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Dear Dr. Permana:

Your manuscript has been successfully submitted to Molecular Pharmaceutics.

Please reference the above manuscript ID in all future correspondence or when calling the office for questions. If
there are any changes in your contact information, please log in to ACS Paragon Plus with your ACS ID at
http://acsparagonplus.acs.org/ and select "Edit Your Account" to update that information.

You can view the status of your manuscript by checking your "Authoring Activity" tab on ACS Paragon Plus after
logging in to http://acsparagonplus.acs.org/.

ACS Authoring Services

Did you know that ACS provides authoring services to help scientists prepare their manuscripts and communicate
their research more effectively? Trained chemists with field-specific expertise are available to edit your manuscript for
grammar, spelling, and other language errors, and our figure services can help you increase the visual impact of your
research.

Visit https://authoringservices.acs.org to see how we can help you! Please note that the use of these services does
not guarantee that your manuscript will be accepted for publication.

Thank you for submitting your manuscript to Molecular Pharmaceutics.
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products and services from the American Chemical Society. Please email us at pubs-comms-unsub@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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Author(s): Syafika, Nur; Azis, Sumayya Binti Abd; Enggi, Cindy Kristina; Qonita, Hanin Azka; Mahmud, Tiara Resky
Anugrah; Abizart, Ahmad; Asri, Rangga; Permana, Andi Dian

Dear Dr. Permana:

We have received the reviews of your manuscript and they are enclosed with this letter. The reviewers have raised
points that require consideration and revision of the manuscript before it is suitable for publication. However, with
thorough response and revision, the manuscript may be acceptable for publication in Molecular Pharmaceutics. We
would like to receive your revision as soon as possible, and no later than 11-Jan-2023.

This revision should address the reviewers’ comments and include a point-by-point response to the concerns. On
revision, 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 Only.

To revise your manuscript, log into ACS Paragon Plus with your ACS ID at http://acsparagonplus.acs.org/ and select
"My Authoring Activity." There you will find your manuscript title listed under "Revisions Requested by Editorial
Office."  With the exception of your main text file, all of your original files will be available to you for review or
replacement during the revision process.  If you need to replace a file, please be sure to remove the original before
uploading a new one.  In all circumstances you must upload a new manuscript text 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.

Prior to submitting the manuscript, ensure that the manuscript addresses the following points:

Format:  Your revised manuscript must adhere to ACS format, especially references, for which article titles should be
included in the list. Molecular Pharmaceutics' guidelines are available at http://pubs.acs.org/page/
mpohbp/submission/index.html.  Note that in ACS Paragon Plus, authors have the option of embedding graphics into
the manuscript or supplying graphics separately.

Keywords:  Significant keywords that aid the reader in literature retrieval should be included. They are published
immediately before the text, following the abstract.

Table of Contents Graphic: Molecular Pharmaceutics requires a Table of Contents Graphic, and the "Guidelines for
Table of Contents/Abstract Graphics" are available at http://pubs.acs.org/paragonplus/submission/toc_
abstract_graphics_guidelines.pdf. The graphic requested for the table of contents entry could be in the form of a
structure, graph, drawing, SEM/TEM photograph, or reaction scheme. The author must submit a graphic in the actual
size to be used for the Table of Contents, to be 1.375 inches high x 3.5 inches wide. Type size of labels, formulas, or
numbers within the graphic must be legible. Tables or spectra are not acceptable. Please label this page "For Table of
Contents Use Only" and include the manuscript title and authors.

Supporting Information: If the manuscript is accompanied by any supporting information for publication, a brief
description of the supplementary material is required in the manuscript. The appropriate format is: Supporting

http://acsparagonplus.acs.org/
http://pubs.acs.org/page/mpohbp/submission/index.html
http://pubs.acs.org/paragonplus/submission/toc_abstract_graphics_guidelines.pdf


Information. Brief statement in nonsentence format listing the contents of the material supplied as Supporting
Information.

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 http://pubs.acs.org/page/
4authors/funder_options.html for complete instructions.

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 http://www.orcid.org.

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.

We look forward to receiving your revised manuscript for publication in Molecular Pharmaceutics.

Sincerely,

Raj Suryanarayanan
Associate Editor
Molecular Pharmaceutics
Phone:  734-764-9313
Fax:  202-513-8963
Email:  suryanarayanan-office@mp.acs.org

FOR ASSISTANCE WITH YOUR MANUSCRIPT SUBMISSION PLEASE CONTACT:

ACS Publications Customer Services & Information (CSI)
Email: support@services.acs.org
Phone: 202-872-4357
Toll Free Phone: 800-227-9919 (USA/Canada only)

------------------------------------

Reviewer(s)' Comments to Author:

Reviewer: 2

Recommendation: Publish after minor revisions noted.

Comments:
This is a nice piece of work that will add to knowledge in the field. The study has clearly been well-planned, carefully
executed and data meticulously analysed. Statistical treatment of data is appropriate and the conclusions drawn are
sensible.

This work will add to the ever-growing body of evidence on the effectiveness of microneedle systems for drug
delivery. The paper is likely to be widely read and, in due course, cited. The corresponding author has come originally
from a major group in the area. So good to see him developing his own independent ideas here now he has his own
group.

The authors should consider translation of this technology. Will regulatory bodies demand sterility of microneedle
patches? What manufacturing and distribution challenges will this present? What about storage stability? How would
this device be reproducibly inserted by patients or their carer? Would an applicator be used or would the
microneedles be inserted by hand? If inserted by hand, how would the patient or carer know for sure they had
pressed the microneedles in to the skin with sufficient force? How would they obtain feedback? How long would the
microneedles need to be left in the skin for effective delivery? Would this be practical, given the rapid delivery of
medicines when taken orally? What about disposal? How would this be done safely and securely in resource-poor
settings?

These microneedles deposit polymer in skin. PVA and PVP are biocompatible, but not biodegradable. Would they
accumulate in skin or the draining lymph node local to the site of application? How would it be excreted? These are

http://pubs.acs.org/page/4authors/funder_options.html
http://www.orcid.org/
mailto:suryanarayanan-office@mp.acs.org
mailto:support@services.acs.org


important translational considerations, as is scaled-up manufacture. Would the described production method really be
suitable for manufacture of the numbers of patches required for a commercialised product?

The scientific English could be improved in places. Please look for grammatical errors throughout

Additional Questions:
Does this manuscript contain fundamental results of sufficient novelty and significance to justify publication in
Molecular Pharmaceutics?: Yes

Reviewer: 3

Recommendation: Publish after minor revisions noted.

Comments:
The manuscript talks about some nice work done in the transdermal delivery of actives by using physical
enhancement techniques like microneedles for diabetes. The real life application of these microneedles would be low
due to various reasons. In vivo and clinical testing to understand the pharmacokinetic and pharmacodynamic
parameters is a must. However, the study is a thorough proof of concept study and will contribute to the existing
literature in the field. I recommend the manuscript for publication after making minor revisions.
1.      I strongly recommend authors to add more details in the methods section of the manuscript. Some more
information about the type of instrument used for each characterization will help in better understanding and aid in
reproducibility. No instrument details have been mentioned in any methods subsection.
2.      What was the desired target concentration of metformin in all studies? How were the calculations done to
determine the transdermal delivery? Was the percentage bioavailability considered in calculations?
3.      How was the pH of solid microneedles measured? Which glass electrode probe was used?
4.      There are too many abbreviations in the manuscript. It becomes very confusing to follow because of multiple
abbreviations.
The purpose of abbreviations is met only if it reduces the overall word count. Abbreviating metformin as MTF does not
serve any purpose. I recommend authors to either reduce the number of abbreviations or provide a through list of
abbreviations at the start of the manuscript. Also, provide all full forms for all abbreviations used in the figures.
Figures should be stand alone.
5.      Details about procurement of rat skin should be mentioned.
6.      Determining skin barrier integrity (Trans epidermal water loss, or skin electrical resistance) is crucial before
conducting ex vivo/ in vitro skin permeation studies. A skin sample with no barrier integrity will lead to misleading
results. Authors should explain this point.
7.      In real-life application, what will be the duration of application of the MN? How do the authors justify no
occurrences of hypoglycemia or hyperglycemia?

Additional Questions:
Does this manuscript contain fundamental results of sufficient novelty and significance to justify publication in
Molecular Pharmaceutics?: Yes

Reviewer: 4

Recommendation: Publish after minor revisions noted.

Comments:
The manuscript has been revised appropriately.

Please see minor revisions below:
1. In the manuscript, please rephrase sentences beginning with a number written as a figure. E.g., Line 90, 196, etc.
You could spell out the number if you wish.
2. Line 173: "It was then reacted for 1". Please add missing unit for 1.
3. Line 197: Remove extra bracket
4. Please make sure the method descriptions are written in past tense. Present tense has been used in some
instances.
5. Line 202: “Analysis using DSC was carried out by weighing the sample as much as 3-5 mg and placed it on an
aluminum pan and sealed it.”
Please rephrase to 'Analysis using DSC was carried out by weighing as much as 3-5 mg by placing it on an aluminum
pan and sealing it.'
6. Are there SEM images to further define the shape of microparticles?
7. Please add the necessary statistical significance to graphs.

Additional Questions:



Does this manuscript contain fundamental results of sufficient novelty and significance to justify publication in
Molecular Pharmaceutics?: Yes

------------
PLEASE NOTE: This email message, including any attachments, contains confidential information related to peer
review and is intended solely for the personal use of the recipient(s) named above. No 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 pubs-comms-unsub@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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Proof of Concept Study"
Authors: Syafika, Nur; Azis, Sumayya Binti Abd; Enggi, Cindy Kristina; Qonita, Hanin Azka; Mahmud, Tiara Resky
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Manuscript Status: Submitted

Dear Dr. Permana:

Your manuscript has been successfully submitted to Molecular Pharmaceutics.

Please reference the above manuscript ID in all future correspondence or when calling the office for questions. If
there are any changes in your contact information, please log in to ACS Paragon Plus with your ACS ID at
http://acsparagonplus.acs.org/ and select "Edit Your Account" to update that information.

You can view the status of your manuscript by checking your "Authoring Activity" tab on ACS Paragon Plus after
logging in to http://acsparagonplus.acs.org/.

ACS Authoring Services

Did you know that ACS provides authoring services to help scientists prepare their manuscripts and communicate
their research more effectively? Trained chemists with field-specific expertise are available to edit your manuscript for
grammar, spelling, and other language errors, and our figure services can help you increase the visual impact of your
research.

Visit https://authoringservices.acs.org to see how we can help you! Please note that the use of these services does
not guarantee that your manuscript will be accepted for publication.

Thank you for submitting your manuscript to Molecular Pharmaceutics.

Sincerely,

Molecular Pharmaceutics

------------
PLEASE NOTE: This email message, including any attachments, contains confidential information related to peer
review and is intended solely for the personal use of the recipient(s) named above. No 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 pubs-comms-unsub@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.   

Thank you.
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Journal:  Molecular Pharmaceutics 

Manuscript ID: mp-2022-00839h 

Title: "Glucose-Responsive Microparticles Loaded Dissolving Microneedles for Selective Delivery 

of Metformin: An Ex Vivo Proof of Concept Study" 

Author(s): Syafika, Nur; Azis, Sumayya Binti Abd; Enggi, Cindy Kristina; Qonita, Hanin Azka; Asri, 

Rangga Meidianto; Permana, Andi Dian 

Response to Reviewers: 

We are very thankful to the expert Reviewers who have taken the time to read and review our 

manuscript, as well as provide very helpful feedback to improve our manuscript. We have made 

some changes to the manuscript as a result of the feedback that has been given. We believe that 

this manuscript is now substantially more improved. We have addressed each of the reviewers’ 

comments in detail below. Importantly, we have made a great effort to improve the English and 

the discussion parts of our revised manuscript. 

