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ABSTRACT

Microneedle arrays are patches of needles at micro- and nano-scale, which are competent and versatile technologies that have been merged
with microfluidic systems to construct more capable devices for biomedical applications, such as drug delivery, wound healing, biosensing,
and sampling body fluids. In this paper, several designs and applications are reviewed. In addition, modeling approaches used in micronee-
dle designs for fluid flow and mass transfer are discussed, and the challenges are highlighted.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0121578

I. INTRODUCTION

Microneedle arrays (MNAs) have been gaining much attention
over the past decade due to their advantages over conventional
systems. For example, the minimally invasive nature of MNAs
makes them suitable setups for biological fluid extraction and
in situ analysis.'~ In addition, with decreased administration pain,
MNAs offer a solution to needle phobia; for instance, 144 patients
subjected to both venipuncture and MNA blood sampling stated
that they had significantly less pain associated with MNAs than
standard venipuncture.” In addition to being less painful, MNAs
utilized for wound healing demonstrated shorter times for healing
and wound closure.”® Furthermore, MNAs have been used in drug
delivery procedures for several purposes, such as birth control,”
vaccine administration,® and cancer therapy.” Also, MNAs have
been reported to improve vaccination immunogenicity and thermo-
stability while decreasing vaccination costs.'™'" With an estimated

annual growth rate of 7.8%, the market size for MNA drug delivery
systems is expected to reach $9.1 x 10° billion by 2027, approxi-
mately one-fifth of the entire drug delivery market.'”"”
Microneedles can be solid,'* hollow,'” dissolving,16 or coated,'” and
they can be made utilizing various materials, such as metals,'®
polymers,'” and inorganic materials,”’ depending on their applica-
tion purposes.

Drug and cell delivery with detachable MNAs are reported as
simple, painless, minimally invasive, user-friendly, and effectively
targeted procedures.'”~>’ Unique mechanical characteristics of flex-
ible substrates, such as polymeric MNAs,”**” enable their conform-
ability for attachment to different surfaces of the human body.”*
The participants in a study to determine the sentiments and
thoughts of both the public and healthcare professionals regarding
the use of MNAs in clinical practice thought self-administration of
microneedle therapies could be advantageous in lessening visits to
hospitals or clinics.”” Patients can administer microneedles at
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point-of-care (POC) without the assistance of healthcare profes-
sionals and with minimal pain.”’ The capacity to release chemicals
gradually for controlled drug delivery provided by MNAs encour-
ages the prospective use of MNAs for long-term therapies. In addi-
tion to enabling a minimally invasive injection experience, MNAs
can help with the advancement of wearable sensors’' (with adher-
ent MNA patches) for continuous health monitoring, leading to
early disease detection, improving the rate of success of medicines,
lowering healthcare expenses, and finally advancing society’s well-
being, which results in an acceleration of the adoption and com-
mercialization of MNAs.™

After the invention of the soft lithography method using poly-
dimethylsiloxane (PDMS) by George Whitesides,”” microfluidic
systems have been extensively utilized for biological and chemical
experimentation,”’ " such as Polymerase Chain Reaction (PCR)
enrichment,’”® DNA assay dilution,” and transcriptome sequenc-
ing.”® Not only can microfluidic devices be biocompatible,”' ™’
optically transparent, and high-throughput systems but they also
require low volumes (microliters or nanoliters) of the sample to
operate.”””*™*! Microfluidic systems combined with electrical and
optical detection systems facilitated the emergence of POC diagnos-
tic devices; for example, Abbott i-STATT is a commercialized POC
device to analyze blood gases using biosensors."* Since both MNAs
and microfluidic systems reap the benefits of laminar flow, such as
moving particles in specific streamlines, combining them is emerg-
ing to enable the fabrication of advanced setups for biosensing of
interstitial fluid (ISF) and blood biomarkers, drug delivery, and
wound healing.””™*® MNAs integrated with microfluidic systems
provide an easy-to-use experience and pave the way for a decentral-
ized healthcare system, eliminating the need for healthcare profes-
sionals for diagnostics and therapeutics.”*™*

Mathematical models combined with high-fidelity computa-
tional methods have been employed to simulate experimental con-
ditions in the design stage of the proposed systems. The fluid flow
involved in microneedle applications is usually laminar, so it is well
described by the Navier-Stokes equations. Furthermore, the inertial
effects are often negligible, so even the Stokes equations can be reli-
ably used in the analysis. The modeling becomes complicated
mainly due to the multi-physics effects, such as non-homogeneous
and subject-dependent tissue structure with porosity and
non-Newtonian behavior of biological fluids. Despite these chal-
lenges, the computational methods have been successfully used to
analyze flow in microchannels integrated with MNAs using various
models ranging from the simplified one-dimensional flow resis-
tance model (i.e., the modified Bernoulli equation) to the solution
of the full Navier-Stokes equations for testing the scenarios in the
design stage as well as examining the performance of the final
design. Machine Learning (ML), one of the subcategories of
Artificial Intelligence (AI), has also emerged to predict and opti-
mize certain parameters in MNA systems to control flow character-
istics.”’ ML uses statistics theory for mathematical model building,
and a computer program executes the learning procedure.”*™>* For
instance, by integrating ML with microdroplet-based microfluidic
systems, the flow rate was controlled to generate droplets.”” For the
devices integrating MNAs with microfluidic chips, modeling fluid
flow characteristics both in the stratum corneum where the MNA
is inserted and in the microfluidic channels where fluid transport
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occurs is important in order to accomplish optimum designs.” ™

In addition, accurate modeling before fabrication leads to decreased
time and financial costs for extra experiments.”’

In recent literature, the structural mechanics of MNAs and
their drug diffusion properties have been reviewed. For example,
case studies of microneedle solid mechanics simulations and drug
diffusion equations were reviewed,”” while another study discussed
mathematical modeling of dermal diffusion and the stratum
corneum.’® Other reviews also have presented the deformation
modeling of solid microneedles and the simulation of drug concen-
tration of coated microneedles through the skin,”” summary of key
considerations for designing microneedle systems, including needle
mechanics and fluid flow,”” and the geometry of MNAs and solid
mechanics modeling of skin tissue.”’ Additionally, penetration
enhancement techniques through various drug diffusion mathemat-
ical models were reviewed in a work,®” and last, mathematical for-
mulations for fabricating microneedles using drawing lithography
techniques were reviewed as well.”” Although previous literature
has reviewed various modeling approaches for the structural design
and drug diffusion properties of microneedles, the fundamental
mathematical principles of fluid transportation in MNAs integrated
with microfluidic systems, as well as the simplifying assumptions,
validity, and limitations of these models for microchannels and
microneedles, have yet to be fully explored. A comprehensive
understanding of the underlying physical principles of fluid flow
and mass transfer through microchannels, different types of micro-
needles, and the interaction with skin tissue is crucial for research-
ers to accurately simulate and design integrated systems efficiently
and cost-effectively. In this study, microneedle applications are
reviewed with a focus on fluid administration applications, such as
interstitial fluid sampling, biosensing, drug delivery, and wound
healing. Next, the modeling and analysis of drug delivery and fluid
sampling are reviewed. In particular, we review the simplified one-
dimensional flow resistance models (the modified Bernoulli’s equa-
tion), the viscous-dominated flow (the Stokes flow), the modeling
of porous walls (Darcy’s law), and diffusive mass transfer (Fick’s
law) applied to flow and mass transfer in MNAs integrated with
microfluidic channels, and present some analytical solutions that
are relevant for the microneedle design. Microfluidic chips inte-
grated with MNAs have the potential to enable advanced healthcare
setups.

