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Drug delivery & mathematical modeling

Mathematical theories applied to drug delivery represent an extremely interesting field of increasing academic and
industrial importance with tremendous consequences for the future due to the possibility of predicting and tuning
the release of drugs [1,2]. Thanks to significant advances in computer science and electronics, the optimization
of drug delivery systems using computational approaches can be expected to successfully improve the ease and
accuracy of application [3,4]. Similar to what is happening in other disciplines that seem far removed from the drug
delivery field, such as aviation or reactive systems, computational efforts are becoming fundamental to research
into future improvements in pharmaceutical technology (5,6]. Taking into consideration the type of administration,
the active principle of the cargo and the desired release kinetics, the predictions obtained from iz silico studies
can be used to estimate the optimized formulation, shape and manufacturing procedure of the dosage form to
be produced. In this respect, mathematical models used in the optimization of drug delivery devices can help to
save time and reduce expenses (7,8]. In fact, predictions obtained from theoretical studies can reduce the number
of experiments needed to develop or optimize drug delivery devices. Furthermore, the correct knowledge of all
the phenomena (mass and energy) that can take place in controlled drug delivery systems can be another key
point in convincing the audience of the importance of this study. In particular, it could help to improve the safety
and efficacy of new pharmaceutical therapies, which is a prerequisite for their development, underlining once
again the importance not only from an academic but also from an industrial perspective [9]. It is indeed true that
knowing what is happening in a system, instead of considering it as a ‘black box’, is fundamental in the whole
decision-making process, starting from the laboratory formulation and procedures through good manufacturing
practice (GMP) production to clinical trials and commercialization. This approach is fundamental in determining
which device characteristics are critical to achieving the system performance required by medicine. In the last
decades, many different models have been developed and are available in the literature [10-12], but most of them are
still lacking in ease and accuracy of operation. The pioneer of theories applied to the transport of drug molecules
through polymeric devices is Professor Higuchi (1918-1987), followed more recently by Professors Peppas and
Siepmann [10]. In 1961, Professor Higuchi published his famous equation, which allowed an unexpectedly simple
description of drug release using semi-empirical parameters depending on the geometry studied [13,14]. This was
the beginning of understanding how drugs could be released from pharmaceutical forms.

To date, many different models have been described, including semi-empirical /empirical models and mechanistic
realistic models. In the first case, the mathematics is purely descriptive and not strictly related to real natural, physical
and/or chemical phenomena. As a result, these models provide only very limited insight into the mechanisms of newlands
delivery through the devices, and their predictive ability is very low. However, they can be useful if the information press
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required is limited to a comparison between different delivery modes on a single parameter. Their use should
be approached with great caution if mechanistic conclusions are drawn or predictions expected. In contrast,
mechanistic mathematical models are developed considering real physical and/or chemical phenomena such as
diffusion, swelling and degradation (erosion or bulk-based) [15,16]. Moreover, in the last years, strong attention was
also dedicated to simulate what is happening in delivery systems where the release is driven by external stimuli like
pH, enzymes or hydrolysis of cleavable bonds [17). These different theories guarantee that system-specific parameters
are obtained, which enable a good understanding of the mechanisms behind drug release. Their use can, for example,
help to understand the relative importance of one of these phenomena compared with the others. Indeed, drug
delivery devices are not treated as a ‘black box’ but as real physical delivery systems. During product development,
these theories allow quantitative prediction of the role of material, formulation and process parameters on the
resulting drug delivery. Therefore, information on the geometry, size and composition required to achieve specific
device performances is predictable. In addition, problems encountered during device manufacture can be addressed
knowing exactly what is happening in the delivery systems. When developing mathematical models to simulate
and then predict the release of drug molecules from pharmaceutical devices, various aspects should be considered:

- In order to obtain an accurate mathematical model, it is generally necessary to increase the complexity, so as a
rule, more phenomena are considered and more realistic predictions can be obtained as a result. However, great
care should be taken to avoid overly complex models in which negligible mechanisms are also considered. This
is because these theories are difficult to use as they require many parameters that are not easy to measure (from
experiments). Therefore, when developing new theories, a great deal of effort should be put into understanding
the system, and consequently only the physico-chemical phenomena that play a key role should be considered.

- It is necessary to compare the outcomes obtained from 77 silico studies with experimental results. There are two
possible types of comparison: models fitted with experimental results or compared with results obtained from
experiments independently of calculations. In the first case, some model parameters are optimized to minimize
the discrepancy between models and experiments. This approach should be used with great caution because good
agreement will be found even if the model is not well written and robust, especially when fitting many different
parameters at the same time.