 

Reviewer: 2  

Recommendation: Publish after minor revisions noted. 

Comments: 

This is a nice piece of work that will add to knowledge in the field. The study has clearly been 

well-planned, carefully executed and data meticulously analysed. Statistical treatment of data is 

appropriate and the conclusions drawn are sensible. 

This work will add to the ever-growing body of evidence on the effectiveness of microneedle 

systems for drug delivery. The paper is likely to be widely read and, in due course, cited. The 

corresponding author has come originally from a major group in the area. So good to see him 

developing his own independent ideas here now he has his own group. 

Response: 

We are very grateful to the Reviewer who have taken the time to read and provide very helpful 

feedback. We are glad to know that the Reviewer considered this study to be well planned, 

carried out with care, and that the data and conclusions we provide are appropriate. We have 

made several important changes to this manuscript as a result of the feedback provided. We 



believe that this manuscript is now substantially more improved.  

The authors should consider translation of this technology. Will regulatory bodies demand 

sterility of microneedle patches? 

Response: 

We thank the Reviewer for the suggestion. As a result, we have added more information in the 

revised manuscript, as follows: 

One of the critical points in the development of DMN system is the translation of this technology. 

It has been suggested that a cooperative collaboration between industry and academia regarding 

the line scale-up production and manufacturing of DMNs, particularly in pharmacopoeial 

standards and good manufacturing practice (GMP) guidelines.1 Additionally, the sterilization 

issue of products that will be inserted into the skin, such as DMN, is undoubtedly something that 

needs to be considered. The holes formed from the administration of MNs can be a place for 

microbes to enter. However, this possibility returns to how deep and extensive the hole is. The 

gap created by MNs is much smaller than that produces by an injection needle (needs sterility), 

hence recovery from the skin would be faster and the possibility of penetration of microbes into 

the skin also much less. It was shown that even after repeated use on the skin, it did not interfere 

with the skin barrier function. In addition, the application of polymer-based MN formulas such 

as DMN and hydrogel-forming MN was found not to stimulate the humoral immune system.2 

Furthermore, it has been reported that the administration of MNs did not cause any 

microorganism penetration across the skin. Accordingly, it could be estimated that the risk of 

infection should not be caused by the administration of MN. However, further study is required 

to investigate the sterility of this combination approach.  

 

What manufacturing and distribution challenges will this present? 

Response: 

We thank the Reviewer for the suggestion. As a result, we have included these in the revised 

manuscript as follows: 

Unfortunately, until now, there is still no official GMP standard for scale-up production from MN. 

Although some previously marketed MN products, in reality, the products being marketed were 



not MN but were described as very short hypodermic needles.3 Therefore, the absence of an 

official GMP standard is one of the significant obstacles, both in scaled-up manufacturing and 

distribution of MN products.  

 

What about storage stability?  

Response: 

We thank the Reviewer for the suggestion and the very useful insight. We have included this in 

the revised manuscript, as follows: 

Evaluation of the water vapor transmission rate was carried out to assess the integrity of DMN 

against high humidity in the storage. As per the result of WVTR assay, it was found that a low 

WVTR indicates the ability of the DMN to maintain its integrity against high humidity and exhibits 

the long-term stability of the DMN. 

 

How would this device be reproducibly inserted by patients or their carer? Would an applicator 

be used or would the microneedles be inserted by hand? If inserted by hand, how would the 

patient or carer know for sure they had pressed the microneedles in to the skin with sufficient 

force? How would they obtain feedback? 

Response: 

We thank the Reviewers for the comment, we have included this in the revised manuscript, as 

follows: 

In applying the microneedle, an applicator can ensure that the pressure applied to the 

microneedle is appropriate so that the needle can be inserted entirely into the stratum corneum. 

An example of a commonly used applicator is a spring-operated applicator specially designed for 

MN insertion.4 

In addition, a previous study has provided an innovation in applying microneedle to the stratum 

corneum by using a pressure-indicating sensor film that will change color when the applied force 

reaches 30N, and the color will be more concentrated when given a greater force, which Based 

on previous research, the minimum pressure required to insert a microneedle array of 1 cm2 into 

the stratum corneum is 32 Ncm-2.2 



 

How long would the microneedles need to be left in the skin for effective delivery? Would this 

be practical, given the rapid delivery of medicines when taken orally?  

Response: 

We thank the Reviewer for the suggestion. As a result, we have included these in the revised 

manuscript, as follows: 

For effective delivery, needles containing drug microparticles must completely dissolve in the 

skin. Based on the dissolution time test, the time required for DMN to dissolve entirely in the skin 

is 15 minutes. Therefore, it could be recommended to apply DMN to the skin for 15 minutes, and 

then it can be removed from the skin. 

DMN can penetrate the skin barrier, stratum corneum. When applied, the DMN polymer would 

form a number of pores as an aqueous channel that the drug would reach the deeper layers of 

the skin, without causing pain. Furthermore, the DMN polymer would directly enter the 

epidermis or upper dermis layer and go directly to the systemic circulation through a diffusion 

mechanism and show a therapeutic response when it reaches the site of action.5,6 In some 

studies, delivery via DMN is more practical because it could potentially delivery the drugs directly 

to the systemic circulation via dermis circulation more quickly than delivery via oral. This could 

increase bioavailability, provide sustained drug release, reduce unfavorable side effects, and 

improve pharmacological response.5,7  

Importantly, our in vivo studies exhibited that the administration of our approach could maintain 

the glucose level in the normal level with longer time compared to oral administration indicate 

that MTF by DMN could delivered better than taken orally. 

 

What about disposal? How would this be done safely and securely in resource-poor settings? 

Response: 

We thank the Reviewer for the suggestion and the very useful insight. We have included this in 

the revised manuscript, as follows: 

DMN consists of biocompatible and biodegradable polymers that can dissolve in the skin and 

leave no harmful sharp biohazards.6 Therefore, DMN that has been applied and removed from 



the skin can be disposed of without special treatment. Even in resource-poor settings, this DMN 

disposal can be done safely and securely. 

 

These microneedles deposit polymer in skin. PVA and PVP are biocompatible, but not 

biodegradable. Would they accumulate in skin or the draining lymph node local to the site of 

application? How would it be excreted? 

Response: 

We thank the Reviewers for the comment, we have included this in the revised manuscript, as 

follows: 

In chronic condition like T2DM, it should be noted that the treatment would be done for long 

period. Therefore, the deposition of polymers in the skin should be considered. Several studies  

show that PVP and PVA are biocompatible materials.8–10 Some studies focusing  on the 

application of DMNs containing insulin have shown that the polymers were deposited in the skin. 

11,12 However, the deposition of the polymer following long term and repeated application has 

not been studied. It has been suggested that to avoid the high deposition of the polymer in the 

skin following the application of DMNs, biodegradable polymers with low molecular weight could 

be used.11 In this study, we used PVP and PVA with low molecular weight such as PVP (K30) and 

PVA (10 kDa). 

 

These are important translational considerations, as is scaled-up manufacture. Would the 

described production method really be suitable for manufacture of the numbers of patches 

required for a commercialised product? 

Response: 

We thank the Reviewer for the suggestion and the very useful insight. We have included this in 

the revised manuscript, as follows: 

With respect to the scaled-up manufacturing of this system, in this study, we used the micro 

molding method by utilizing centrifugation to remove bubbles and fill microholes perfectly. This 

method has proven to produce microneedles with perfect physical shape. However, it is 

undeniable that this fabrication method has limitations for scaled-up manufacturing. Therefore, 



it is necessary to reconsider the fabrication method for scaled-up manufacturing. One promising 

method is the fabrication method in the form of a double-penetration female mold (DPFM) 

combined with the positive pressure microperfusion technique (PPPT), showing that through this 

system, microneedles can be produced in large quantities, with optimal physical form. 

 

The scientific English could be improved in places. Please look for grammatical errors throughout 

Response: 

We thank the Reviewer for the suggestion. We have made a great effort to improve the English, 

we believe that the manuscript more improved now. 

 

 

Reviewer: 3 

Recommendation: Publish after minor revisions noted. 

Comments: 

The manuscript talks about some nice work done in the transdermal delivery of actives by using 

physical enhancement techniques like microneedles for diabetes. The real life application of 

these microneedles would be low due to various reasons. In vivo and clinical testing to 

understand the pharmacokinetic and pharmacodynamic parameters is a must. However, the 

study is a thorough proof of concept study and will contribute to the existing literature in the 

field. I recommend the manuscript for publication after making minor revisions. 

We are very grateful to the Reviewer who have taken the time to read and provide very helpful 

feedback. We are glad to know that the Reviewer considered this study will contribute to the 

existing literature in the field. We have revised our manuscript based on the recommendation 

and suggestion that given by Reviewer. We believe that this manuscript is now substantially more 

improved and it is worth to reconsider. 

 

1.      I strongly recommend authors to add more details in the methods section of the manuscript. 

Some more information about the type of instrument used for each characterization will help in 



better understanding and aid in reproducibility. No instrument details have been mentioned in 

any methods subsection.  

Response: 

We thank the Reviewer for the suggestion. We have added mor information about the 

instrument in the revised manuscript. 

 

2.      What was the desired target concentration of metformin in all studies? How were the 

calculations done to determine the transdermal delivery? Was the percentage bioavailability 

considered in calculations?  

Response: 

We thank the Reviewer for the suggestion. As a result, we have added more information in the 

revised manuscript, as follows: 

MTF in MP-MTF-GR formulation was 100 mg. To the best of our knowledge, this is the first study 

developing glucose responsive material for the delivery of metformin. As a proof of concept 

study, in this study, we did not targeted the concentration of MTF in the formula according to 

the concentration that can have pharmacological effect yet. The concentration of MTF in the MP-

MTF-GR formula is the concentration of MTF that can be optimally entrapped in microparticle.  

Our in vivo study showed that our approach successfully controlled the release of metformin in 

the diabetic rat models. However, further study to determine the pharmacokinetic parameters 

is required. 

 

3.      How was the pH of solid microneedles measured? Which glass electrode probe was used?  

Response: 

We thank the Reviewer for the suggestion. We have added more information in the revised 

manuscript, as follows: 

To measure the pH value, pH meter (Horiba Scientific, Kyoto, Japan) was used. A composite glass 

electrode was held close to the surface of the microneedle to be measured. 

 

4.      There are too many abbreviations in the manuscript. It becomes very confusing to follow 



because of multiple abbreviations. 

The purpose of abbreviations is met only if it reduces the overall word count. Abbreviating 

metformin as MTF does not serve any purpose. I recommend authors to either reduce the 

number of abbreviations or provide a through list of abbreviations at the start of the manuscript. 

Also, provide all full forms for all abbreviations used in the figures. Figures should be stand alone.  

Response: 

We thank the Reviewer for the suggestion. As a result, we have provided a list of abbreviations 

in the revised manuscript and completed the forms of abbreviations in the figure.  

 

 

5.      Details about procurement of rat skin should be mentioned. 

Response: 

We thank the Reviewer for the suggestion. Therefore, we have added more information in the 

revised manuscript, as follows:  

Rat skins were obtained from sacrificed rats. All animal studies were approved by the Ethics 

Committee of the Faculty of Medicine, Hasanuddin University (protocol number: UH22070351). 