Il. EMERGING APPLICATIONS
A. Interstitial fluid (ISF) sampling

Owing to their minimally invasive nature, microneedles were
employed for extracting biomarkers from ISF and for continuous
biosampling for long-term healthcare monitoring, such as glucose
tracking.”* In a combined form of the MNA and microfluidic chip,
a porous and flexible PDMS MNA with a “sponge-like” structure
was designed to increase the durability in long-term use. The skin
of a mouse was punctured, and ISF was extracted continuously
with porous PDMS MNA. For the purpose of improving the sharp-
ness along with increasing the mechanical strength of the MNAs,
the porous PDMS MNAs were coated with hyaluronic acid (HA).
However, upon filling the microneedles with ISF, the changes in
the glucose measurements were not being tracked accurately. As a
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result, a microfluidic chip was integrated with an open capillary
pump, which was continuously sampled with MNAs. In order to
have a compensated capillary connection between the pores of the
MNA and the microchannels, interconnecting channels were
designed inside the chip. These microchannels were merged into
one channel where the glucose sensor was placed. The fabricated
porous MNAs were then utilized to extract phosphate-buffered
saline (PBS) from an agarose gel model, followed by the direct col-
lection of the fluid through the microfluidic chip utilizing capillary
action. It was demonstrated that reducing the hydraulic resistance
of the fluidic system, including the porous MNAs and the micro-
fluidic chip, was necessary to obtain adequate flow rates for contin-
uous monitoring of glucose.

Another ISF sampling study for glucose monitoring purposes
was designed as a microfluidic chip that integrates microchannels
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with MNA [Figs. 1(a) and 1(b)]."” The fluid flow from the MNA
into the channels was enabled by capillary action using an imbal-
ance of the intermolecular forces at the interface. The integrated
MNA and channels consisted of a silicon/glass bilayer chip, and a
reservoir that was connected to the hollow MNA located on the
silicon wafer’s backside. The contact angle between the liquid and
solid was reduced to a minimum to keep the capillary force at the
maximum amount, which, however, led to discontinuity and force
imbalance. To overcome this problem, a continuous surface was
provided beyond the opening of the microchannel, and the vent
from the needle part was designed in such a way that a section of
the circular exit hole wall was enlarged to touch the glass lid. It was
demonstrated that the silicon MNAs were appropriately sharp to
pierce into the epidermal multilayer and were suitably robust to
endure repeated penetrations. Test results showed that although
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FIG. 1. Microneedle arrays (MNAs) are used in conjunction with microfluidic devices for sampling and diagnostic applications. (a) Capillary action was used to fill the inte-
grated microneedle—microchannel device with non-biological [glycerol, surrogate interstitial fluid (ISF), ethanol, and water] along with biological (ISF and whole blood)
fluids. A silicon/glass bilayer chip and a reservoir for samples of the fluids were connected to the hollow MNA on the backside of the silicon wafer by one or more micro-
channels in the integrated MNA. The channels were transparently sealed to allow visual inspection during and after filling, and certain holes were drilled into the glass
cover to access the reservoir. (b) A collection of photographs taken through the glass lid showed the channel filling from MNA, and the schematic depicts the difference
between pressure-driven flow and surface tension-driven flow. When the needle tips touched the fluid’s surface, all fluids flew into the microchannels. There is a 20-30 min
latent time required to generate adequate ISF to fill the microneedle’s borehole. (c) Schematics of a one-touch-activated blood multi-diagnostic system (OBMS). The struc-
ture of the OBMS, diagram of the paper-based multiplex sensor consisting of the sample pad, asymmetric polysulfide membrane, nitrocellulose membrane, and reaction
zones. (d) In vivo glucose and cholesterol blood testing is initiated by a single touch. Administration of the one-touch-activated blood multidiagnostic system (OBMS) in the
ear artery of a rabbit. The last image illustrating the color change was obtained after 5 min. Subfigures (a) and (b) were adapted with permission from Mukerjee et al.,'
Sens. Actuator A 114(2-3), 267-275 (2004). Copyright 2004 Elsevier B.V. Subfigures (c) and (d) were adapted with permission from Li et al.” Lab Chip 15(16), 3286-
329292 (2015). Copyright 2015 Royal Society of Chemistry.
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capillary forces could be used for ISF sampling, an initial latent
time of 20-30 min was required in order for the backside channels
and the microneedle’s borehole to be filled with adequate ISF.

In another study, an epidermal wearable device that integrated
an MNA with an iontophoresis (IP) process for a pristine class of
nasopharyngeal carcinoma (NPC) monitoring and prognosis was
proposed.”” The device was combined with hydrogel microneedles
and reverse IP for sensitive label-free detection of NPC biomarkers,
i.e., Epstein-Barr virus cell-free DNA (EBV CfDNA). The platform
consisted of a spray-gun deposited functional Au@carbon nano-
tube, an EBV CfDNA isolation control, hydrogel MNAs, a detec-
tion control unit, and a recombinase polymerase amplification
(RPA) electrochemical microfluidic biosensor. The device was
capable of isolating targeted cell-free DNA from the ISF by facilitat-
ing human body heat in ~10 min. The maximum capturing effi-
ciency of the system was more than 95%, and the threshold of
isolation was sensitive to 5 copies per uL. As a compact, wearable,
and adaptable platform, it also collected and detected EBV CfDNA
on immunodeficient tumor-bearing mice.

Another study demonstrated the use of EBV CfDNA as a
model to explore the possible uses of a wearable MNA paired with
an electrochemically flexible microfluidic technology for recombi-
nase polymerase amplification (RPA) testing for circulating cancer
DNA identification.”® The functionalized MNA for EBV CfDNA
sampling from ISF and the flexible electrochemical microfluidic
setup for analysis of EBV CfDNA quantification made up the
device, which incorporated detection and sampling of EBV DNA.
The functionalized hydrogel MNA grew when ISF was absorbed
into the epidermal layer of the skin. Then, using a double spatially
oriented recognition effect based upon an initial triple helix and a
secondary methylene blue (MB) ligand intercalation, the EBV
CfDNA biomarkers of ISF freed from nasopharyngeal carcinoma
tumor cells beneath the epidermal layer of skin were collected onto
the facet of the MNA matrix. The MNA and the collected EBV
CfDNA were then stripped from the skin and carried to the flexible
electrochemical microfluidic setup in order to execute quantitative
detection. Quantitative detection for EBV CfDNA testing was
enabled by utilizing adaptable wearable technologies and an RPA
electrochemical platform.

