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Drug delivery systems which rely on diffusion for mass transport, such as hydrogels and nanoparticles, have
enhanced drug targeting and extended delivery profiles to improve health outcomes for patients suffering from
diseases including cancer and diabetes. However, diffusion-dependent systems often fail to provide >0.01-1%
drug bioavailability when transporting macromolecules across poorly permeable physiological tissues such as the
skin, solid tumors, the blood-brain barrier, and the gastrointestinal walls. Convection-enabling robotic in-

gestibles, wearables, and implantables physically interact with tissue walls to improve bioavailability in these
settings by multiple orders of magnitude through convective mass transfer, the process of moving drug molecules
via bulk fluid flow. In this Review, we compare diffusive and convective drug delivery systems, highlight en-
gineering techniques that enhance the efficacy of convective devices, and provide examples of synergies between
the two methods of drug transport.

1. Introduction

Diffusion-based drug delivery systems passively elute therapeutics
from a high concentration formulation, such as a hydrogel, into a lower
concentration environment. These biomaterials provide patients with
therapies that enable: tunable sustained release profiles that reduce
dosing frequencies; cell targeting capabilities that reduce off-target side
effects; and high biocompatibilities that mitigate the foreign body
response [1-3]. However, controlled release and nanomedicine formu-
lations suffer significant hurdles during clinical translation. The
disconnect between the vast number of academic papers and few clinical
approvals by the US Food and Drug Administration (FDA) for nano-
particles and hydrogels has generated questions about the utility of these
technologies [4,5]. When biomacromolecular drugs need to diffuse
across a poorly permeable physiological barrier, their bioavailabilities
fall to 1% or less [6-9]. For example, around 0.7% of nanoparticles
reach tumors after intravenous injections [7], while the bioavailabilities
of orally, intragastrically, topically, and intranasally administered pep-
tides are approximately 1% [8], <0.1% [10], <0.1% [11], and 1-3%
[6,9], respectively. Strategies to facilitate transport across physiological
diffusion barriers, such as loosening tight junctions [12,13], exploiting
receptor mediated transcellular transport [14-17], ionic liquids

[18-20], protease inhibitors [21], and permeation enhancers [22,23]
have been developed, but modest diffusion coefficient improvements
still keep bioavailabilities in the low single digits. Especially for drugs
with injection doses over 1 mg/week, the monetary and volume con-
straints associated with loading 100 times as much drug hold these
alternative delivery technologies back from clinical translation [24,25].
Additional complications such as initial burst releases, lack of control
over spatiotemporal concentration profiles, and inability to make
modifications following administration remain key challenges in the
field.

To overcome the limitations of diffusion-based formulations,
convection-based delivery systems transfer drugs via bulk fluid flow.
This allows macromolecules to travel further into tissue, in part by
physically disrupting diffusion barriers and also by utilizing pressure
gradients to push formulations into narrow crevasses. In 1994, Old-
field’s group developed a novel method for drug delivery in the brain
called convection-enhanced delivery (CED) [26]. By inserting catheters
directly into the brain, they delivered an infusion of low and high mo-
lecular weight compounds, sucrose (359 Da) and transferrin (80 kDa), to
a large volume of the brain. Immediately after two-hour infusions, su-
crose and transferrin spread approximately 2 cm and 1.5 cm from their
initial locations, respectively; if these molecules were distributed solely
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by diffusion, the estimated average depths of tissue penetration are only
0.39 cm and 0.07 cm, respectively. Convection enhances the depth of
tissue penetration by multiple orders of magnitude, with the effect being
magnified for larger molecules. In addition to enhanced distribution
profiles and bioavailabilities, convection-based systems can also actively
regulate drug release timings, granting greater control over the drug’s
spatiotemporal concentration profile [26,27]. However, developing
convection-based methods requires engineering complex, invasive, and
expensive electromechanical devices that localize to the targeted tissue
area and insert drug into the appropriate tissue layer. For this reason,
convective devices are only recently reaching the clinic.

In this Review, we describe the challenges behind engineering
convection-enabling drug delivery devices, quantify the advantages
these systems have over diffusion-based delivery, and highlight tissues
that benefit from convection-based methods. First, we analyze mass
transport models estimating tissue penetration depths of macromole-
cules by diffusion and convection. We describe the length scales of
various physiological barriers in the body and the timescales required
for macromolecules to diffuse across those barriers. Based on the models
and barriers, we then discuss the clinical successes and failures of
diffusion-based methods. Next, we introduce convection-enabling de-
vices that enhance drug delivery across barriers to enable unique tar-
geting and release profiles. We then compare these systems to devices
that physically disrupt tissue barriers but still rely on diffusion for mass
transport, and we show that convective systems provide superior drug
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distribution over these other technologies. Finally, we highlight engi-
neering techniques to obtain optimal drug distribution patterns by
convective drug delivery. Through this analysis, we provide insight into
how convective systems could augment the field of drug delivery to
achieve more efficient and controlled release profiles to areas of the
body where diffusion-based transport alone does not yield sufficient
therapeutic efficacy.