Rat skin is carefully shaved using a spatula and hair removal cream. Skin was excised as full 

thickness then soaked and cleaned with saline solution to remove the fat on the skin. 

 

6.      Determining skin barrier integrity (Trans epidermal water loss, or skin electrical resistance) 

is crucial before conducting ex vivo/ in vitro skin permeation studies. A skin sample with no 

barrier integrity will lead to misleading results. Authors should explain this point.  

Response: 

We thank the Reviewer for the suggestion. In the in vivo study, we evaluated the skin moisture 

of the rats. Water content of the skin is considered as one of the parameters of the skin barrier 

integrity.13 Accordingly, in our study, we measured the skin moisture of the rats before and after 

the experiment. The results showed that the moisture content of the rats before the experiment 

were 71.43 ± 2.13%, 73.12 ± 3.53%, 74.29 ± 2.98%, 72.44 ± 2.78%, 74.81 ± 3.81% for healthy 

group, control group, oral group, DMN group with glucose responsive material, DMN group 



without glucose responsive material, and DMN group with pure metformin, respectively, 

indicating the normal skin condition of the rats. After the experiments, the respective groups 

showed the skin moisture values of 72.65 ± 3.42%, 74.18 ± 2.76 %, 72.09 ± 3.12%, 71.98 ± 3.41% 

and 73.87 ± 4.32%. Analyzed statistically, there were no significant differences (p > 0.05) in the 

skin moisture values in all rats. Therefore, the skin integrity could be maintained during the 

experiment.  

7.      In real-life application, what will be the duration of application of the MN?  

Response: 

We thank the Reviewers for the comment, we have included this in the revised manuscript, as 

follows: 

DMN application duration can be determined from DMN dissolving time, it is obtained that for 

effective delivery, needles containing drug microparticles must completely dissolve in the skin. 

Based on the dissolution time test, the time required for DMN to dissolve entirely in the skin is 

15 minutes. Therefore, for full drug delivery, it is recommended to apply DMN to the skin for 15 

minutes, and then it can be removed from the skin. 

8.  How do the authors justify no occurrences of hypoglycemia or hyperglycemia? 

Response: 

It shows that the combination of MP-MTF-GR with DMN was able to produce better glucose 

control. In addition to the prolonged MTF effect of the MP form, the presence of a GR ingredient, 

namely PBA, also produces a more controlled effect. PBA causes MTF to be more controlled 

according to glucose, and the high BGL triggers the release of the MTF. The results of the glycemic 

control effect obtained were found to be longer. Administration of DMN2 decreased BGL after 3 

hours and maintained normal BGL for 8 hours with a minimum BGL of 101.31 ± 11.28 mg/dL. In 

addition, when the PBA-glucose complex reaches the equilibrium stage, PBA will maintain its 

neutral form and will no longer bind to glucose. The PBA reaction results in metformin no longer 

being released when glucose levels are normal, and preventing hypoglycemia's effects.14 

 

 

 



Reviewer: 4 

Recommendation: Publish after minor revisions noted. 

Comments: 

The manuscript has been revised appropriately. 

We are very grateful to the Reviewer who have taken the time to read and provide very helpful 

feedback. We have revised our manuscript based on the recommendation and suggestion that 

given by Reviewer. We believe that this manuscript is now substantially more improved and it is 

worth to reconsider. 

 

Please see minor revisions below: 

1. In the manuscript, please rephrase sentences beginning with a number written as a figure. E.g., 

Line 90, 196, etc. You could spell out the number if you wish. 

Response: 

We thank the Reviewer for pointing this out, we have corrected the sentence in our revised 

manuscript. 

 

2. Line 173: "It was then reacted for 1". Please add missing unit for 1.  

Response: 

We thank the Reviewer for pointing this out, in our revised manuscript, we have corrected the 

sentence. 

 

3. Line 197: Remove extra bracket. 

Response: 

We thank the Reviewer for pointing this out, we have corrected and removed the extra bracket 

in the revised manuscript. 

 

4. Please make sure the method descriptions are written in past tense. Present tense has been 

used in some instances. 

Response: 



We thank the Reviewer for pointing this out, we have corrected the sentence in our revised 

manuscript. 

 

5. Line 202: “Analysis using DSC was carried out by weighing the sample as much as 3-5 mg and 

placed it on an aluminum pan and sealed it.”  

Please rephrase to 'Analysis using DSC was carried out by weighing as much as 3-5 mg by placing 

it on an aluminum pan and sealing it.' 

Response: 

We thank the Reviewer for pointing this out, in our revised manuscript, we have corrected the 

sentence. 

 

6. Are there SEM images to further define the shape of microparticles? 

Response: 

We thank the Reviewer for the suggestion. As a result, we have added SEM images of the 

microparticles in the revised manuscript. 

 

7. Please add the necessary statistical significance to graphs. 

Response: 

We thank the Reviewer for the suggestion. We have added the necessary statistical significance 

to graphs in the revised manuscript. 
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ABSTRACT 21 

Diabetes mellitus (DM) is a metabolic disorder that is one of the most common health problems 22 

in the world, primarily type 2 DM (T2DM). Metformin (MTF), as the first line of DMT2, is 23 

effective in lowering glucose levels, but its oral administration causes problems, including 24 

gastrointestinal side effects, low bioavailability, and the risk of hypoglycemia. In this study, we 25 

formulated MTF into microparticles incorporating a glucose-response polymer (MP-MTF-GR), 26 

which could potentially increase the bioavailability, and extend and control the release of MTF 27 

according to glucose levels. This system was delivered by dissolving microneedle (MP-MTF-GR-28 

DMN), applied through the skin, thereby preventing gastrointestinal side effects of orally 29 

administered MTF. MP-MTF-GR was formulated using various concentrations of gelatin as a 30 

polymer combined with phenylboronic acid (PBA) as a glucose-response material. MP-MTF-GR 31 

was encapsulated in DMN using polyvinyl pyrrolidone (PVP) and polyvinyl alcohol (PVA) as 32 

DMN polymer. The physico-chemical evaluation of MP-MTF-GR showed that MTF could be 33 

completely entrapped in MP with the percentage of MTF trapped increasing with increasing gelatin 34 

concentration without changing the chemical structure of MTF and producing stable MP. In 35 

addition, the results of the physico-chemical evaluation of MP-MTF-GR-DMN showed that DMN 36 

had adequate mechanical strength properties and penetration ability and was stable to 37 

environmental changes. The results of the in vitro release and ex vivo permeation study on media 38 

with various concentrations of glucose showed that the release and permeation of MTF from the 39 

formula increased with increasing glucose levels in the media. The MP-MTF-GR-DMN formula 40 

successfully delivered MTF through the skin by 11.30 ± 0.29 µg, 23.31 ± 1.64 µg, 36.12 ± 3.77 41 

µg, and 53.09 ± 3.01 µg from PBS, PBS + glucose 1%, PBS + glucose 2%, and PBS + glucose 42 

4%, respectively at 24 h, which indicates glucose-response permeation and release behavior. The 43 



formula developed was also proven to be non-toxic based on hemolysis tests. Importantly, in vivo 44 

study on the diabetic rats model showed that this combination approach could provide a better 45 

glucose reduction compared to other routes, reducing the blood glucose level at normal level after 46 

3 h and maintain this level for 8 h. This MP-MTF-GR-DMN is a promising alternative to MTF 47 

delivery to overcome MTF problems and increase the effectiveness of T2DM therapy. 48 

KEYWORDS: Metformin, glucose-response, microparticle, dissolving microneedle, transdermal 49 

delivery 50 

 51 
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1. Introduction 67 

Diabetes mellitus (DM) is a chronic metabolic disorder characterized by elevated blood 68 

glucose levels. The case of DM is increasing in recent years. Data from the International Diabetes 69 

Foundation (IDF) shows that in 2021 there were 536.6 million people with DM worldwide, and it 70 

was estimated to be 643 million and 783 million in 2030 and 2045, respectively. More than 90% 71 

of these cases are type 2 diabetes mellitus (T2DM).1  72 

The first line treatment of T2DM is metformin (MTF), a biguanide antihyperglycemic 73 

agent. More than 120 million people with DMT2 are used MTF as their treatment. MTF is currently 74 

available in the form of tablets, modified tablets, capsules, suspensions, and solutions, which are 75 

administered orally.2 The safety and efficacy of MTF in lowering blood glucose levels have been 76 

proven.2,3 The previous meta-analysis showed that MTF could reduce HbA1c (glycated 77 

hemoglobin) levels by about 1.5 – 2.0% and FBG (fasting blood sugar) by about 50 – 70 mg/dL.2 78 

MTF can reduce blood glucose levels by inhibiting hepatic gluconeogenesis, reducing glucose 79 

absorption in the intestine, and increasing glucose uptake in tissues.3–5 MTF can reduce adenosine 80 

triphosphate (ATP) and increase adenosine monophosphate (AMP) by reducing mitochondrial 81 

complex I activity. Hence, MTF causes the activation of adenosine monophosphate-activated 82 

protein kinase (AMPK), an enzyme that plays an important role in regulating energy metabolism. 83 

Activated AMPK will inhibit gluconeogenesis in the liver and increase fatty acid oxidation, 84 

thereby lowering blood glucose levels.4,6 85 

In addition, MTF also works to reduce glucose levels through its activity in the intestines. 86 

Unfortunately, this site action of MTF is also the site that was resulting adverse effects. MTF can 87 

increase glucose uptake and glucose metabolism through anaerobic metabolism in the intestine. 88 

This mechanism produces lactic acid in enterocytes, which is then transported to the liver, which 89 



causes lactic acidosis.5,7,8 1-3 per 30,000 MTF users are found to have lactic acidosis yearly.4,6 90 

MTF can change the microbiome in the gut, which causes an increase in GLP-1, thereby increasing 91 

the regulation of glucose levels.4,5,7,8 However, changes in the microbiome also lead to increased 92 

production of lactic acid and decreased absorption of bile acids. This mechanism causes diarrhea 93 

and other gastrointestinal side effects, including nausea, vomiting, constipation, stomach pain and 94 

cramps, and flatulence.5,7,8 Some studies reported that 20-30% of patients treated with MTF 95 

experienced gastrointestinal effects that led to intolerance and caused 5% of them could not to 96 

continue treatment or need dose adjustment.2,4 97 

Although the number of cases of hypoglycemia with MTF is smaller than with the use of 98 

sulfonylureas and insulin, there are still cases of hypoglycemia. A previous study showed 112 99 

cases of hypoglycemia from 4,072 cases of MTF overdose.9,10 This risk of hypoglycemia can occur 100 

because of the long-term and undisciplined administration of MTF. The other limitation of MTF 101 

in the treatment of T2DM is the varying absorption profile. MTF has a bioavailability of about 50-102 

60%, which can change according to food intake. Its bioavailability will increase in the fasting 103 

state and decrease when the intake of high-fat foods. This causes the amount of MTF absorbed to 104 

be different and affects the resulting therapeutic effect as well.5,8 105 

MTF delivery via the transdermal route can be an alternative to overcome these problems. 106 