Another finger-actuated hollow MNA platform was pro-
posed for body fluid sampling in which fluid flow, transport of
fluid through the device, and collection of fluid were simulated
using a finite element model.”’ This device included an MNA
that was connected to a microfluidic chip consisting of a
dome-shaped button for actuation by a finger. This actuation
provided the required force for the flow of fluid from MNA to
the reservoir. The MNA consisted of 100 hollow microneedles in
a square array with a 700 um height, an 80 um tip diameter, and
a 300um base diameter for each microneedle. The proposed
MNA was connected to a duct that ushered the extracted fluid to
the reservoir via two channels. The extracted fluid amount was
studied along with mass flow rate curve generation at the reser-
voir, and six different scenarios were simulated at varying boun-
dary conditions for two fluids of the human body: blood and ISF.
The simulation results demonstrated that the device was able to
extract around 15.5 g of human blood and 77.4 x 10° ul of ISF in
1 min, respectively.

scitation.org/journal/bmf

B. Biosensing

MNAs integrated with microfluidic systems can be used in
biosensing applications, as reported in a study in which a horizon-
tal biosensor MNA was used for measuring molecular interactions
between a small number of molecules and detecting proteins and
nucleic acids.”” Two horizontally placed microneedles faced each
other with a microchannel between them, and electronic sensing
was used to detect biological interactions. The horizontally placed
microneedle structure consisted of three layers of the thin film: an
insulator layer, which was placed between two conductive layers,
and an oxide layer to protect above and below sensors, which
prevented the exposure of electrodes to the solution.
Phosphate-buffered saline (PBS) was inserted into the microchan-
nel, and the measured impedance was considered a baseline for all
subsequent measurements. Afterward, biotinylated Bovine Serum
Albumin (BSA), acting as a protein receptor, was injected into the
microchannel, which led to managing the exact value of measure-
ments for three iterations. A concentration of 100ug/ml was
reported for the biotinylated BSA solution that was suspended in
PBS. According to the reported equation, there were about
2400 molecules attached to the sensor’s surface.

Another research reported a MNA biosensor for detecting pH,
glucose, and lactate in tissue environments simultaneously.”” The
MNA, which consisted of hollow microneedles, was fabricated with
a dynamic light micro-stereolithography system in which several
openings were created using a CO, laser ablation in the top insula-
tion layer of the flexible flat cable that exposed the underlying con-
ductors. A laser-ablated single-sided polyester tape with
well-defined patterns was also used, which corresponded to the
flexible flat cable openings and was aligned and adhered to the flex-
ible flat cable. A second layer of tape, which was adhesive-coated,
double-sided, and laser-ablated, was used to link the MNA to the
flexible flat cable, which enabled a microfluidic microchannel for
the sample. Rhodium-modified carbon pastes have been considered
for detecting glucose and lactate, and microneedle paste electrodes
were created by chemically depositing Fast Blue RR diazonium salt
for detecting pH. With this technique, each electrode could be con-
nected to a single conductor of the flexible flat cable, which was
interfaced with a circuit board using a connection with a low inser-
tion force. A material that restricted macrophage adherence over
48 h was placed on the acrylate-based polymer used to make micro-
needles. It was demonstrated that the designed MNA detected pH,
lactate, and glucose changes selectively, indicating that they could
be used to characterize complicated biological environments.

For Human Immunodeficiency Virus (HIV) detection, a
microelectromechanical system (MEMS) microfluidic system was
designed with a combination of a MNA consisting of sharp-edged
microneedles in order to minimize penetration pain and skin resis-
tance, and a microfluidic channel to direct the flow of blood
samples through the MNA.”” The microfluidic channel was
designed with thousands of constrictions coated with anti-human
CD4 monoclonal antibodies for capturing CD4 T+, which is used
to detect HIV in the human body. The proteins’ adsorption
occurred when more energy was released than was gained via the
MNA to trap CD4 T+ cells with the constrictions in the microflui-
dic channel. Then, an alternating current (AC) impedimetric
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analysis method was used to detect CD4 T+ cells in the channel
based on the frequency shift of the input signal. A linear approach
was demonstrated to model the AC impedimetric system, which
was represented by resistor and capacitor elements. The number of
resistor—capacitor elements presented in the equivalent electrical
circuit of the microchannel was related to the number of CD4 T+
cells adsorbed in the entire microchannel; hence, the possibility of
determining the CD4 T+ cells by electrical determination was
demonstrated. The output voltage from the voltage converter to
frequency was processed in the model, as well as conditioning cir-
cuits to identify the CD4 T+ count, resulting in detecting HIV in
the body.

In another study, a POC diagnostic system that facilitated
hollow MNA combined with a microfluidic system that contained
lithium heparin as an anticoagulant was designed for painless auto-
mated capillary blood sample collection and storage for on-site
testing of hemoglobin A1C.* The MNA that consisted of 30 micro-
needles with 350 um width, 50 um thickness, and 1000 um length
was considered for the device. The MNA puncture sites were
exposed to vacuum, which promoted localized blood flow,
expanded the puncture sites, and significantly raised blood flow
rates. As blood emerged from the MNA puncture sites, the sample
was collected by the microneedles and mixed with anticoagulant in
three steps: (i) in the immediate vicinity of the puncture sites, a
capillary ring came into contact with the blood and wicked it from
the skin into the device; (ii) the capillary ring’s dried anticoagulant
was slowly dissolved by the blood as it entered the device; and
(iii) the anticoagulant was uniformly distributed into the sample
during sample collection due to mixing elements in a flow channel
that connected the capillary ring to the sample collecting reservoir.
The results that were gathered from 144 participants in a clinical
setting show that hemoglobin A1C measurements were equivalent
for both venous blood and device-collected samples. Moreover, pre-
market clearance was given to the developed device by the United
States Food and Drug Administration.

Another work integrated a single hollow MNA with a low-cost
paper-based sensor, which led to a One-touch-activated Blood
Multi-diagnostic System (OBMS)."” Blood collection, serum sepa-
ration, and in vivo cholesterol and glucose diagnosis were all dem-
onstrated in this device [Figs. 1(c) and 1(d)]. A biocompatible film
made of parylene was coated on the hollow microneedle’s inner
and outer surfaces to improve biomedical compatibility. The soft
lithography method was used to fabricate a touch switch with
PDMS as the mother material, which contained a cylindrical
chamber. The working mechanism of the paper-based sensor for
multi-diagnosis blood sampling was represented in three stages:
blood sample collection, blood cell separation, and biomarker
detection. A one-touch finger press initiated the sample collection
into the sensor’s chamber and then went to the sample pad. The
serum was then separated from the sample and transported into
the reaction zones using an asymmetrical polysulfone membrane.
The chamber volume was optimized to collect blood samples of
approximately 30 ul as the blood sample was collected via negative
pressure induced by the self-recovery of the deformable PDMS
cylindrical chamber. OBMS was applied to a rabbit ear artery, and
color change was observed in 5 min. The results demonstrated that
the volume of the deformable PDMS touch-switch could be used to

scitation.org/journal/bmf

control the operational blood sample volume. Furthermore, by
selecting the appropriate raw materials and creating the correct
paper sensor pattern, the flow rate could be controlled.

