676 

metabolized into ABZ-SX. Therefore, the intradermal route chosen in our study was able to 677 

avoid extensive rapid first-pass metabolism of ABZ in the liver. Without being formulated into 678 

NCs, the in vivo delivery of ABZ using DMNs was found to be relatively poor. The 679 

pharmacokinetic parameter values were observed to be drastically smaller (p < 0.05) in 680 

comparison with all cohorts in this study. This might be caused by the high deposition of ABZ 681 

in the skin. Due to its hydrophobicity, the release of ABZ in the skin was expected to be slow. 682 

This was supported by our in vitro release discussed previously, showing the slow release 683 

profile of ABZ compared to ABZ-NCs. Therefore, the formulation of ABZ into NCs 684 

successfully improved the in vivo delivery of ABZ into the systemic circulation.  685 

In addition, by comparing the AUC values, we calculated the relative bioavailability of 686 

ABZ following intradermal delivery via DMNs compared to the administration of both NCs 687 

and coarse forms via oral route. The results showed that the relative bioavailability values of 688 

ABZ delivered by DMN-NC were found to be 7780.33 ± 1562.30 %, 531.16 ± 136.11 % and 689 

476.35 ± 87.11 % when compared to oral administration of coarse ABZ, oral administration of 690 

ABZ-NCs and DMN administration of ABZ-NCs, respectively.  The relative biovailabilities 691 

of ABZ in DMNs-NCs cohort compared to all cohorts were more than 100%, implying the 692 
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higher bioavailability of ABZ after NCs formulation delivered by DMNs. These in vivo studies 693 

showed that the formulation of ABZ into NCs incorporated into DMNs provide two benefits. 694 

Firstly, the combination of NCs and DMNs could potentially enhance the bioavailability of 695 

ABZ. Secondly, this combination approach was able to avoid the metabolism of ABZ, which 696 

could potentially increase the effectiveness of ABZ in the treatment of CE.  697 

According to the results discussed here, the incorporation of the NCs into DMNs was 698 

able to improve the bioavailability of ABZ, while avoiding the liver metabolism, as compared 699 

to the oral administration. Being delivered by DMNs, this technology is a safe handling, self-700 

administered, painless and the most suitable options for CE treatment, especially the situation 701 

where it is extremely challenging to find a healthcare professional to treat this specific disease. 702 

Therefore, it is hypothesized that this novel approach could be beneficial as an alternative 703 

treatment of CE. The preclinical efficacy of ABZ-NCs in animal model of CE and NCs was 704 

evaluated previously using an oral treatment77, attaining an enhanced but limited therapeutic 705 

response against the parasite in chemoprophylaxis (which represents the rupture of the cysts 706 

during an extraction surgery) and post-infection (once the infection develops and the treatment 707 

is given) experiments.77 Solid dispersions of ABZ were also analyzed in the same model78 and 708 

lipid nanoparticles22. However, all the formulations showed limited efficacy in the CE model. 709 

In our study, as discussed previously, we were able to maintain the parent molecule in the 710 

circulation for the first time to the best of our knowledge. Therefore, we hypothesize that our 711 

findings represent a promising alternative to the current therapy of CE. However, further 712 

experiments should be considered, including toxicity studies, biocompatibility studies and an 713 

in vivo pharmacodynamic study to assess the effectiveness of this novel approach in the 714 

treatment of CE.  715 

 716 
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 4. Conclusion 717 

This extensive work has shown the effectiveness of the combination of NCs and DMNs 718 

to overcome the issues of ABZ to potentially improve the treatment of CE. The formulation of 719 

ABZ into NCs, stabilized with Pluronic® F127, enhanced the dissolution rate of ABZ, while 720 

maintaining the crystallinity of the drug.  Moreover, the formulation of ABZ-NCs into DMNs 721 

with adequate mechanical properties and skin insertion abilities resulted in enhancement of the 722 

concentration of ABZ retained in the dermis layer of the skin. Lastly, plasma pharmacokinetic 723 

assessment demonstrated that the intradermal delivery of ABZ-NCs delivered by DMNs could 724 

increase the relative bioavailability of the parent drug ABZ, and decrease the concentration of 725 

its metabolites, namely ABZ-SX and ABZ-SN, in comparison with the administration of coarse 726 

ABZ and ABZ-NCs via oral route, as well as DMN dosing of coarse ABZ. Therefore, this 727 

innovative approach could potentially lead to improvement of CE treatment. To prove its 728 

efficacy in the CE treatment, in vivo pharmacodynamic study will now be our next step.  729 
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