Previously, transdermal delivery of MTF has been developed through a hydrogel-forming 107 

microneedle (MN) system.5 This system can be an alternative to transdermal delivery. Its 108 

permeation was significantly increased compared to pure MTF. MN as transdermal delivery has 109 

many advantages but still has some limitations. Drug released from MN results in uncontrolled 110 

release behavior and do not demand physiological changes in the body. As a result, the toxicity 111 

due to overdose or ineffective treatment due to lack of dose is difficult to avoid.11 Therefore, the 112 



release of drugs from the MN system on demand is needed to balance the therapeutic effects and 113 

side effects. Several methods have been developed to provide on demand drug release in MN by 114 

utilizing magnetic fields, ultrasound, and light.12–14 However, these methods were quite 115 

complicated and not safe for long-term use. 116 

On demand drug release can be done by using particular materials that have bioresponsive 117 

properties that can respond to physiological changes. The on demand drug release system using 118 

bioresponsive material has been applied in the treatment of DM using glucose-responsive (GR) 119 

materials. In the presence of GR material, drug release would occur in response to increased blood 120 

glucose levels. As a result, drug release would increase with increasing blood glucose levels and 121 

decrease when blood glucose levels are normal.15 This system can prevent and reduce the risk of 122 

hypoglycemia from MTF. There are three types of GR materials that have been investigated for 123 

drug delivery for DM therapy, including phenylboronic acid (PBA) and its derivatives, con-124 

canavalin A (Con A), and glucose oxidase (GOx). Con A and GOx are proteins that can be 125 

immunogenic, can be inactivated, less stable, and high cost. On the other hand, PBA is non-126 

immunogenic, more stable in vivo, and low cost.13,15,16 This study developed MTF delivery with 127 

GR system using PBA attached to gelatin polymer. Gelatin is a natural polymer that has been 128 

widely used for drug delivery. Its structure consisting of amino and carboxyl groups gives it the 129 

advantage of undergoing structural modification with compounds from other materials.17  130 

MTF will be encapsulated in PBA-attach gelatin. To prolong the release and permeation 131 

time, MTF will be formulated into microparticles (MP). Many previous studies have shown that 132 

MP can provide an extended release.18,19 MTF and PBA microparticles as GR material (MP-MTF-133 

GR) will be delivered transdermally through the dissolvable MN (DMN) system. DMN can 134 

penetrate the skin barrier, stratum corneum. When applied, the DMN polymer would form a 135 



number of pores as an aqueous channel that the drug would reach the deeper layers of the skin, 136 

without causing pain. Furthermore, the DMN polymer would directly enter the epidermis or upper 137 

dermis layer and go directly to the systemic circulation through a diffusion mechanism and show 138 

a therapeutic response when it reaches the site of action.20,21 In some studies, delivery via DMN is 139 

more practical because it could potentially delivery the drugs directly to the systemic circulation 140 

via dermis circulation more quickly than delivery via oral. This could increase bioavailability, 141 

provide sustained drug release, reduce unfavorable side effects, and improve pharmacological 142 

response.20,22 DMN consists of biocompatible and biodegradable polymers that can dissolve in the 143 

skin and leave no harmful sharp biohazards.21 Therefore, DMN that has been applied and removed 144 

from the skin can be disposed of without special treatment. Even in resource-poor settings, this 145 

DMN disposal can be done safely. The polymers commonly used in DMN are water-soluble 146 

polymers, including polyvinyl pyrrolidone (PVP), polyvinyl alcohol (PVA), hyaluronic acid, 147 

maltose, dextran, albumin, and chondroitin sulfate.23 Previous studies have shown that combining 148 

PVA and PVP as polymers in DMN provides adequate mechanical strength and penetration 149 

ability.21  150 

In this study, for the first time, we developed the delivery system of MTF in MP form 151 

incorporated in PBA-attach gelatin which was delivered transdermally through the DMN system 152 

with a combination of PVP and PVP polymers as a potential enhancer of T2DM therapy. The MP 153 

was characterized to select the optimum formulation which was further formulated into DMN. 154 

Finally, MTF loaded DMNs was evaluated for their release behavior in the condition mimicking 155 

hyperglycemic condition in ex vivo studies. The outcomes of this study serve as a proof of concept 156 

for new delivery system to selectively deliver MTF via transdermal route to overcome the 157 

limitation of oral administration of MTF. 158 



2. Experimental Section 159 

2.1. Materials. Metformin (MTF) of analytical grade was purchased from Tokyo Chemical 160 

Industry Co., LTD, Tokyo, Japan. Phenylborornic acid (PBA), gelatine, acetic acid, 161 

glutaraldehyde, 1-etil-3(3-dimethylaminapropyl) carbodiimide hydrochloride (EDC.HCl), N-162 

hydroxysuccinimide (NHS), and dimethyl sulfoxide (DMSO), poly(vinyl pyrrolidone) PVP (K30) 163 

and poly(vinyl alcohol) PVA (10 kDa)  were purchased from  Sigma-Aldrich (Singapore). D-164 

glucose was obtained from Merck (Germany). 165 

2.2. Preparation of Microparticle MTF-GR (MP-MTF-GR). The MP-MTF-GR was 166 

prepared using a similar method from the previous study.17 Five formulations of MP-MTF-GR 167 

were prepared as shown in Table 1. Initially, predetermined amount of gelatin and 0.2 mL of acetic 168 

acid was added into 2 mL of water. To obtain a cloudy mixture, 5 mL of ethanol was added 169 

gradually. Then, as a cross-linking agent, 25 µL of glutaraldehyde (25%) was added to the mixture. 170 

The mixture was then centrifuged at 7000 rpm for 15 minutes. The supernatant was taken out and 171 

3 mL of water was added to the precipitate (MP1). Subsequently, 12 mg of 3-CPBA was dissolved 172 

in 1 mL of DMSO. It was then reacted for 1 with 16.6 mg of EDC.HCl and 10 mg of NHS. The 173 

mixture was added to 3 mL of MP1 and stirred overnight at room temperature. To remove un-174 

reacted 3-CPBA, it was centrifuged at 7000 rpm for 1 minute (MP2). Moreover, 100 mg of MTF 175 

was dissolved in MP2 and stirred overnight. To remove the un-loaded MTF, the mixture was 176 

centrifuged at 9000 rpm for 15 min. Finally, MP-MTF-GR was obtained. Morphology of MP-177 

MTF-GR was observed using a light microscope. 178 

 179 

 180 

 181 



Table 1. Composition of MP-MTF-GR 182 

Composition 

(mg) 

MP1 MP2 MP3 MP4 MP5 

Gelatin 100 150 200 250 300 

MTF 100 100 100 100 100 

2.3. Determination of Entrapment Efficiency (EE) and Drug Loading (DL). 183 

Measurement of entrapment efficiency and drug loading was measured by centrifuging the formula 184 

for 15 minutes at 7000 rpm to separate the unencapsulated MTF. After that, the supernatant was 185 

taken, then the absorbance was measured using a UV-Vis spectrometer. The absorbance findings 186 

were then used to calculate the concentration of unencapsulated MTF, then EE and DL were 187 

calculated using Eq. 1 and Eq. 2 below.24 188 

%EE= 
(weight of initial MTF-weight of unencapsulated MTF)

weight of initial mtf
 x 100 

 

Eq. 1 

%DL= 
amount of entrapped drug in microparticle

total weight of microparticle
 x 100 

 Eq. 2 

2.4. Determination of Particle Size and Polydispersity Index (PDI). The particle size 189 

was determined by observing the formula with a light microscope with a magnification of 100 x 190 

then the particle size and PDI were measured using an Optilab Raster Image®.25 191 

2.5. Determination of Zeta Potential. A total of 0.3 mg/mL of the formula was suspended 192 

in deionized water, and then the zeta potential was measured using Mastersizer 2000 size analyzer 193 

(Malvern Instruments, Malvern, UK).13 194 

2.6. Physiochemical Characterization of MP-MTF-GR using Fourier Transform 195 

Infrared Spectroscopy (FTIR). 2 mg of each sample was mixed with potassium bromide and 196 



compressed to form a pellet. IR spectra were recorded using an FTIR spectrometer ((Accutrac 197 

FT/IR-4100™ Series, Perkin Elmer, USA), spectra were collected in the wavelength range of 198 

4000-400 cm-1.13 199 

2.7. Physical Form Characterization of MP-MTF-GR using Differential Scanning 200 

Calorimetry (DSC) and X-Ray Diffraction (XRD). Physical characterization was carried out 201 

using DSC and XRD instruments. Analysis using DSC (DSC 2920, TA Instruments, Surrey, UK) 202 

was carried out by weighing the sample as much as 3-5 mg and placed it on an aluminum pan and 203 

sealed it. The sample is then heated at a constant increase of 2oC/min from 0 to 300oC under a dry 204 

atmosphere of nitrogen. 205 

Characterization using XRD was done by collecting XRD patterns using the instrument 206 

Rigaku Corporation, Kent, England with Cu Kα radiation. Then, the diffraction patterns were 207 

collected over the 2theta range of 0-50o.13 208 

2.8. In vitro Drug Release Study. The in vitro drug release study was carried out to 209 

observe the release of MTF from the MP-MTF-GR, MP-MTF, and pure MTF. This study was 210 

performed using the dialysis method. PBS and glucose-containing PBS (1%, 2%, and 4%) were 211 

used as the release medium. An amount of formulation (equivalent to 20 mg/mL of MTF) was 212 

inserted into the dialysis membrane. Then, it was placed in 100 mL of release medium at 37C. 213 

The release study was performed at 100 rpm. At predetermined time intervals (0.5, 1, 2, 3, 4, 5, 6, 214 

7, 8, 12, 24 h), an aliquot of 1 mL was taken and replaced by the same amount of fresh release 215 

medium. To determine the amount of drug released, samples were then analyzed using a UV-Vis 216 

spectrophotometer at wavelength 234.2 nm. All measurement was done in triplicate. Furthermore, 217 

the data obtained were fitted to five different mathematic models using DD Solver® software, 218 



namely zero-order, first-order, Higuchi, Korsmeyer-Peppas, and Hixson-Crowell to determine the 219 

release kinetics of MTF.26 The mathematic model was described in Eq. 3 – 7 as follows:   220 

Zero order: Ct= C0+ k0t     Eq. 3 221 

First order: lnCt= lnC0 + k1t   Eq. 4 222 

Higuchi: Ct= kH√t    Eq. 5 223 

Korsmeyer-Peppas: Ct= kKPtn  Eq. 6 224 

Hixson-Crowell:  Ct

1

3= C
0

1

3 kHCt  Eq. 7 225 

Where Ct represents the percentage of MTF released at time t, C0 represents the initial 226 

concentration of MTF in the medium, t represents the time, n represents the exponent of diffusion 227 

release, k0, k1 kKP, kH, and kHC represent the release coefficient for zero order, first order, 228 

Korsmeyer-Peppas, Higuchi, and Hixson-Crowell, respectively.  229 

To test the adaptability of GR-MP-MTF release depending on glucose levels in the media, 230 

samples were first incubated in a PBS medium containing 100 mg/dL glucose for 30 min. 231 

Afterward, the sample was removed and incubated in a medium containing glucose 400 mg/dL for 232 