The reproducible insulation, sensor modification, and sealing
operations provide significant technological challenges for micro-
needle sensors.”’ While accurate liquid dispensers and carefully
regulated spray coating techniques could be used to reliably modify
microscale sensors with polymers and bioreagents, well-defined
masking procedures are required to specify the electrode region.
Foreign body response and biofouling are among the challenges
that hinder the MNA biosensors’ ability to operate on the body for
a long period of time.”' Potential solutions exist for this problem
by using fine-tunable polymeric protective coatings to prevent
surface-active macromolecules at the tissue-device interface.”’
Another approach for improving the long-term stability of MNA
biosensors is to sequentially expose and activate each sensor using
a variety of subarrays with different transient coating thicknesses.”’

C. Drug delivery and wound healing

Both tiny chemicals like lidocaine and macromolecules like
proteins can penetrate into the tissue under the skin with the use
of microneedles, which can make microholes on the skin surface by
penetrating the outermost skin layer.”” The transdermal delivery
method based on microneedles is a self-manageable, patient-
friendly, and effective administration route for drug delivery and
wound healing applications because the length of these micronee-
dles is a few hundred micrometers and the penetration depth is
small enough to avoid the lower reticular dermis’s nerve recep-
tors."” An elaborate hollow microneedle design was proposed with
the purpose of mixing multiple molecules for drug delivery
(Fig. 2).”% In order to enable programmable drug administration in
combinational therapy-based applications, a 3D-printed structure
with a hollow MNA and a hydrodynamic mixing module linked to
it [Fig. 2(a)] allowed for the modification of the input fluid flow
rates of the solutions. The device was used to inject model drug
molecules, rhodamine B, fluorescein isothiocyanate, and methylene
blue, into porcine skin [Fig. 2(b)]. The characterization results
revealed that the composition of the delivered fluid as well as the
homogenized mixing of several reagents at the outlet can be
achieved by controlling the injected flow rates at the inlet
[Fig. 2(c)]. The device proved useful in preclinical studies on com-
binational medication therapy, where the in situ mixing of several
pharmaceuticals and the adjusting of their physicochemical proper-
ties proved effective in ways that were superior to those of premixed
or single agents alone.

For drug loading and delivery purpose, a disposable and flexi-
ble microneedle fluidic system was developed consisting of five
layers."” The first layer was a micropump that could also act as a
storage chamber. The second and third layers had cavities and two
holes to form check valves. The fourth layer had a microfluidic
channel that contained four crescent openings for the purpose of
drug delivery. Finally, the fifth layer had a MNA that could pene-
trate the stratum corneum layer of the skin and create microchan-
nels in the tissue. The drug was loaded into the microfluidic system
by micropumps, flowed to the top-side of the microfluidic system
through the connection microchannel, and then flowed through
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FIG. 2. 3D printing of microfluidic-integrated hollow MNAs for transdermal drug delivery. (a) Design of the setup, which was fabricated with an SLA 3D printer.
(b) Characterization of ex vivo transdermal delivery of the model drugs (Rhodamine B, methylene blue, and fluorescein isothiocyanate,) to porcine skin in the experimental
setup with confocal scanning laser microscope (CLSM) imaging. (c) Mixing characterization using microscopic images of the 3D spiral chamber’s inlet junction and outlet
under different ratios of flow rate for solutions of red-dyed, clear, and blue-dyed (Q1:Q2:Q3). The results of the characterization demonstrated that by regulating the injected
inlet flow rate, the composition of the delivered fluid along with the homogenized mixing of various reagents at the outlet can be achieved. Adapted from Yeung et al.,”®
Biomicrofluidics 13, 064125 (2019), licensed under a Creative Commons Attribution (CC BY) license.

crescent openings. The tissues under the skin were then given these
drugs after they were delivered through the microchannels made by
the microneedles. The MNA was applied to a skin sample of a rat,
and for staining the skin surface, methylene blue solution was used
to test the penetration capability of MNAs. The stained dots
revealed that the inserted microneedles successfully created micro-
channels since the methylene blue solution diffused into the pene-
trated holes.

Another combination of easy-to-fabricate, intelligent, origami
silk fibroin microneedle-structured dressing (i-SMD) with a drug
delivery system and a biosensor was developed in which a con-
trolled drug release was accomplished by employing
N-isopropylacrylamide (NIPAM) hydrogel and inverse opal (I10)
photonic crystals (PCs) for enhancing fluorescence intensity to
increase system sensitivity.” The patterned microfluidic channels on
the flexible substrate utilized multiple inflammatory factors for

sensing, ie., interleukin 6 and C reactive protein. Moreover,
motion sensing was accomplished at varying bending angles by
capturing and monitoring the motion frequency of the finger,
wrist, and elbow using microelectronic circuits integrated on the
i-SMD. The system was tested on full-thickness cutaneous
wounds in diabetic mice, and wound healing occurred in 12 days.
The results showed that the flow velocity could be controlled by
selecting MNAs with various intervals and diameters. Also, it was
shown that compared to no therapy and blank i-SMD methods,
drug-loaded i-SMD treated wounds had a higher rate of recovery
and a lower wound area.

In another work, microneedle dressing inspired by shark-tooth
[Fig. 3(a)] for intelligent wound management was demonstrated.”'
The biomimetic MNA was a multifunctional, foldable origami chip
that provided chronic wound recovery in the long term, showing
stable adhesion [Fig. 3(b)]. The system combined biochemical
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FIG. 3. A flexible, multifunctional, and biocompatible biomimetic microneedle dressing for intelligent wound management. (a) Shark-teeth-inspired microneedles,
(b) Multifunctional microneedle dressing combined with microfluidic channels for bio-sensing, drug release, and motion sensing. (left) Schematic of the proposed device.
The device consisted of MNAs, microchannels, and flexible electrodes. (right) Images of the origami chip before, during, and after fold-in. (c) Microneedle dressing applied
wound healing on diabetic mice, (left) Strip-shaped and (right) circular wounds were cut on the diabetic mice’s foot and back, respectively. MNA-based dressing showed a
better result with respect to no dressing in 9 days. Reproduced with permission from Guo et al.,”" ACS Nano 15, 9 (2021). Copyright 2021 American Chemical Society.

sensing of several inflammatory factors (lactate and calprotectin) in
a microfluidic channel, controllable drug release from microneedles
by utilizing temperature-responsive NIPAM hydrogel, motion
sensing with flexible titanium (IV) carbide (MXene) electrodes, and
wound healing. With laser-engraved and negative-replicated molds,
rapid fabrication of the patch was achieved. In vivo diabetic rat
experiments [Fig. 3(c)] showed that the drug-loaded biomimetic
patch healed full-thickness, stripe-shaped, and circular cutaneous
wounds in 9 days.