2. Mass transport models

In this section, we compare various properties of diffusion-based and
convection-based methods, including mathematical models developed
to analyze mass transport, typical drug penetration depths, and resulting
drug concentration profiles (Fig. 1).

2.1. Diffusion-based methods

Diffusion is a mode of mass transport achieved by random motion of
molecules due to thermal energy. For Fickian diffusion, the diffusive
mass flux (Jp) is expressed as the negative of the product of the diffusion

coefficient (D) and the concentration gradient (VC):
Jp=—-DVC ®

The diffusion coefficient is an indicator of the rate of diffusion of
each molecule. For spherical molecules under creeping flow, its value
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Fig. 1. Overview of diffusion-based and convection-based drug delivery systems. (a) The orders of magnitude of tissue penetration depths of commonly administered
drugs are compared. Examples of (b) diffusion-based and (c) convection-based drug delivery systems are illustrated. (d) Time required for drug penetration and
resulting drug concentration profiles. Parts of the figure were adapted from Servier Medical Art, CC BY license.
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(Do) can be estimated with the Stokes-Einstein relation:

kT

- 67nR @

0

where k is the Boltzmann constant, T is the absolute temperature, 7 is the
viscosity of the solution, and R is the hydrodynamic radius of the
molecule. Diffusion coefficients are typically smaller for molecules with
greater hydrodynamic radii, as can be inferred from eq. 2.

For one dimensional diffusion, the average timescale (zp) required
for molecules to diffuse over a given distance is proportional to the

square of the distance (12) and the inverse of the diffusion coefficient:

P

TD:E

3)

As a result, diffusion is an efficient mode of mass transfer for small
molecules or for macromolecules over short distances such as within a
single cell, but macromolecular diffusion over long distances or through
impermeable barriers is extremely time-consuming. For example, when
purely transported by diffusion, it only requires approximately 1 h for an
IgG molecule to diffuse through 100 pm in the interstitial space, while
approximately 2 days are required to travel 1 mm [28]. In addition,
especially for macromolecules, the extracellular matrix (ECM) hinders
diffusion through tissue. Its components such as hyaluronic acid and
collagen physically block the passage of macromolecules, increasing the
tortuosity and path length. Molecular interactions such as hydrody-
namic and steric interactions further impede the macromolecule pene-
tration [29]. While the extent of hindrance depends on the specific
molecule and tissue, generally the hindrance becomes more pronounced
with larger molecules, resulting in diffusion coefficients that shrink by
1-2 orders of magnitude for every order of magnitude increase in mo-
lecular weight. In some cases, limited diffusivity can be beneficial, such
as when minimizing extravasation of nanoparticles from blood vessels to
target the lymph nodes [30]. However, when targeting specific tissues
located in the inner regions of organs or behind diffusion barriers, the
bulkiness of macromolecular drugs significantly delays or even prevents
their distribution.

Poor macromolecular diffusivity presents a significant challenge
when delivering drugs by diffusion across physiological barriers. For
example, ingested drugs must diffuse across the mucus layer and tight
junctions of the GI tract, and macromolecules targeted against tumors
must first diffuse out of a formulated hydrogel and then across the
interstitial space to reach the tumor core. Both mathematical modeling
and in vivo studies illustrate that impractically steep concentration
gradients (VC), extremely long time scales, or both are required for
drugs to penetrate through these barriers [26,31].