30 minutes.27 This cycle was then repeated several times until 360 minutes. MTF released was 233 

then analyzed using a UV-Vis spectrophotometer at wavelength 234.2 nm 234 

2.9. Formulation of DMN containing MP-MTF-GR (MP-MTF-GR-DMN). MP-MTF-235 

GR-DMN was prepared using a silicone mould (needle density 20 x 20, pyramidal needles, 700 m 236 

height). The aqueous blend of polymers containing various PVA and PVP concentrations was 237 

mixed with 25% w/w MP-MTF-GR. The concentration was present in Table 2. Initially, 0.3 – 0.5 238 

g mixture was poured into the silicone mold, then centrifuged at 3500 rpm for 30 minutes to fill 239 

the mould. DMN was then dried at room temperature for 24 hours and further dried at 37C for 24 240 



hours. The dried DMN was removed from mould, and the morphology of the DMN was observed 241 

under a light microscope 242 

Table 2. Composition of MP-MTF-GR-DMN   243 

Formulation Composition (%w/w) 

MP-MTF-GR PVP PVA Water 

DMN1 25 25 10 40 

DMN2 25 25 15 35 

DMN3 25 25 20 30 

DMN4 25 20 15 40 

DMN5 25 15 15 45 

2.10. Evaluation of Mechanical Strength and Penetration Properties of MP-MTF-244 

GR-DMN. The mechanical strength of DMN was evaluated using the TA.TX2 Texture Analyzer 245 

in compression mode as previous study.21 DMN was given a force of 32 N/array for 30 seconds. 246 

DMN was observed using a light microscope, the height before and after the test was determined 247 

using Image Raster® software. The percentage reduction in needle height was calculated by Eq. 248 

12, where hB is the height before testing and hA is the height after testing. 249 

%Height needle reduction = 
hB-hA 

hB
 x 100%  Eq. 12 250 

Penetration properties of DMN were evaluated using Parafilm®M as a validated artificial 251 

skin model.28 DMN was applied to eight layers of Parafilm®M and given a force of 32 N/array for 252 

30 seconds. The number of holes formed in each layer was calculated and the deepest layer of the 253 

hole was determined. 254 

2.11. Calculation of Theoretical Drug Content in Needles and Determination of Drug 255 

Recovery. Theoretical drug content was determined by calculating the densities of all formulas 256 



first. To calculate the density of the formula, the blank polymer mixture (without MP-MTF-GR) 257 

was prepared on a flat block and then dried. The dried blocks were weighed and the dimensions 258 

were measured to determine the volume. The volume of the block is calculated by Eq. 8.   259 

Volume = width x length x height  Eq. 8 260 

The density of formulas was determined by Eq. 9. 261 

Density = 
mass

volume
   Eq. 9 262 

Needle volume was determined using the dimensions of the needle, then the mass of needle 263 

was determined using the volume of needles and density of formulas. Mass of MP in needle was 264 

determined by calculating the percentage of dry MP in needle mass. Finally, MTF content 265 

theoretically was calculated by Eq. 10. 266 

MTF content in needle = drug loading x mass of MP in needle Eq. 10 267 

Drug content was determined by dissolving DMN in 5 mL of distilled water. 10 mL 268 

methanol was added to this mixture, then the mixture was sonicated for 30 minutes. Then this 269 

mixture was centrifuged at 5000 rpm in 10 minute and supernatant was collected. Absorbance of 270 

MTF in was determined using UV-Vis spectrophotometer at a wavelength of 234.2 nm and 271 

concentration was determined (concentration found). Drug content recovery was determined used 272 

Eq. 11.  273 

Drug content recovery (%) = 
concentration found

theoretical drug content
 x 100%  Eq. 11 274 

2.12. Evaluation of Surface pH. In this study, 20 mg of microneedles were stored in a 275 

beaker containing 50 ml of double-distilled water, and then the microneedles were allowed to swell 276 

for 15 min at room temperature. To measure the pH value, bring the composite glass electrode 277 

close to the surface of the microneedle to be measured. The pH was then measured after an 278 

equilibration time of 1 minute.29 279 



2.13. Evaluation of Water Vapor Transmission Rate (WVTR). WVTR was assessed 280 

using a glass vial containing 1 g of anhydrous calcium chloride. DMN has sealed a glass vial with 281 

the help of adhesive tape. This vial was then placed in a desiccator containing a saturated solution 282 

of potassium chloride (%RH 85%). The vial was weighed at the predetermined time. WVTR is 283 

calculated by Eq. 14 284 

WVTR = 
(final mass-initial mass of vial) x thickness of DMN

surface area
  Eq. 13 285 

2.14. Evaluation of Moisture Absorption Ability (MAA). MAA testing was carried out 286 

using the method from the previous study.30 MAA testing was conducted to determine the ability 287 

of DMN to absorb moisture at different %RH. DMN was placed in different desiccators. The 288 

desiccator contained magnesium chloride (33% RH), sodium nitrite (69% RH), and potassium 289 

sulfate (97% RH). MN weights were weighed every 48 hours for 14 days. %MAA was calculated 290 

by Eq. 13. 291 

%MAA = 
final mass-initial mass

initial mass
 x 100%  Eq. 14 292 

2.15. Dissolution Study. A dissolution time test was carried out using rat skin to determine 293 

the time required for DMN to dissolve in the skin completely. DMN was applied to the rat skin, 294 

and to ensure penetration, manual pressure was applied. Above the DMN was given a 5 g stainless-295 

steel cylindrical (11 cm) to ensure the DMN does not move from its place. At the predetermined 296 

time, DMN was removed and DMN morphology was observed under a microscope. The 297 

dissolution test was carried out until the DMN was completely dissolved. 298 

2.16. Ex vivo Permeation Study. Ex vivo permeation study was carried out to obtain MTF 299 

permeation profiles of DMN containing MP-MTF-GR, MP-MTF, and pure MTF on media PBS 300 

pH 7.4 and glucose containing PBS (1%, 2%, and 4%). This study was performed using Franz 301 

diffusion cells. Rat skin was used as a permeation membrane and placed between the donor 302 



compartment and receptor compartment in Franz cells with the stratum corneum facing upwards. 303 

DMN was applied in the center of the skin by using manual pressure for 30 seconds. A 5.0 g 304 

cylinder was placed over the DMN to ensure the DMN stayed in its place. In the receptor 305 

compartment, PBS pH 7.4 media was placed as a normal body fluids model and PBS+glucose 1%, 306 

PBS+glucose 2%, and PBS+glucose 4% as body fluids model with increased glucose levels. The 307 

medium was stirred at 100 rpm and the temperature was maintained at 37 ± 1C. The donor 308 

compartment was placed above the receptor compartment and was sealed using Parafilm®M to 309 

reduce evaporation. 0.5 mL of media was sampled through the sampling arm and replaced by the 310 

same amount of fresh media at predetermined time intervals (0.25, 0.5, 0.75, 1, 2, 3, 4, 5, 6, 7, 8, 311 

and 24 h). The absorbance of sampled media was determined using a UV-Vis spectrophotometer 312 

at a wavelength of 234.2 nm. The concentration obtained is plotted against the sampling time. 313 

2.17. In Vivo Study in Diabetic Rats. The animal research protocol has been approved by 314 

the Ethics Committee of Medical Faculty, Hasanuddin University. In this study, 30 male Wistar 315 

rats were used, weighing 220.36 ± 9.62 g. 316 

Wistar rats were induced with type 2 diabetes mellitus using streptozotocin (STZ). 317 

Induction of type 2 diabetes mellitus was carried out in the diabetes group (n = 25) using low dose 318 

two injections of STZ (100 mg/kg) in 0.1M citrate buffer (pH 4.5) by intraperitoneal injection. 319 

Fasting blood glucose (FBG) levels were measured after eight days of STZ injection using a 320 

glucose meter (Nesco® Multicheck). Rats with FBG levels of more than 400 mg/dl were considered 321 

diabetic and used in further analysis. 322 

Rats were grouped into six groups (n=5), namely healthy group, control group, oral group, 323 

DMN-F4-PBA group, DMN-F4 group, and DMN-MTF group. Groups of healthy rats were 324 

prepared by providing a standard feed without diabetes induction. The control group was prepared 325 



by inducing type 2 diabetes mellitus using STZ and maintaining blood glucose levels. The oral 326 

group was prepared by giving metformin tablets with a dose of 100 mg/kg body weight, to rat 327 

induced by type 2 diabetes mellitus. All rat in the DMN-F4-PBA, DMN-F4, and DMN-MTF 328 

groups were treated transdermally with DMN-F4-PBA (DMN with GR compound), DMN-F4 329 

(DMN without GR compound), and DMN-MTF (DMN without MP) as much as six patches which 330 

was equivalent to the dose of 75.58 µg/patch (453.48 µg in total). Rat blood was collected from 331 

veins in the tail at intervals of 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, and 12 hours to detect blood glucose 332 

levels (BGL) using a glucose meter (Nesco® Multicheck). 333 

2.18. Hemolysis Test. The hemolysis test was carried out by first collecting erythrocytes 334 

from rats by centrifuging whole blood for 20 minutes at 2000 rpm. The collected erythrocytes were 335 

then washed using PBS with three washing cycles. After that, the erythrocytes were resuspended 336 

in PBS to obtain a concentration of 10% v/v. After that, the suspension was added to the sample 337 

with a concentration of 500 g/mL, 50 g/mL, and 5 g/mL. 338 

Next, the mixture was incubated at 37oC for 1 hour, followed by centrifugation at 7000 339 

rpm for 10 minutes. Finally, the absorbance of the supernatant from the centrifugation was 340 

measured using a UV-Visible spectrometer at 540 nm to estimate the number of free erythrocytes. 341 

PBS and distilled water were used as positive and negative controls, respectively.29 342 

The percentage of hemolysis is calculated using Eq. 15 as follows: 343 

Hemolysis (%)=
absorbance (test sample)-absorbance (negative control)

absorbance (positive control)-absorbance (negative control)
 x 100%  Eq. 15 344 

2.18. Statistical Analysis. All data are shown as mean ± standard deviation (SD) of the 345 

mean. All values were obtained using Microsoft Excel® (Microsoft Corporation, Redmond, USA). 346 

GraphPad Prism® version 5.03 (GraphPad Software, San Diego, California, USA) was used for 347 

statistical analysis. One-way ANNOVA analysis was used for the analysis of multiple groups, 348 



while the t-Test was used to analyze two groups. In all cases, p < 0.05 was considered as a 349 

significant difference. 350 

 351 

3. Result and Discussion 352 

3.1. Preparation of Microparticle MTF-GR (MP-MTF-GR). In this study, MTF was 353 

formulated into glucose-sensitive microparticle. Microparticle delivery systems offer various 354 

advantages, including adequate protection and prolonged effects of drugs.19 Gelatine and PBA as 355 

polymer and glucose-sensitive agents, respectively. The microparticle fabrication was carried out 356 

by cross-linking gelatine with glutaraldehyde through the nucleophilic addition-type reaction 357 

between the aldehyde groups with free non-protonated ɛ-amino groups of lysine or 358 

hydroxylysine.31 Furthermore, PBA was loaded into the microparticle to obtain glucose-sensitive 359 

release of MTF to avoid its adverse effect. Morphology of MP-MTF-GR was observed using 360 

microscope and represented in Fig. 1(A). All formulations were evaluated to obtain the optimum 361 

formulation.  362 

3.2. Determination of Entrapment Efficiency (EE) and Drug Loading (DL). 363 

Entrapment efficiency is an important parameter that informs the percentage of drugs successfully 364 

entrapped into the microparticles.32 In the MP-MTF-GR system, the MTF was entrapped in 365 

polymer matrix due to cross-linking between gelatin and glutaraldehyde. The value of EE obtained 366 

was shown in Fig. 1(B). It could be observed that higher polymer concentration would result in 367 

higher EE value due to prevention of drug diffusion across continuous phases.33 Analyzed 368 

statistically, EE value for MP1, MP2, and MP3 was significantly different (p > 0.05). Furthermore, 369 

it was found that the EE value of MP4 (69.53±6.46%) was significantly higher than MP3 (p < 370 