In addition to replica molding, 3D printing technology has
been used to demonstrate a wirelessly controlled, flexible, smart
bandage that is comprised of 3D-printed hollow MNAs for active
drug delivery in chronic diabetic wounds.® The platform bene-
fited from multiple miniaturized pumps that could be wirelessly
operated using a customized mobile application and a
smartphone-sized module that could be reused and included all
of the electronic components. Islands of MNAs were distributed
throughout the bandage to deliver active compounds into deeper
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layers of the tissue and improve the bioavailability of drugs.
In vitro testing proved the MNAs’ efficiency at delivering the
active compounds through necrotic tissues and wound crust. The
platform had two modules: (i) a wearable bandage integrated
with MNAs that was connected to the control module, and (ii) a
wirelessly communicated smartphone for controlling drug deliv-
ery. This programmable platform administered different pharma-
cological agents at independent temporal profiles to critical layers
of the wound bed during different stages of tissue regeneration in
a minimally invasive way. It was shown that the drug delivery
method and the spatial distribution were key factors in dermal
wound healing, in addition to administering suitable therapeu-
tics. Vascular endothelial growth factor (VEGF) was chosen as a
key parameter to assess wound healing in mice, and the proposed
platform was used to administer VEGF to chronic wounds.
Compared to topical delivery, a significant increase in hair
growth, angiogenesis, wound closure, and re-epithelialization was
observed.

. THEORY

Various ranges of devices integrating MNAs with microflui-
dics have been reviewed in Sec. II, all dealing with different types of
non-biological fluids, such as glucose and water in biosensing, as
well as biological fluids, such as blood and ISF in sampling and
drug delivery. Although different flow parameters may be relevant
for specific applications, low Reynolds number flow and mass
transfer at the microscale are common in all of them. There are
two main mechanisms at work in these devices: injection of a drug
through the skin by microneedles and its diffusive transport to the
bloodstream through skin layers. Fluid flow in a microchannel is
driven by an applied pressure gradient and can be approximated as
a fully developed laminar channel flow (Poiseuille’s law). On the
other hand, the diffusion phenomenon is governed by Fick’s law.
Figure 4 demonstrates an overview of the models and principles
that apply to drug delivery and sampling with the various types of
microneedles reviewed here. Considering microfluidic devices inte-
grated with microneedles, it is critical to model the fluid flow and
mass transfer to understand how to implement MNA systems more
efficiently. Accurate modeling of fluid flow and mass transfer can
provide indispensable information about the drug concentration
distribution in the tissue as well as the timing of drug delivery or
sampling, which is extremely difficult to measure experimentally, if
not impossible. In addition, modeling significantly shortens the
design process by cutting down on costs and time-consuming lab
experiments.72

A. Fluid flow inside MNAs

Fluid flow in MNAs is generally viscous-dominated and
highly laminar, mainly due to small length scales. In addition,
the Reynolds number is small (often on the order of unity or
smaller) so that the convective terms of the flow equations are
negligible.”” Thus, flow can be well described by the incompress-
ible Stokes equations with no-slip boundary conditions at the
wall, and classical solutions are often relevant and useful.”* As a
result, the typical velocity profile in MNAs is parabolic in simple
geometries when the flow is driven by an applied pressure

REVIEW scitation.org/journal/bmf

difference, as is the case in all MNA applications. The geometri-
cal parameters of the microneedle, the number of microneedles
on the array, and fluid characteristics such as fluid viscosity
affect the required pressure difference for fluid flow through the
microneedle. In a research on 3D printing of microneedles,””
three primary geometric parameters for a microneedle were
studied: needle base diameter, needle height, and angle of the
draft. While 3D-printed cylindrical microneedles were fabricated
more efficiently, manufacturing conical microneedles with a
design draft angle of 5° or 10° showed considerable resolution
limits. For MNA biosensors that intend to continuously monitor
analytes, achieving effective and reliable skin penetration and
microneedle-tissue interlocking is crucial, especially regarding
the variation in skin thickness originated from differences in age,
gender, and body mass index, and the elasticity of the skin,
which results in a counteracting force to the penetration.”’ To
overcome this challenge, a precise optimization of the micronee-
dle geometrical parameters, such as the tip radius, height, needle
density, base diameter, and spacing, which determine the inser-
tion and fracture forces, leads to reliable skin penetration.”‘ The
ability to penetrate via hollow silicon MNAs for glucose moni-
toring with tapered and straight profiles was studied both theo-
retically and experimentally.”” Two important parameters for
penetration calculation and pain estimation were reported for the
mentioned microneedle profiles: (i) the kinetic energy of the pro-
totype, which has a direct effect on both penetration and pain
sensation for the human subject; (ii) the stopping distance of
MNAs inside skin tissue that is related to the mechanical proper-
ties of the skin. The experimental results revealed that the exis-
tence of a cutting edge in the straight profile MNAs dramatically
reduced the minimum required penetration pressure, despite the
fact that the tapered profile MNAs were more likely to penetrate
into most skin types given the same amount of kinetic energy.”’
Microneedles can be made of a variety of materials, including
polymers and metals, depending on the patch’s design and com-
ponent parts.”® Although silicon has sufficient mechanical
strength for skin insertion and can be precisely manufactured
with short, sharp tips using deep reactive ion etching and photo-
lithography methods, silicon microneedles can cause a risk to
patient safety if they break away from the skin and pieces remain
in the tissue.”” The most popular metal used to make hollow,
coated, and solid microneedles that can readily pass through the
skin is stainless steel, but it corrodes more quickly than Ti
alloys.” The polymers used to manufacture microneedles should
be soluble in water, biocompatible, and strong enough to pene-
trate the skin.”® Various types of polymers, such as hydroxy-
propyl methylcellulose (hypromellose), hyaluronic acid (HA),
carboxymethyl cellulose (CMC), polyvinyl pyrrolidone (PVP),
and poly-lactic-co-glycolic acid (PLGA), can be used in the
solvent casting procedure to fabricate dissolving or hydrogel
microneedles. On the other hand, due to the micro-scale diame-
ters of microneedles, flow resistance is high. Measurements and
predictions of fluid dynamics are critical when developing micro-
needles for transdermal drug delivery so that the microneedle is
small enough to avoid pain while being sharp enough to pene-
trate into the skin easily and large enough to achieve the appro-
priate flow rate.”’
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FIG. 4. Brief explanation of the models and principles that apply to drug delivery and sampling in different types of microneedles used in the reviewed studies. (a) Drug
transport through the skin in dissolving and coated microneedle applications occurs via a (b) diffusion mechanism that follows Fick’s law, in which the skin can be modeled
as a homogeneous, porous, or multilayer medium. (c) Considering skin as a porous material as well as existing wicking conditions, Darcy’s law can model fluid delivery
through the skin. Darcy’s law conditions can also be used to model fluid transport in permeable microneedles as used in the literature. (d) Drug transport through the
microchannel to the skin in hollow microneedle applications occurs via (e) fluid transport mechanisms that follow Poiseuille’s law and Stokes’ flow equation. To extract body
fluids, surface tension between solid and liquid interfaces can be used, but faster techniques, such as finger-actuated microneedle devices, can also be applied. Subfigure
(a) was reproduced from Dsouza et al.,'" Biomed. Microdevices 22, 1-11 (2020); licensed under a Creative Commons Attribution (CC BY) license. Subfigure (b )eIements
were reproduced from Wu et al.,”® J. Drug Deliv. Sci. Technol. 61, 102192 (2021); licensed under a Creative Commons Attribution (CC BY) license; with permission from
Zoudani et al.”’ Eur. J. Pharm. Sci. 150 (2020). Copyright 2020 Elsevier B.V.; and with permission from Hansen et al.,*® Eur. J. Pharm. Biopharm. 68, 2 (2008). Copyright
2008 Elsevier B. V. Subfigure (c) elements were reproduced with perm|SS|on from Cahill et al,”® J. Acta Biomater. 80 (2018). Copyright 2018 Acta Materialia Inc.
Published by Elsevier Ltd.; and with permission from Shrestha and Stoeber,” with the permission of AIP Publishsing. Subfigure (d) was reproduced from Dsouza et al.,
Biomed. Microdevices 22, 1-11 (2020); licensed under a Creative Commons Attribution (CC BY) license. Subfigure (e) elements were reproduced with permission from
Mukerjee et al.,' J. Sens. Actuator A 114, 2-3 (2004). Copyright 2004 Elsevier B.V.; with germlssmn from Sarabi et al.,”® Appl. Sci. 11, 5329 (2021), licensed under a
Creative Commons Attribution (CC BY) license; and with permission from Pommella et al.,'® J. Soft Matter. 13, 37 (2017). Copyright 2017 Royal Society of Chemistry.