This can cause errors in the decision-making process because the predictions are not reliable. Therefore, to avoid
this problem, it is strongly recommended to fit only one parameter at a time, using a minimum of 10 points obtained
from experiments. If the ficting involved experimentally measured kinetic data, it is extremely important to take
into account the entire profile and not only a portion (e.g. burst release, plateau or intermediate phase). The second
case, which is much more reliable and generic, is the comparison between model predictions and experimental
results, both obtained independently. In this framework, all the specific (physical and chemical) parameters of the
system are fitted using different experimental results. When all the required parameters are known, the impact of
formulation, microstructure and processing parameters are predicted 77 silico to tune device performance (e.g. drug
molecule delivery kinetics). Consequently, the decision-making process can take place during the manufacture of
a final device, where the predicted performance is verified by experiments and, if necessary, tuned;

- The absence of a generic model valid for all the controlled delivery systems. Depending on the assumptions
made, some of them can be applied to a limited number of devices, while others can be applied to a wider range
of them.

- Even if there is good agreement between independent results obtained from experiments and mathematical
calculations, the advice is to be very prudent. Indeed, it is obvious that a mathematical model is a good
simplification of a real system, and so it is fundamental to avoid oversimplification and try to use the same models
for different systems (see advice on generic models above).

Can mathematical models improve the performance of drug delivery devices?

Mathematical models play a key role in the in-depth knowledge of all the transport phenomena that lie behind the
release of active ingredients from controlled drug delivery systems. The proper design of controlled drug delivery
devices is helped by the use of mathematical predictions, which can be derived from very simple and empirical
models or from probabilistic or molecular models [18,19]. Indeed, starting from the use of transient descriptions and
steady state of mass transport using Fick’s law, the theories have considered micro-scale properties such as polymer
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microstructure, relaxation of polymer chains, glass/rubber transitions, crystallinity of polymers and effect in the
environment together with macro-scale device properties such as shape and geometry. One of the key gaps between
experiments and mathematical theories that still remains in the field of drug delivery is the need to find and measure
transport, thermodynamic and molecular properties with a high degree of accuracy. To solve this problem, efforts
should be devoted to a fruitful collaboration between experimental studies (material and analytical) and theoretical
ones, with the ultimate aim of filling this gap. In general, kinetic data from release studies are used to compare
theory with experimental results.

These data represent the cumulative effect of various physical and chemical phenomena and polymer properties
and structures. It therefore makes sense to validate the models against experiments that measure these microstructure,
interaction and mass transport phenomena. In this context, for example, microscopy (scanning electron and
transmission electron), nuclear magnetic resonance and mechanical properties should be used to measure polymer
microstructures and compare them with mathematical models. The key weakness of this models is that they can
properly simulate what is happening iz vitro but to allow reliable prediction of what is happening iz vivo also
pharmacokinetics and pharmacodynamics contribution should be considered. These contributions complicate the
theories and so the mathematical equation that should be used. A novel frontier is so represented by a proper
consideration of all the mechanisms that take place within the human body when a pharmacological active
ingredient is administered. In addition we should underline that the next generation of drug delivery systems will
focus on the delivery of cargo to specific targets within cells to a lesser extent. These include the need to deliver
pharmaceutics to organelles to regulate degenerative diseases, DNA to nuclei to tune gene expression and antigens
to cytosolic sites as systems for vaccine delivery. For all these possibilities, there is a great need to understand the
key players in the delivery phenomena of both the intracellular and extracellular compartments. Mathematical
theories can so play a key role in improving the rational design of release systems that can deliver the right amount
of their content at the right time and in the right place 20]. Today, many of the drug delivery models currently in
use focus on the release of active ingredients with a low molecular weight, but the next frontier is the transition to
biomolecules such as proteins or antibodies. Here, in-depth modeling activities are required to study and optimise
their possible modification caused by manufacturing methods or interactions with the carrier during their release.
To summarize, the correct use of mathematical models can optimise the number of experiments required and help
develop formulations to improve the pharmacodynamic (efficacy) and pharmacokinetic (adsorption, distribution,
metabolism and excretion) effects associated with new pharmacological therapies.

Author contributions
F Rossi wrote the first draft of the manuscript. F Pizzetti, G Perale and M Masi contributed to the final version of the manuscript.
All authors provided critical feedback.

Financial disclosure

The authors have no financial involvement with any organization or entity with a financial interest in or financial conflict with the
subject matter or materials discussed in the manuscript. This includes employment, consultancies, honoraria, stock ownership or
options, expert testimony, grants or patents received or pending, or royalties.

Competing interests disclosure
The authors have no competing interests or relevant affiliations with any organization or entity with the subject matter or materials
discussed in the manuscript. This includes employment, consultancies, stock ownership or options and expert testimony.