0.05) but exhibited non-significant different with EE value of MP5 (p > 0.05). Therefore, in order 371 



to minimize the use of excipient in the formulation, MP4 was chosen as the optimum formulation 372 

and was further investigated.  373 

Drug loading measurement is one of the key parameters. It was performed to determine the 374 

amount of total entrapped drug compared to the total microparticle weight. The DL value obtained 375 

is shown in Fig. 1(C). Subsequently, the DL value for MP1, MP2, MP3, MP4, and MP5 was 376 

12.09±1.15%, 13.43±1.24%, 18.21±1.38%, 20.93±1.63%, and 18.02±1.28%, respectively. All 377 

formulations showed high DL value, which is > 10%.34 378 

3.3. Determination of Particle Size and Polydispersity Index (PDI). The result of 379 

particle size analysis was shown in Fig. 1(D). Subsequently, particle size was found to be 380 

4.04±0.43 µm, 6.19±0.71 µm, 7.03±0.43 µm, 8.19±0.66 µm, and 12.83±1.04 µm for MP1, MP2, 381 

MP3, MP4, and MP5, respectively. The particle size of all formulations was significantly different 382 

(p > 0.05). It could be observed that there is an increase in particle size with higher polymer 383 

concentration, probably due to the tendency of polymer to coalesce.  384 

In order to determine the heterogeneity of the microparticles based on the size, PDI 385 

measurement was carried out. The result obtained was shown in Fig. 1(E). PDI value range from 386 

0 - 1. A low PDI value indicates a perfectly uniform sample with respect to particle size, while a 387 

high PDI value indicates highly polydisperse particles. PDI value < 0.2 is considered acceptable 388 

for polymer-based system.25 Therefore, it can be concluded that all formulations showed desired 389 

PDI value, which is <0.2. This finding implies that the formulation is monodisperse. 390 

3.4. Determination of Zeta Potential. The zeta potential is one of the parameters that can 391 

be used to ensure the stability of microparticles developed from a physical point of view.13 The 392 

results of the zeta potential measurements of all formulas are shown in Fig. 1(F). It is found that 393 

all formulas have high zeta potential values, which are above -30 mV. This value indicates a stable 394 



suspension particle shape and is not susceptible to rapid coagulation or flocculation.19 The PBA 395 

matrix linked to the gelatin polymer in incorporating MTF has many hydroxyl groups from PBA 396 

as well as carbonyl groups from gelatin which gives a negative charge on the surface of the 397 

microparticles. This explains the negative charge obtained in the zeta potential measurement 398 

results from all formulas.17 399 

 400 



Fig. 1. (A) Microscopic image, (B) entrapment efficiency, (C) drug loading, (D) particle size, (E) 401 

polydispersity index, and (F) zeta potential of MP-MTF-GR (means ± SD, n = 3). 402 

3.5. Physiochemical Characterization of MP-MTF-GR using Fourier Transform 403 

Infrared (FTIR) Spectroscopy. The presence of MTF in the developed microparticle system can 404 

be determined by characterization using FTIR spectroscopy. The results of the characterization of 405 

pure MTF using FTIR can be seen in Fig. 2(A), showing peaks at 3369 cm-1 and 3295 cm-1 406 

indicating the presence of NH-stretching, which is a typical group possessed by the MTF 407 

structure.35 In addition, CN-stretching was seen at 1619 cm-1 and 1568 cm-1, CH-stretching was 408 

seen at 3181, and CH-deformed at 929 cm-1. It can be seen that the IR MP spectrum containing 409 

MTF shows the same peaks as in the pure MTF IR spectrum. This indicates that the MTF in the 410 

MP formula does not undergo structural changes and indicates the presence of MTF trapped in the 411 

MP system. In addition, the formula containing PBA (F4) showed a peak at 1639 cm-1, which 412 

indicated the C=O amide stretching vibration of PBA, and a peak at 1319 cm-1 due to bending 413 

vibrations from benzene and stretching vibrations from boric acid, which indicates that the PBA 414 

was successfully attached to the MP. 415 

3.6. Physical Form Characterization of MP-MTF-GR using Differential Scanning 416 

Calorimetry (DSC) and X-Ray Diffraction (XRD). The presence and physical form of MTF in 417 

microparticles can be determined by characterization using DSC and XRD spectroscopy. The 418 

results of physical characterization using DSC are shown in Fig. 2(B). The endothermic relaxation 419 

of pure MTF was seen at a sharp peak formed at 234C indicates pure MTF in crystalline form, 420 

this shows similarities to the previous research literature.36 This sharp peak then disappeared and 421 

amorphous endothermic relaxation was formed in the MP DSC data, both with PBA (F4) and MP 422 

without PBA (F4 without PBA). These findings indicate that the MTF formulated as MP is 423 



perfectly encapsulated in the polymer matrix. These findings were supported by the XRD 424 

characterization results shown in Fig. 2 (C). X-ray diffraction pattern of pure MTF shows a sharp 425 

peak at 2 of 10 – 50 which indicates the crystalline form of MTF. Similar to the DSC data 426 

findings, the F4 formula without PBA produces an x-ray diffraction pattern with wide and sloping 427 

peaks. This shows the amorphous diffraction pattern in formula F4 without PBA. In addition, the 428 

semi-crystalline structure of formula F4 is characterized by X-ray diffraction patterns with wide 429 

peaks. However, at 2 =19, sharp peaks were seen, probably coming from the crystalline form of 430 

PBA linked by gelatin.37 431 

 432 

Fig. 2. (A) FTIR spectra, (B) DSC thermogram, and (C) X-ray diffractogram of (1) pure MTF, 433 

(2) MP-MTF, and (3) MP-MTF-GR. 434 

3.7. In vitro Drug Release Study. The in vitro release behavior of pure MTF, MP-MTF 435 

(F4 without PBA), and MP-MTF-GR (F4) in four different release mediums was illustrated in Fig. 436 

3. The result clearly showed that after 2 h, pure MTF was completely released in all mediums. 437 



Specifically, MFT release from pure MTF was 98.12±9.11%, 99.01±8.31%, 97.05±9.21%, and 438 

98.0±9.19% in PBS, glucose-containing PBS (1%), glucose-containing PBS (2%), and glucose-439 

containing PBS (4%), respectively. Analysis statistically showed that no significant difference was 440 

found in the release of MTF from pure MTF in all mediums (p > 0.05). This result implies that the 441 

release of MTF from pure MTF is not affected by the presence of glucose.  442 

While for MP-MTF, after 24 h the release of MTF in PBS, glucose-containing PBS (1%), 443 

glucose-containing PBS (2%), and glucose-containing PBS (4%) was 97.01±8.13%, 96.93±8.83%, 444 

98.09±9.3%, and 99.19±9.16%, respectively. Despite the difference, the MTF release profile from 445 

F4 without PBA is not significantly different (p > 0.05). Similar to the released profile from pure 446 

MTF, formulation of MTF in form of MP-MTF exhibits release behavior that does not depend on 447 

the absence/presence of glucose. Compared to release profile from pure MTF, it was observed that 448 

formulation of MTF into microparticles could prolonged the release of MTF up to 24 h and was 449 

following previous studies.18,19 This was due to the cross-linking of gelatin in microparticle 450 

formulation.38 These findings indicated that formulation of MTF into microparticles was crucial 451 

to obtaining prolonged drug release.  452 

Conversely, the release profile of MTF from MP-MTF-GR was found to decrease 453 

significantly in PBS compared to pure MTF and MP-MTF (p < 0.05). After 24 h, only 4.98±3.98 454 

% of MTF was released. As the concentration of glucose in the medium increased, a higher amount 455 

of MTF was released from MP-MTF-GR. Subsequently, 29.34±2.64%, 99.09±8.92%, and 456 

99.18±8.93% of MTF were released after 24 h in glucose-containing PBS (1%), glucose-457 

containing PBS (2%), and glucose-containing PBS (4%), respectively. This indicates successful 458 

glucose-responsive drug delivery of MTF. The glucose responsive effect was obtained by the 459 

addition of PBA into the formulation as glucose sensitive agent. PBA exhibit reversible reaction 460 



with cis-diol compound, found in glucose structure, through boronate formation. There are two 461 

forms of PBA in an aqueous solution, the hydrophobic neutral trigonal-planar and the hydrophilic 462 

negatively charged tetrahedral boronate. There is an equilibrium between these two forms. Both 463 

forms bind specifically to 1,2- or 1,3-diols found in glucose to form a cyclic boronic ester. This 464 

binding lead to increased hydrophilicity of PBA-containing materials, thus inducing swelling and 465 

dissembling of drug carrier, resulting in glucose-triggered drug release.39 466 

To determine the release kinetics of MTF from GR-MP-MTF, the in vitro release data were 467 

fitted to several mathematic models. The results showed that MTF exhibit Korsmeyer-Peppas 468 

kinetics following test in PBS, glucose-containing PBS (1%), and glucose-containing PBS (2%) 469 

with the correlation coefficient of 0.9993, 0.9980, and 0.9403, respectively. While in glucose-470 

containing PBS (4%), MTF showed Hixson-Crowell kinetics with a correlation coefficient of 471 

0.9358. The Korsmeyer-Peppas kinetics describe drug release from polymeric systems. Moreover, 472 

the Hixson-Crowell kinetics describes release from systems with a change in surface area and 473 

diameter of particles.40 474 

Fig. 3E. showed a pulsating profile of MTF release from the MP-MTF-GR formula in each 475 

incubation medium. It was found that less MTF was released when the formula was incubated in 476 

a medium containing glucose 100 mg/dL, and a high drug release was achieved when the formula 477 

was incubated in a medium containing glucose 400 mg/dL. Significant different (p < 0.05) was 478 

obtained in the MP-MTF formula without the GR compound. A constant and unchanged release 479 

profile was obtained during the change of the incubation medium. This shows that the release of 480 

MTF from the MP-MTF-GR formula could adapt according to changes in blood glucose levels in 481 

the media. 482 



 483 

Fig. 3. In vitro drug release of MP4, MP4 without PBA, and pure MTF in (A) PBS media, (B) 484 

PBS + glucose 1% media, (C) PBS + glucose 2% media, and (D) PBS + glucose 4% media. (E) 485 

Pulsatile release profile of MP4 and MP4 without PBA in glucose concentration 100 mg/dL 486 

(blue) and 400 mg/dL (green) media (means ± SD, n = 3). 487 

3.8. Formulation of DMN containing MP-MTF-GR (MP-MTF-GR-DMN). In this 488 

study, an aqueous blend of PVA and PVP was used in the DMN formulation with various 489 

concentrations, as shown in Table 2. Previous studies have shown that the combination of these 490 



two polymers results in better mechanical strength and penetration ability than the single-use.21,23 491 

PVP is a polymer with good hardness, but when used alone it will provide inadequate mechanical 492 

strength for DMN due to its hygroscopicity.23,41 The addition of PVA will fix the shortcomings of 493 

PVP. The combination of PVA and PVP causes the formation of hydrogen bonds between the 494 