1. Modeling flow in microneedle where subscripts 1 and 2 describe the up- and downstreams of the
control volume, respectively. The terms on the left-hand side
denote the work done by pressure difference, changes in the kinetic
energy and the potential energy, respectively, with P, p, v, g, and z
being pressure, fluid density, average velocity in the channel, the
gravitational acceleration, and elevation, respectively. The terms on
the right-hand side represent the major and minor losses, respec-

The drug is usually delivered through a straight circular or
rectangular channel in the microneedle and the flow can be well
approximated by a fully developed uni-directional laminar flow
except for the inlet and exit sections. Figure 5(a) illustrates a sche-
matic representation of such a microchannel with a circular cross

section. Several analytical solutions in the fully developed region
. v . L Th LY deveop & tively, where L and d are length and diameter of the microchannel,
for a wide range of cross sections exist.”” For an incompressible

steady flow in a circular channel, applying the energy conservation respectively, while f is the Darcy—-Weisbach friction factor and K is
79-81 the minor loss coefficient. For a fully developed laminar flow in a

equation between two locations in Fig. 5(a) yields’
c1rcu1ar pipe, the Darcy-Weisbach friction factor is glven by
f = & where the Reynolds number is defined as Rey =224 with u
being the fluid viscosity.” The minor loss coefficient, K, is defined

22 2 2
P -P, nn Yol —z) = —I—ZK— (1) to account for the additional losses due to entrance/exit flows,
P d 2 expansion/contraction, bends, tees, and the like. In a typical
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FIG. 5. Fluid flow transportation modeling in hollow microchannels and microchannels for drug delivery and sampling applications. (a) A two-dimensional microchannel
demonstration with a circular cross section and diameter d is illustrated. The fully developed fluid flow equations inside the microchannel can be determined by applying
the energy equation to the control volume. Considering fully developed flow, velocity profile, v, will be only a function of z in each cross section. The maximum velocity
profile in each cross section should be considered for calculating the average fluid velocity for each cross section. (b) A three-dimensional microchannel demonstration
with a rectangular cross section in which 2a corresponds to the width and 2b considered as the height. The fully developed fluid flow equations inside the microchannel
can be determined using the Poiseuille flow equation. Considering a constant pressure distribution % in x direction, the fluid velocity vector only has its x component which
is a function of y and z in each cross section. (c) Schematic diagram of the capillary action for fluid extraction from the skin. Three surface tensions act on the solid-liquid—
gas boundaries, which are demonstrated as solid-liquid surface tension, y, liquid-gas surface tension, y,,, and solid-gas surface tension, y, in which 6 represents the
angle between y and y;,. Subfigure (c) reproduced with permission from Mukerjee et al.,' Sens. Actuator A 114(2-3), 267-275 (2004). Copyright 2004 Elsevier B.V.

microneedle, the change in the potential energy is negligible com-
pared to the other terms. In addition, for a fully developed flow in
a constant cross-sectional channel, the mass conservation requires
vy = ;. Thus, Eq. (1) can be further simplified by neglecting the
gravity effects in comparison with the rest of the equation, and that
the channel has a constant circular cross-sectional area,

128qL 8 Q

where AP = P; — P, is the applied pressure difference, Q = ”4121/ is
the volume flow rate, and K; and K, are the minor loss coefficients
associated with the entrance and exit flows, respectively.”
Assuming that losses at the needle’s entrance and exit are

negligible, Eq. (2) reduces to Poiseuille’s law given by

_ (md*Ap) 3
128 u L 3)

Similar results can be obtained for channels with different
cross sections. Here, the rectangular channel will be discussed as it
is more relevant for the microneedle applications, and we refer to
Ref. 82 for other cross sections.

2. Fluid flow in rectangular ducts

When the microneedle’s cross section is rectangular rather
than circular,”*** analytical solutions for the velocity profile and
associated flow rate can be obtained for a fully developed laminar
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flow. Adopting a Cartesian coordinates of x, y, and z and consider-
ing a rectangular cross section with —a <y <gand —-b<z<b
as shown in Fig. 5(b), the axial velocity profile and flow rate can be
given by”

u( z)_iaz _dap
% ©oum dx

« { i (—1)7 [1 cosh(i7rz/2u)H cos(iry/2a)

52 " cosh(izb/2a) i3 ’

“)

5 5
b 42 !