When healthcare professionals implant drug reservoirs to reach
blood vessels for systemic delivery or diseased tissues in the inner re-
gions of an organ, macromolecules must first diffuse through the tightly
packed outermost layers of tissue designed to prevent diffusion of these
exact molecules, such as the epithelial layers of the GI tract and the
endothelial layers of the blood-brain barrier (BBB). Molecules diffuse
across these barriers by either paracellular or transcellular diffusion
[32]. Paracellular diffusion refers to diffusion across the tight junctions
between epithelial or endothelial cells, by either the pore or leak path-
ways. The pore pathway is both size- and charge-selective; while the
cutoff threshold may vary depending on the specific position, many
pores exclude molecules larger than 5-10 A [33,34], and are imper-
meable to macromolecules such as proteins. The leak pathway is more
forgiving to larger molecules, but its capacity for macromolecular
diffusion flux is limited [33,34]. Strategies such as loosening tight
junctions are being developed [12,13], but concerns around increased
flux of toxic and undesired molecules like pathogens and undigested
food exist. The alternative, transcellular diffusion, is diffusion through
the epithelial or endothelial cells [35]. Because the large size of mac-
romolecules inhibits diffusion directly through the lipid bilayers, the
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only remaining method is to enter the cells by interacting with mem-
brane proteins such as transporters, followed by exiting the cells in a
similar fashion. While studies of exploiting interactions with various
membrane proteins such as transferrin receptors [14], glucose trans-
porters [15] and insulin receptors [16] of the BBB, as well as organic
anion transporting polypeptide families [17] of the GI tract have been
conducted, the efficiencies of these pathways are currently too low to be
clinically translated [36]. Remaining macromolecules next must diffuse
over the inner tissue layers to reach their target. For example, after
crossing the BBB, drugs must reach glioblastomas. While diffusion across
these inner layers may be less tightly regulated compared to crossing
tight junctions, the diffusion coefficients of macromolecules remain very
small, on the order of 107122107 m?/s for proteins [37,38]. In addi-
tion, they must diffuse over much longer distances compared to endo-
thelial and epithelial layers. For example, the stomach and the left
ventricular free wall are thicker than 1 cm [39,40]. Thus, diffusion
timescales required to pass through these layers become prohibitively
long, especially in large animals. A hypothetical protein that diffuses out
of a hydrogel on the epicardial surface of a human heart with a diffusion
coefficient of 10~1! m?/s would require several months to diffuse across
the entire left ventricular free wall.

While intravenously administered particles are distributed via con-
vection in the bloodstream, they too face diffusion hurdles. Prior to
clearance, particles must extravasate from blood vessels to the target
[41,42]. Upon entering the bloodstream, administered particles pass
multiple organs, such as the liver, kidney, and spleen. The kidneys
excrete particles smaller than 5.5 nm, while phagocytic cells, the liver,
and the spleen clear larger particles [43,44]. In normal tissue, blood
vessel walls do not leak, and larger particles cannot easily escape
through the tight junctions between the endothelial cells of the blood
vessels [45]. As a result, systemically administered macromolecules
require large doses to reach therapeutically relevant concentrations.
After extravasation, the particles must diffuse approximately 100 pm in
the interstitial space to their target [45], as blood vessels are located
approximately every 200 pm [28].

For diseases which require rapid distribution of drug such as diabetes
and myocardial infarction, the slow distribution of molecules by diffu-
sion can prevent a drug from reaching its therapeutic level in time; for
example, the formation of fibrous capsules around soft devices secreting
insulin halved the ability to moderate blood glucose levels after 3 weeks
and further reduced the ability following 8 weeks of implantation [46].
In another study where scientists implanted hydrogel spheres encapsu-
lating pancreatic islet cells secreting insulin in diabetic mice, fibrotic
foreign body responses regularly led to treatment failure [47]. When
they used large spheres, blood glucose levels remained at healthy levels
for up to 180 days, whereas when they used small spheres, a severe
foreign body response prevented glycemic control following just 5
weeks of implantation.

The delay in drug distribution can be less detrimental for chronic
diseases dosed periodically, particularly when the dosing interval is
similar to, or exceeds diffusion timescales. For example, Keytruda® and
Remicade® are administered intravenously every three weeks to treat
advanced melanomas and active psoriatic arthritis, respectively. How-
ever, when diffusion timescales are long — on the scales of days to weeks
— other factors must be considered. Drugs may degrade in the blood-
stream or interstitial space due to their inherent instability, cellular
uptake, or degradation via extracellular enzymes. For example, endo-
thelial cells continuously clear monoclonal antibodies in blood plasma
[48,49]. Scientists utilize PEGylation to increase nanoparticles’ circu-
lation time, but the formation of anti-PEG antibodies and accelerated
blood clearance upon repeated dosing can result in treatment failure
[50]. In addition, if the target region is close to barriers lined with
transporters, drugs can be cleared into the bloodstream at a rate greater
than that they are eluted from their reservoirs or penetrate the barriers.
Thus, the drugs may not be able to reach their target or will achieve a
concentration too low to elicit a therapeutic response. For example,
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drugs that enter the brain are eliminated rapidly into the bloodstream by
the transporters of the BBB [51-53].