C=O group of PVP and the –OH group of PVA to provide adequate mechanical strength.26 All 495 

formulas added MP-MTF-PBA with the same concentration, 25% w/w. Fig. 4(A) shows the 496 

morphology of all DMN containing MP-MTF-PBA obtained using SEM. All formulas result in a 497 

homogeneous polymer blend with the DMN that formed a sharp needle tip. 498 

3.9. Evaluation of Mechanical Strength and Penetration Properties of MP-MTF-GR-499 

DMN. The mechanical strength of the DMN was evaluated to assess the ability of the DMN to 500 

withstand compression. The resistance of the DMN to compression is important because the DMN 501 

must be applied by manual compression to ensure that the DMN penetrates the stratum corneum. 502 

Furthermore, the mechanical strength was evaluated by providing a force of 32 N/array equivalents 503 

to manual compression strength. Morphology of MP-MTF-GR-DMN after the evaluation was 504 

obtained using microscope and shown in Fig. 4(B). The percentage reduction in needle height after 505 

compression indicates the mechanical strength of DMN.26 The results of this evaluation are shown 506 

in Fig. 4(C). The percentage reduction in needle height were 24.02 ± 1.63%, 5.14 ± 2.66%, 5.55 ± 507 

2.67%, 11.32 ± 1.17%, and 27.92 ± 1.30% for DMN1, DMN2, DMN3, DMN4, and DMN5, 508 

respectively. Interestingly, the percentage of needle height reduction in DMN2 and DMN3was 509 

<10% and significantly different (p < 0.05) compared to all formulas, which resulted an adequate 510 

mechanical strength. 511 

Penetration ability was evaluated by using 8 layers of Parafilm®M. These parafilm layers 512 

have been developed as an artificial skin model and validated in previous studies.28 The results of 513 



the evaluation of the penetration ability (Fig. 4(D)) showed that DMN1, DMN4, and DMN5 514 

penetrated only until the third layer of parafilm that equivalent to 378 µm of the total needle height 515 

of 700 µm or 54% of the total needle height. On the other hand, DMN2 and DMN3 could penetrate 516 

deeper up to the fourth layer of parafilm that equivalent to a thickness of 504 m, indicating that 517 

72% of the needles could penetrate. Furthermore, there was no significant difference (p > 0.05) 518 

between the number of holes formed in the fourth layer compared to DMN2 and DMN3. However, 519 

the number of holes formed by DMN2 is more than DMN3, indicating better penetration ability. 520 

Based on the result, DMN2 was considered for further tests. 521 

3.10. Calculation of Theoretical Drug Content in Needles and Determination of Drug 522 

Recovery. Before determining the drug content in the needle, it is necessary to determine the 523 

density of the DMN formula. The DMN density was found to be 1.05 ± 0.01 mg/mm3, 1.06 ± 0.01 524 

mg/mm3, 1.06 ± 0.06 mg/mm3, 1.07 ± 0.02 mg/mm3, and 1.07 ± 0.01 mg/mm3 for DMN1, 525 

DMN2, DMN3, DMN4, and DMN5. Theoretically, the weights of MTF in needles were found to 526 

be 81.44 g, 75.58 g, 71.43 g, 82.64 g, and 91.08 g for DMN1, DMN2, DMN3, DMN4, and DMN5. 527 

Furthermore, the MTF content in the formula was determined by a UV-Vis spectrophotometer and 528 

compared with the theoretical weights. Drug recovery for all formulas was in Fig. 4(E). Drug 529 

recovery obtained is in the range of drug recovery requirements by ICH, 95 – 105% 42. This 530 

indicates that the formulation of MTF in the form of microparticles with additional glucose-531 

response reformulated in DMN did not affect the concentration of MTF. 532 



 533 

Fig. 4. Microscopic image of MP-MTF-GR-DMN (A) before evaluation and (B) after evaluation 534 

of DMN1 (A), DMN2 (B), DMN3 (C), DMN4 (D), and DMN5 (E). (C) mechanical strength, (D) 535 

penetration properties, and MTF recovery of MP-MTF-GR-DMN (means ± SD, n = 3). 536 

3.11. Evaluation of Surface pH. One of the important things to consider in the formulation 537 

of intradermal dosage forms is the surface pH. This is important to note because human skin can 538 

have reactions that can create discomfort when in contact with materials with a pH that is 539 

incompatible with the pH that can be tolerated by human skin. The results of the surface pH 540 

evaluation of the MP-MTF-GR-DMN formula can be seen in Fig. 5(A). From the evaluation 541 

results, the MP-MTF-GR-DMN formulas DMN1, DMN2, DMN3, DMN4, and DMN5 had surface 542 

pH values of 5.72 ± 0.41, 5.82 ± 0.34, 5.78 ± 0.32, 5.69 ± 0.41, and 5.75 ± 0.33, respectively. The 543 

surface pH value of each formula was not significantly different (p > 0.05) and showed a safe pH 544 

value for the skin, which is 4.1 - 5.8.43 This indicates that the MP-MTF-GR-DMN formula is safe 545 

to apply to human skin without causing irritation or other things that can cause discomfort. 546 



3.12. Evaluation of Water Vapor Transmission Rate (WVTR). Evaluation of the water 547 

vapor transmission rate was carried out to assess the integrity of DMN against high humidity in 548 

the storage. The water vapor transmission rates of all formulas are shown in Fig. 5(B). WVTR 549 

increases with increasing polymer concentration. This is because WVTR increases with increasing 550 

polymer hydrophilicity.44 However, this increase was not statistically significant (p > 0.05). After 551 

7 days, the WVTR of all formulas obtained was lower than that of the previous study.45 A low 552 

WVTR indicates the ability of the DMN to maintain its integrity against high humidity and exhibits 553 

the long-term stability of the DMN. 554 

It is important to remember that WVTR does not affect DMN dissolution when applied to 555 

the skin. The selection of biodegradable polymers and the presence of interstitial fluid and skin 556 

elasticity can cause damage to the integrity of DMN and quickly dissolve after insertion.46 557 

3.13. Evaluation of Moisture Absorption Ability (MAA). Moisture absorption ability is 558 

one of the crucial tests of DMN. The ability to absorb moisture from the outside during the storage 559 

period can affect the mechanical strength and penetration ability of DMN. In this study, we used 560 

3 levels of humidity. The results can be seen in Fig. 5(C). After 14 days, the moisture absorption 561 

of all formulas at all humidity was found to be below 10%. In all formulas, moisture absorption 562 

increases with increasing humidity. The moisture absorption ability of each formula was also 563 

different. The moisture absorption ability increases as the concentration of polymer in the formula 564 

increases. The highest moisture absorption ability was obtained at DMN3, followed by DMN2, 565 

DMN1, DMN4, and DMN5. The increase in moisture absorption ability according to the polymer 566 

concentration was due to the hygroscopicity of the polymers used in both PVP and PVA. PVP and 567 

PVA are hygroscopic polymers because their structure contains hydrophilic groups, namely 568 



carbonyl and hydroxyl groups.30,41 The presence of carbonyl and hydroxyl groups can bind with 569 

water in the environment to form hydrogen bonds. 570 

 571 

Fig. 5. Evaluation of (A) pH surface and (B) WVTR of MP-MTF-GR-DMN. (C) MAA of MP-572 

MTF-GR-DMN in (1) RH 33%, (2) RH 69%, and (3) RH 97% (means ± SD, n = 3). 573 

3.14. Dissolution Study. Dissolution time is an important test of DMN. According to its 574 

characteristics, DMN must be soluble when applied to the skin. The dissolving time test results 575 

are in Fig. 6. DMN2 was found to dissolve completely within 15 minutes, with a decrease in needle 576 

height after 3 minutes of observation. For effective delivery, needles containing drug 577 

microparticles must completely dissolve in the skin. Based on the dissolution time test, the time 578 

required for DMN to dissolve entirely in the skin is 15 minutes. Therefore, for full drug delivery, 579 

it is recommended to apply DMN to the skin for 15 minutes, and then it can be removed from the 580 

skin. 581 

 582 



 583 

Fig. 6. Microscopic image of the dissolution of DMN2 at (A) 3 minutes, (B) 6 minutes, (C) 9 584 

minutes, (D) 12 minutes, and (E) 15 minutes. 585 

3.15. Ex vivo Permeation Study. Ex vivo permeation study was performed to determine 586 

the ability of DMN to permeate through rats’ skin. The DMN permeation profile of MP-MTF-GR 587 

(DMN2), MP-MTF (DMN2 without PBA), and pure MTF in 4 media is shown in Fig. 7. After 24 588 

hours, the permeated MTF from pure MTF-DMN was 65.70 ± 2.63 µg, 63.81 ± 2.41 µg, 64.79 ± 589 

2.79 µg, and 66.98 ± 1.16 µg for PBS, PBS + glucose 1%, PBS + glucose 2%, and PBS + glucose 590 

4%, respectively. Furthermore, there was no significant difference (p > 0.05) in the permeated 591 

MTF in all media which indicated that the presence of glucose had no effect on the pure MTF 592 

permeation from DMN. 593 

Interestingly, similar results were obtained for the permeated MTF from MP-MTF-DMN. 594 

After 24 hours, the permeated MTF was 11.24 ± 0.55 µg, 11.48 ± 0.61 µg, 10.88 ± 1.47 µg, and 595 

11.70 ± 0.67 µg from PBS, PBS + glucose 1%, PBS + glucose 2%, and PBS + glucose 4% media, 596 

respectively. There was no significant difference (p > 0.05) in the permeated MTF in all media, 597 

indicating that the presence of glucose also had no effect on MP-MTF permeation from DMN. 598 

However, the permeated MTF from MP-MTF-DMN was significantly lower (p < 0.05) than the 599 



permeated MTF from pure MTF-DMN in all media. When applied, DMN will form small pores 600 

as channels for the drug or drug microparticles to pass through.26 DMN loaded drugs can deliver 601 

drugs directly, meanwhile for drug microparticles it is necessary to pass through the polymer 602 

matrix first after being released from DMN.23 This causes the microparticles in the DMN to 603 

permeate less than the pure drug in the same time duration and provides longer MTF availability. 604 

On the other hand, the MTF permeation from MP-MTF-GR-DMN obtained 11.30 ± 0.29 605 

µg, 23.31 ± 1.64 µg, 36.12 ± 3.77 µg, and 53.09 ± 3.01 µg from PBS, PBS + glucose 1%, PBS + 606 

glucose 2%, and PBS + glucose 4%, respectively. There was a significant increase (p < 0.05) of 607 

the permeated MTF with increasing glucose levels in the media. Accordingly, these results indicate 608 

that PBA as a glucose-response material is not only successful in regulating the in vitro release of 609 

MTF, but also able to regulate ex vivo permeation of MTF based on the increase in glucose levels. 610 



 611 

Fig. 7. Ex vivo permeation of DMN2 (MP-MTF-GR-DMN), DMN2 without PBA (MP-MTF-612 

DMN), and pure MTF-DMN in (A) PBS media, (B) PBS + glucose 1% media, (C) PBS + 613 

glucose 2% media, and (D) PBS + glucose 4% media. (means ± SD, n = 3). (E) Blood glucose 614 



levels of diabetic rat model following the administration of DMN, DMN without PBA, and pure 615 