4ba® [ dP
=T (%) {1 )

where 24 is the width of the microchannel, 2b is the height of the
microchannel, % is an applied pressure gradient in the x direction,
and u is the viscosity of the fluid.*” For a rectangular channel with
height h = 2a and width w = 2b, the volume flow rate is correlated

to the pressure drop AP over a length of L approximately as™

192 a i tanh(i;rb/Za)] 5)

wh® (AP
vy (T) [1 — O(hiw)], (6)

where O(h/w) denotes the error term of order of h/w. This term
can be approximated as O(h/w) = %% yields less than 10% error

when h/w < 0.7. For h/w < 1, Eq. (6) becomes Q ~ % (8B).

B. Biological fluid extraction

A minimally invasive method for sampling biological fluids is
necessary to enable either periodic or continuous monitoring of
physiological systems, and important markers of many health and
disease states are biomarkers, which are components found in blood
and interstitial fluid." Many diabetic individuals use transdermal
sampling of tiny amounts of blood for glucose concentration assess-
ment as part of their daily routine to monitor their disease’s symp-
toms. The design, construction, and testing of a hollow MNA with
integrated microfluidic microchannels have been presented, in which
capillary action is used to fill integrated microchannels with non-
biological (ethanol, glycerol, water, and surrogate ISF) and biological
(whole blood and ISF) fluids." An intermolecular force imbalance at
an interface, known as surface tension, controls how fluid fills a
hydrophilic micro-capillary. The sum of the surface tensions
between two phases, such as solid and liquid, minus the force of
molecular attraction between them, can be utilized to estimate the
total surface tension between those phases [Fig. 5(c)]. The triple
interfaces (gas, liquid, and solid) establish force equilibrium when
the surface tension of the solid-liquid, y, interface plus the projec-
tion of the liquid-gas, ,,, surface tension equals the solid-gas, 7,
surface tension. The total interface surface energy is given by

Ur = Aslysl + Asg?’sg + Alg}/lg) (7)

scitation.org/journal/bmf

where Aj; is the area of each interface. As the volume of fluid entering
the barehole grows, the wetted area changes in proportion to the
change in volume. As a result, the fluid pressure can be determined as

- dAg)  dAy

where V is the volume and 6 is the contact angle that relates y,; and
ylg.l Based on Ref. 1, the microneedle’s borehole required to be
filled with ISF after an initial 20-30 min of latent time, and the
backside channels at the distal opening above the reservoir main-
tained the pressure gradient in place so that the fluid could be
drawn in continuously by capillary action.

C. Drug delivery through skin

A drug injected into the skin must pass through skin layers to
reach the bloodstream. The skin layers have a porous structure with
different material properties. Various models have been used to
model drug transport to the blood stream and determine the drug
concentration profiles, ranging from simple diffusion models based
on Fick’s law to porous skin models in which the skin is treated as
a layered porous material.

1. Diffusion models

Diffusion models, based on Fick’s law, assume that drug mole-
cules are transported in the skin and its stratum corneum layer by
molecular diffusion. FicK’s first law relates the diffusive flux to the
concentration gradient via a diffusion coefficient as j = —DVC,
where j is the diffusive mass flux, C is the drug concentration, and D
is the molecular diffusivity. In the simplest case, the diffusion coeffi-
cient is assumed to be constant and is usually determined by a
homogenization procedure. This model is commonly used to predict
the drug concentration profile in the microneedle treated skin.””*
When a drug is applied to the skin, it passes through the stratum
corneum and viable epidermis to reach the inner layers of the skin.”®
According to Fick’s laws of diffusion, passive diffusion happens in the
direction of the concentration gradient or from higher to lower con-
centration. Assuming a homogenous passive diffusion, the drug con-
centration evolves by a convection-diffusion equation as

%—(t:—f—v-VC:DVZC, 9)

where ¢ is the time, v is the velocity field, and D is the constant
molecular diffusivity. The convection term (v-VC) can be
neglected due to the insignificant velocity of fluid flow around the
microneedles in the skin;*™ thus, Eq. (9) reduces to be Fick’s
second law that has the same form as the heat equation. The effec-
tive diffusion coefficient, which is related to the characteristics of
the skin as well as the size of the drug molecules, is a crucial factor.
Many studies established various methods for determining diffusion
coefficient, where the skin is modeled as a homogeneous material, a
porous material, and a multilayer structure.

In the absence of the convective term, Eq. (9) becomes linear and
can be solved analytically for various initial and boundary conditions.
In microneedle applications, two cases are particularly relevant.”* In the
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first case [Fig. 6(a)], through the use of a microneedle, a drug is injected
into skin tissue, resembling a point-source diffusion problem where dif-
fusion happens symmetrically in all directions.” Using a spherical
coordinate system and assuming that diffusion occurs only in the radial
direction, the solution to Fick’s law can be determined as a Gaussian
distribution for a limited point-source deposited as

MO T’z )
Clr, 1) = exp( —— ), 10
(r, ) (4nDr) eXP( iDr (10)

where M, is the initial deposited mass, r is the distance from the
surface of the diffusion source, and t represents the elapsed time. The
diffusion coefficient, D, can be estimated experimentally using the
assumed linear diffusion model.”” In the second case [Fig. 6(b)], the
concentration at the side of a drug injection is assumed to be constant,
which mimics a slow and continuous injection, the solution is given by

;
Clr, t) = Coerfc(m) (11)

where Cj is the constant concentration and erfc (z) in the comple-
mentary error function defined as”™

erfc(z) =1— 2

7

exp[—x*]dx. (12)

a. Skin as a porous material. Skin is not a homogenous mate-
rial, and different layers have different material properties. To
account for its porous and inhomogeneous structure, the skin is
treated as a porous medium in which small pores are assumed to
serve as pathways for the transport of drug molecules, as sketched
in Fig. 6(c). In this model, the diffusion coefficient is given by"’

D = eDH(A), (13)

where D is the diffusion coefficient of the drug at infinite dilution,
€ is the porosity of the skin, and H(A) is the hindrance factor
defined to account for the interaction of drag molecules with the
tortuous wall of pores. In this model, tortuous channels are
assumed to exist as conduits for the transfer of drug molecules.
The hindrance factor H(A) depends on the ratio of the hydrody-
namic radius of drug molecules, 1y, to the skin pore radius, 7;,

A::—P. (14)

In drug delivery through MNAs, the skin pore radius can be
estimated as

o= M, (15)
nx

x = th, (16)

scitation.org/journal/bmf

where V}, is the volume of skin pores prior to microneedle insertion,
V. is the volume of each microneedle, x is the diffusion path length,
and 7 is the number of microneedles in the array.()1 In Eq. (16), 7 is
the tortuosity factor and  is the height of the microneedle.””