Writing disclosure
No writing assistance was utilized in the production of this manuscript.

References

Papers of special note have been highlighted as: e of interest; ®e of considerable interest
1. Gao]J, Karp JM, Langer R, Joshi N. The Future of Drug Delivery. Chem. Mater. 35, 359-363 (2023).

2. Bisotti F, Pizzetdi F, Storti G, Rossi F. Mathematical modeling of cross-linked polyacrylic-based hydrogels: physical properties and drug
delivery. Drug Deliv. Transl. Res. 12, 1928-1942 (2022).

3. Casalini T. Not only 77 silico drug discovery: molecular modeling towards iz silico drug delivery formulations. /. Control. Release 221,
390-417 (2021).

Commentary

Taylor & Francis
Taylor & Francis Group

10.4155/tde-2023-0125



Commentary Pizzetti, Perale, Masi & Rossi

20.

of interest.

Jayasinghe MK, Lee CY, Tran TTT ez al. The Role of iz silico Research in Developing Nanoparticle-Based Therapeutics. Front. Digit.
Health 4, 838590 (2022).

Menshutina N, Abramov A, Mokhova E. Mathematical and Computer Modeling as a Novel Approach for the Accelerated Development
of New Inhalation and Intranasal Drug Delivery Systems. Computation 11, 136 (2023).

Iftime MM, Dobreci DL, Irimiciuc SA, Agop M, Petrescu T, Doroftei B. A theoretical mathematical model for assessing diclofenac
release from chitosan-based formulations. Drug Delivery 27, 1125-1133 (2020).

of interest.

Boso DP, Di Mascolo D, Santagiuliana R, Decuzzi P, Schrefler BA. Drug delivery: experiments, mathematical modeling and machine
learning. Comput. Biol. Med. 123, 103820 (2020).

Trucillo P. Drug Carriers: A Review on the Most Used Mathematical Models for Drug Release. Processes 10, 1094 (2022).

Lavezzi SM, Borella E, Carrara L, De Nicolao G, Magni P, Poggesi I. Mathematical modeling of efficacy and safety for anticancer drugs
clinical development Expert Opin. Drug Discov. 13, 5-12 (2018).

Siepmann J, Peppas NA. Modeling of drug release from delivery systems based on hydroxypropyl methylcellulose. Adv. Drug Deliv.
Rev. 48, 139-147 (2001).

of considerable interest.

Lin CC, Metters AT. Hydrogels in controlled release formulations: network design and mathematical modeling. Adv. Drug Deliv.
Rev. 58, 1379-1408 (2006).

of considerable interest.

Arifin DY, Lee LY, Wang CH. Mathematical modeling and simulation of drug release from microspheres: implications to drug delivery
systems. Adv. Drug Deliv. Rev. 58, 1274-1325 (2006).

Higuchi T. Physical chemical analysis of percutaneous absorption process from creams and ointments. /. Soc. Cosmet. Chem. 11, 85-97

(1961).

Higuchi T. Rate of release of medicaments from ointment bases containing drugs in suspensions. J. Pharm. Sci. 50, 874-875 (1961).
of considerable interest.

Siepmann J, Siepmann F. Mathematical modeling of drug delivery. Inz. J. Pharm. 364, 328-343 (2008).

Peppas NA, Narasimhan B. Mathematical models in drug delivery: how modeling has shaped the way we design new drug delivery
systems. J. Control. Release 190, 75-81 (2014).

of interest.

Pontrelli G, Toniolo G, McGinty S, Peri D, Succi S, Chatgilialoglu C. Mathematical modeling of drug delivery from pH-responsive
nanocontainers. Comput. Biol. Med. 131, 104238 (2021).

Katiyar RS, Jha PK. Molecular simulations in drug delivery: opportunities and challenges. Wiley Interdiscip. Rev. Comput. Mol. Sci. 8,
¢1358 (2018).

Bhattacharjee S. Understanding the burst release phenomenon: toward designing effective nanoparticulate drug-delivery systems. 7her.
Deliv. 12, 21-36 (2021).

Fatima R, Sharma M, Dhiman A, Arora A, Mudila H, Prasher P. Targeted delivery of fenamates with aminated starch. 7her. Deliv. 14,
183-192 (2023).

10.4155/tde-2023-0125

Taylor & Francis
Ther. Deliv. (Epub ahead of print) Taylor &Francis Group




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 400
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 400
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'PPG Indesign CS4_5_5.5'] [Based on 'PPG Indesign CS3 PDF Export'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks true
      /BleedOffset [
        8.503940
        8.503940
        8.503940
        8.503940
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions false
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 600
        /LineArtTextResolution 2400
        /PresetName (Pureprint flattener)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.835590
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