MTF-DMN and MTF orally (means ± SD, n = 5). 616 

It is necessary to bear in mind that the dissolution time of DMN in the skin and the time 617 

required for metformin to be permeated entirely into the systemic tract were different. DMN may 618 

be dissolved in 15 minutes, but the encapsulation system of metformin in the form of 619 

microparticles can prolong the permeation time of metformin into the systemic tract. In addition, 620 

the glucose-responsive material in the form of PBA linked to the polymer constituent of the 621 

microparticles provides a permeation effect of metformin which is accelerated as the glucose level 622 

in the media increases.18 623 

In addition to considering the number of MTF that successfully permeated, flux was also 624 

an important parameter in determining the profile and permeation behavior of MTF. Flux is 625 

defined as the number of drug molecules from the preparation that is able to permeate through a 626 

barrier in a certain time.47,48 The results of flux calculations from formulas DMN2, DMN2 without 627 

PBA, and pure MTF in various media are listed in Table 3. Based on the data, the highest flux was 628 

obtained in pure MTF and there was no significant difference (p > 0.05) in pure MTF flux in each 629 

media. Meanwhile, the lowest flux was obtained in DMN2 without PBA (p > 0.05) and there was 630 

no significantly different between the media. DMN2 shows a decrease in flux than pure MTF, 631 

which shows a controlled release profile.49 The flux of DMN2 increased with increasing glucose 632 

levels in the medium, indicating that glucose levels affected the rate and MTF permeation profile 633 

of DMN2. This also proves that the presence of PBA in formula DMN2 could produce glucose-634 

sensitive permeation behavior. 635 

Table 3. Flux permeation of DMN2, DMN2 without PBA, and Pure MTF in PBA, PBS + Glucose 636 

1%, PBS + Glucose 2%, and PBS + Glucose 4% Media (mean ± SD, n = 3) 637 



Media 

Flux at 24 h (µg/cm2/h) 

DMN2 DMN2 without PBA Pure MTF-DMN 

PBS 0.871 ± 0.04 0.874 ± 0.06 7.534 ± 0.12 

PBS + Glucose 1% 2.122 ± 0.11 0.881 ± 0.07 7.614 ± 0.37 

PBS + Glucose 2% 3.301 ± 0.23 0.831 ± 0.08 7.630 ± 0.37 

PBS + Glucose 4% 4.974 ± 0.17 0.868 ± 0.06 7.869 ± 0.15 

3.16. In Vivo Study in Diabetic Rats. To determine the effect of glucose control resulting 638 

from the formula, in vivo study on diabetic rats was carried out (Figure 7E). In vivo study was 639 

carried out on five groups of animals, namely the healthy group (negative control), the diabetic 640 

group without treatment (positive control), the diabetic group that was given MTF orally, the 641 

diabetic group that was given DMN2, the diabetic group that was given DMN2 without PBA, and 642 

the diabetic group was given pure MTF-DMN. MTF oral group was given MTF at dose 100 mg/kg 643 

BW meanwhile all of DMN groups were given 6 patches with the total MTF load 453.48 µg. 644 

Diabetic induction was done by giving STZ injection. STZ injection causes glucose levels to 645 

exceed 400 mg/dL. In the positive diabetes group, a BGL of more than 400 mg/dL persisted until 646 

the end of the test. Meanwhile, in the healthy group, BGL was at normal levels (<200 mg/dL) and 647 

continued until the end of the test. 648 

MTF oral group was given metformin 100 mg/kg BW showed a decrease in blood glucose 649 

levels after 2 hours of administration with a minimum BGL at 104.31 ± 11.47 mg/dL achieved 650 

after 3 hours. Metformin given orally could maintain glucose levels <200 mg/dL for up to 4 hours. 651 

Meanwhile, the diabetic group given MTF-DMN showed a decrease in BGL that was achieved 652 

after 2 hours and could be maintained for up to 3 hours. The minimum BGL in the MTF-DMN 653 

group was 101.34 ± 9.12 mg/dL, achieved after 2 hours. The diabetic group given DMN without 654 



PBA also showed a decrease in normal glucose levels after 2 hours with a minimum BGL of 104.34 655 

± 11.48 mg/dL. However, this formulation could produce a more prolonged glucose control effect 656 

(5 hours) than oral metformin and pure MTF-DMN, indicating that the microparticle form could 657 

increase the prolonged MTF release. Hence, it could provide a longer glycemic effect. 658 

The combination of MP-MTF-GR with DMN was able to produce better glucose control. 659 

In addition to the prolonged MTF effect of the MP form, the presence of a GR ingredient, namely 660 

PBA, also produces a more controlled effect. PBA causes MTF to be more controlled according 661 

to glucose. The high BGL triggers the release of the MTF. The results of the glycemic control 662 

effect obtained were found to be longer. Administration of DMN2 produced a decrease in BGL 663 

after 3 hours and maintained normal BGL for 8 hours with a minimum BGL of 101.31 ± 11.28 664 

mg/dL. 665 

The result showed that the GR-MP-MTF-DMN formula can deliver metformin sufficiently 666 

to exert a glycemic control effect even with a reduced dose. Administration via DMN makes it 667 

possible to reduce the dose given because the DMN system could deliver drug particles efficiently 668 

to the systemic channel without losing the drug during the delivery.20 However, these results need 669 

to be supported by pharmacokinetic data to determine the dose of loaded metformin in the formula 670 

and the size of the patch applied to the patient. 671 

3.17. Hemolysis Test. The hemolysis test is an early-stage test conducted to determine the 672 

toxicity of newly developed pharmaceutical preparations. Hemolysis tests were carried out on 673 

several samples to ensure that each material used was not potentially toxic to erythrocytes.29 674 

Here, we performed hemolysis tests on the active substance MTF, the compound that 675 

composes the MP, the compound that is glucose responsive, and the compound that composes the 676 

DMN (Fig. 8.). The test result showed that water as positive control causes hemolysis, which is 677 



indicated by the color of the test results that changes to red which indicates that the erythrocyte 678 

sample is lysis and mixed with water. Meanwhile, PBS solution as negative control did not cause 679 

hemolysis which was indicated by the color of the solution that did not change. The same results 680 

were also obtained in all test samples. In addition, the calculation of the percentage of hemolysis 681 

in all samples obtained a value of less than 5%. It was found that all samples were not potentially 682 

toxic to erythrocytes.50 683 

Finally, in this research, a combination of GR-MP-MTF compounds was obtained, which 684 

is delivered through the optimal DMN system, which can deliver MTF efficiently and control its 685 

release with constituent compounds that are not toxic to the body's erythrocytes. 686 

 687 

 688 

 689 

 690 

 691 

Fig. 8. Hemolysis Result of MP-MTF-GR, MP-MTF-GR-DMN, and their component prepared 692 

Overall, we successfully developed a selective delivery MP of MTF for specific delivery in the 693 

hyperglycemic condition. The formulations were able to release MTF based on the concentration 694 

of glucose in the media. This could be beneficial to avoid the possibility of hypoglycemic which 695 

could be caused by the conventional oral administration. Furthermore, the incorporation of MP 696 

into DMN resulted in the formulation possessing adequate mechanical properties and insertion 697 

ability. Importantly, the ex vivo study showed the selective delivery of the MPs through 698 

transdermal administration. In addition, in vivo study showed the formula could decrease BGL in 699 

diabetic rats. Therefore, the combination approach developed in this study could potentially 700 
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become alternative delivery to the oral administration. To refine this concept, pharmacokinetic and 701 

pharmacodynamic studies are needed to determine the appropriate patch size given to the patient 702 

and the timing of subsequent use in multiple dose administration. In chronic condition like T2DM, 703 

it should be noted that the treatment would be done for long period. Therefore, the deposition of 704 

polymers in the skin should be considered. Several studies  show that PVP and PVA are 705 

biocompatible materials.51–53 Some studies focusing  on the application of DMNs containing 706 

insulin have shown that the polymers were deposited in the skin. 54,55 However, the deposition of 707 

the polymer following long term and repeated application has not been studied. It has been 708 

suggested that to avoid the high deposition of the polymer in the skin following the application of 709 

DMNs, biodegradable polymers with low molecular weight could be used. 54 710 

One of the critical points in the development of DMN system is the translation of this 711 

technology. It has been suggested that a cooperative collaboration between industry and academia 712 

regarding the line scale-up production and manufacturing of DMNs, particularly in 713 

pharmacopoeial standards and good manufacturing practice (GMP) guidelines. 56 Additionally, the 714 

sterilization issue of products that will be inserted into the skin, such as DMN, is undoubtedly 715 

something that needs to be considered. It was shown that even after repeated use on the skin, it did 716 

not interfere with the skin barrier function. In addition, the application of polymer-based MN 717 

formulas such as DMN and hydrogel-forming MN was found not to stimulate the humoral immune 718 

system.57 Furthermore, it has been reported that the administration of MNs did not cause any 719 

microorganism penetration across the skin. Accordingly, it could be estimated that the risk of 720 

infection should not be caused by the administration of MN. However, further study is required to 721 

investigate the sterility of this combination approach.  722 



With respect to the scaled-up manufacturing of this system, in this study, we used the micro 723 

molding method by utilizing centrifugation to remove bubbles and fill microholes perfectly. This 724 

method has proven to produce microneedles with perfect physical shape. However, it is undeniable 725 

that this fabrication method has limitations for scaled-up manufacturing. Therefore, it is necessary 726 

to reconsider the fabrication method for scaled-up manufacturing. One promising method is the 727 

fabrication method in the form of a double-penetration female mold (DPFM) combined with the 728 

positive pressure microperfusion technique (PPPT), showing that through this system, 729 

microneedles can be produced in large quantities, with optimal physical form.58  730 

In applying the microneedle, an applicator can ensure that the pressure applied to the 731 

microneedle is appropriate so that the needle can be inserted entirely into the stratum corneum. An 732 

example of a commonly used applicator is a spring-operated applicator specially designed for MN 733 

insertion.59 In addition, a previous study has provided an innovation in applying microneedle to 734 

the stratum corneum by using a pressure-indicating sensor film that would change color when the 735 

applied force reaches 30N, and the color would be more concentrated when given a greater force. 736 

Furthermore, the minimum pressure required to insert a microneedle array of 1 cm2 into the stratum 737 

corneum is 32 Ncm-2.57 738 

4. Conclusion 739 

In this study, MTF was successfully developed in the form of microparticles incorporated 740 

with glucose-response polymer using a combination of PBA and gelatin. The results of the 741 

physico-chemical evaluation, including entrapment efficiency, particle size, and characterization 742 

with various instruments, including FTIR, DSC, and XRD, showed that MTF was completely 743 

entrapped in PBA-gelatin polymer without changing its chemical structure. The in vitro release 744 

profile showed that this formula regulated the release of MTF dependent on glucose levels. 745 



Glucose-response-incorporated MTF microparticles were also successfully delivered through 746 

dissolving microneedle with a combination of PVA and PVP as polymers. The results of the 747 

physico-chemical evaluation of DMN showed adequate mechanical strength properties and 748 

penetration ability and stable DMN against environmental changes, including changes in humidity. 749 

Ex vivo permeation study of the developed formula shown permeation and release of MTF that 750 

occurs depending on glucose levels. Importantly, the combination approach developed in this 751 

study showed the significant blood glucose level in diabetic rats compared to other approaches. 752 

Thus, the combination of this system can be a solution as an alternative to MTF delivery to reduce 753 

gastrointestinal side effects and regulate the on-demand release of MTF, which depends on glucose 754 

levels to prevent the risk of hypoglycemia and increase the bioavailability of MTF. This system is 755 

promising to be further developed through in vivo testing and clinical testing, to increase the 756 

therapeutic effect of MTF and reduce its adverse side effects to increase the effectiveness of T2DM 757 

therapy.   758 
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