For 0 < A < 0.4, H(A) can be calculated as®’

HQA) = (1 — )%(1 — 2.1044 + 2.094% — 0.0951°). 17)
For 0.4 < 1 < 1, several correlations are suggested by Deen.”

b. Skin as a multilayer structure. This model describes skin pene-
tration as a series of partition and diffusion steps that may be quantified
in terms of partition coefficients, K, and diftusion coefficients, D. With a
variety of diffusion models with different degrees of complexity in use,
estimating model parameters becomes exceedingly challenging.”” One of
these models has been expanded by adding a homogenous epidermal/
dermal compartment and increasing the number of corneocyte layers to
16.”* As a result, the model membrane is made up of three distinct
phases: corneocytes, surrounding lipids, and the viable deeper skin
layers.”” The stratum corneum is a biphasic arrangement of corneocytes
sandwiched between intercellular lipid lamellae rather than a uniform
membrane.” In its most basic form, stratum corneum geometry can be
illustrated as a two-dimensional “brick and mortar” structure [Fig. 6(d)].
The membrane is made up of N layers of corneocytes, which have a
width of d and a thickness of h. The thickness of the lipid lamella is g in
the horizontal direction and s in the vertical direction. As a result, the
effective diffusion path length for the ordered structure can be defined
as h'=N(d + h + g). The membrane thickness can be determined as
Iy = N(h + g) when many layers are considered, and the lipid path
length is calculated by Iy, =l + (N — 1)Is. Several dimensionless
parameters can then be determined,” such as corneocyte offset ratio
o = I;/ls, where [} is the length of the longest overlapping lipid path
and [ is the length of the shortest overlapping section. Other dimen-
sionless parameters are corneocyte aspect ratio a = d/h, slit shape
o = s/h, and the fractional volume loading of corneocytes, which can
be approximated by ¢ = s/h when s < d. The total steady state flux,
Jo, through a homogenous membrane with a thickness of y, an area of
Ay, and concentration difference between two surfaces is given in

Jo = CDyAy/ly, (18)

where Dy is the diffusion coefficient of homogenous isotropic lipids.”
The lag time can also be defined for the assumed membrane as
tiug, = 13/6Dy. Considering all parameters mentioned for a heteroge-
neous skin model, the effective flux, J*, and the effective lag time, tlag.»
are determined in the literature as™*

Jo ad o ¢

P e i gy (9
e o(l+ad)( ap o o
gy @ <1+? 1+w2(1—¢))' (20)

2. Porous medium model and Darcy’s law

The wicking phenomenon is the spontaneous movement of a
liquid through a porous medium due to capillary suction at liquid-
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FIG. 6. Drug diffusion from the microneedle through the homogenous skin is based on two different models: (a) Limited source diffusion model for coated microneedles,
and (b) Constant source diffusion model for dissolving microneedles. (c) Drug diffusion demonstration through a porous skin model with porosity of &. Significant parame-
ters for this model are the hydrodynamic radius of the drug r, and the hypothesized pore radius created on the skin rs that can be used to evaluate parameter A.
Geometric parameter considerations are the length of the microneedles, h, number of microneedles in a MNA, n, and the diffusion path length x. (d) Schematic diagram
for a multilayer skin model. The structure consists of corneocytes blocks that are organized in a lipid lamellae medium. Significant geometric parameters in the multilayer
skin model for drug diffusion are length, d, and height, h, of the corneocytes, horizontal gap, s, and vertical gap, g, between corneocytes layers, longest overlapping lipid
path, I, shortest overlapping lipid path, /s, and the number of layers, N. Subfigures (a) and (b) were reproduced from Wu et al., J. Drug Deliv. Sci. Technol. 61, 102192
(2021); licensed under a Creative Commons Attribution (CC BY) license. Subfigure (c) was reproduced with permission from Zoudani et al.,®” Eur. J. Pharm. Sci. 150
(2020). Copyright 2020 Elsevier B.V.

e . 96 > . . . . .
gas contacts on the surface or within the porous medium.” Darcy’s medium, such as skin a function of the volumetric strain, &,,,

law relates the flow rate to the pressure drop in wicking, which is in the solid matrix and the macroscopic material constants K, and

based on fluid permeability and is only valid for slow viscous m as
flows.”” Darcy’s law, which is based on the fluid being wicked up
microneedle’s pore diameters and percentage porosity, can be used K = Koexp(me,,), (22)
to determine the flow rate through the porous metal-based micro-
needles.”® Darcy’s law in the radial direction is given by where the initial effective permeability of the skin at the start of
the analysis is denoted by K,. The nonlinearity in permeability is
KAdp represented by parameter m. For an increase in volumetric strain
Q=———, (21) £y, a larger value of m implies a more significant increase in
podr permeability K.”

where the permeability of the skin, K, the cross-sectional area per-

pendicular to the flow, A, the pressure gradient along the radial IV. CONCLUDING REMARKS

direction, %, and the dynamic viscosity of the fluid, x, are related to Using the formulation methods discussed in Sec. III, fluid

volume flow rate, Q.”” Although the permeability can be measured transport and concentration profiles within the microneedles inte-

experimentally,” it can be computed for a biological porous grated with microfluidic systems can be modeled appropriately in
Biomicrofluidics 17, 021501 (2023); doi: 10.1063/5.0121578 17, 021501-13
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microscale. For hollow microneedles, the most encountered
methods were reviewed: first, deriving Poiseuille’s law from the
modified Bernoulli equation for a microneedle with a circular duct;
and second, solving Stokes’ equation by simplifying the Navier-
Stokes equation for a microneedle with a rectangular duct. It was
also reviewed that drug diffusion in coated or dissolving micronee-
dles can be studied using various skin models. The porous skin
model, which represented the skin via several properties for driving
the drug delivery process, was the most typically found in the
reviewed literature; however, the multilayer model offered more
similarity to the human skin. Darcy’s law was also reported to be
used for modeling the skin as a porous material when wicking con-
ditions exist. On the other hand, a homogenous model could be
used for applications that involve a simpler skin model. Also,
microneedles are routinely used to collect biological fluids, such as
blood and ISF from the skin, which can be modeled using capillary
action driven by surface tensions between solid and fluid surfaces
as the principal technique.

Microfluidic systems integrated with MNAs are emerging in
various areas, such as drug delivery, wound healing, sampling body
fluids, and biosensing, which were reviewed in this paper. The
importance of modeling in the fabrication and optimization of
MNA systems is receiving much attention, as indicated by the
growing number of publications.”” Accordingly, this review con-
cludes that developing mathematical models of MNA systems can
enable the efficient design of these systems as they are developed
for a wider range of applications. The integration of AI and ML
algorithms with the design parameters of the MNA systems in
computational simulation leads to a lower cost of the experimental
fabrication and predicts possible problems with the MNA
systems.m’()8 The interactions between MNAs and the skin, as well
as drug diffusion profiles in the skin, can be resolved with addi-
tional information obtained from MNA experiments in vivo and
in vitro. This will address a number of issues that arise throughout
the preclinical and clinical testing of novel formulations and deliv-
ery methods, finally leading to more advanced healthcare setups.
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