Another drawback of diffusion-based methods is their lack of control
over the spatiotemporal concentration profile of released drugs. While
release kinetics from diffusion-based methods such as hydrogels can be
tuned, many show either: i) an initial burst release profile [1,54] which
yields initially toxic drug levels before leveling out to concentrations
within the pre-programmed therapeutic windows, or ii) a sustained
release profile [1,2]. Obtaining complex release profiles with multiple
burst releases requires complex manufacturing processes, and drug
loading efficiency is reduced. McHugh and colleagues have developed
nanoparticle-based drugs capable of multiple burst releases on pg-level
doses [55,56], but systems capable of delivering mg-level doses are yet
to be reported.

Finally, diffusion-dependent systems are pre-programmed. Once
hydrogels or nanoparticles are administered, their release kinetics
cannot be further tuned; no changes can be made to when or how fast
their cargo is released. While diffusion-based methods can be engi-
neered to release cargo at specific time points upon triggering by
external stimuli such as through ultrasound [57] or infrared light [58],
the resulting spatiotemporal concentration profile of drugs cannot be
modified once administered. On the other hand, convection-based
methods can deliver drugs rapidly across diffusion barriers while
imparting more control over the resulting spatiotemporal concentration
profile of drugs. In the next subsection, we discuss how convection-
based methods overcome the limitations of diffusion-based methods.

2.2. Convection-based methods

Convective mass transport occurs when particles are transported by
bulk fluid flow. At low flowrates, bulk fluid flow in tissues can be
modeled using a modified form of Darcy’s law [26,29,311]:

u=—«kVp (€]

where u is the interstitial velocity of the fluid, x is the hydraulic con-
ductivity of the tissue, and Vp is the pressure gradient. The resulting
convective mass flux J, can be expressed as:

J. =uXx Rp; x C; = —xC;Rp;Vp 5)
where Rr; and C; are the retardation factor and concentration of each
species, respectively.

To compare the relative contributions of diffusion and convection to
the mass transfer rate within the same medium, the Péclet number (Pe) is
used:

ux1 convective mass transfer rate
D

_ 12/D _ diffusion timescale
" 1/u ~ convection timescale

Pe

diffusive mass transfer rate

©

To compare the relative contributions of diffusion in the tissue and
convection in the infusate, we replace the diffusion coefficient in the
infusate with that within tissue. As an example, for the protein trans-
ferrin from Oldfield’s initial demonstration of CED, we can estimate the
ratio of relative mass transfer contributions by assuming a spherical,
radially homogeneous injection profile and a diffusion coefficient of
10~ 1m?/s [26]:

convective mass transfer rate 1.5 X 10‘8? x 1.5 x 107?m B

> 22
10-11m>

diffusive mass transfer rate

While this ratio is an estimate, it clearly demonstrates that the
contribution of diffusion for macromolecular distribution is negligible
compared to that of convection. In tissues other than the brain where
greater flowrates and interstitial velocities can be utilized due to their
greater mechanical strength, this ratio grows even larger implying more
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substantial contributions of convection.

Convection-based drug delivery systems, such as localized injections
and infusions, hold distinct transport advantages over delivery systems
that rely heavily on diffusion for drug transport, like drug patches. First,
barriers to diffusion can be circumvented by inserting appropriate
catheters or needles into pre-determined depths. Thus, the requirements
for i) excessively high drug concentrations to establish steep concen-
tration gradients, and ii) prolonged time for macromolecules to diffuse
across the barriers are eliminated. While concerns over the invasiveness
of these processes may be raised, needles of appropriate sizes according
to tissue type can be used to minimize the associated damage
[26,27,59]. For example, needles with diameters of approximately 2 mm
are commonly used for brain biopsies [60], 25 gauge Carr-Locke needles
are used for injections in the GI tract during endoscopies [61] and 27 or
30 gauge needles are used for intravitreal injections [62]. In addition,
the bypassed impermeable barriers prevent leakage of drugs back out of
the tissues by diffusion, thereby reducing systemic toxic side effects
[63,64].

Second, especially for larger molecules, convective mass transfer
occurs significantly faster than diffusion, with molecules penetrating
further from their delivery site [65,66]. Even with infusion rates of 4 pl/
min in the brain, penetration depths of 1.5-2 cm were obtained after 2 h
of infusion, while approximately 42 days would be required with pure
diffusion, neglecting losses [26]. In addition, the convective flux is not a
function of individual molecular properties; as a result, the concentra-
tion profiles are relatively independent of the molecular weights of
solutes [26,31]. Particles ranging from small molecules such as contrast
dyes to large molecules such as viruses [67,68] and liposomes with
molecular weights on the range of MDas [69-71] are simultaneously
transported by bulk fluid flow. During and after infusion, diffusion can
distribute the delivered macromolecules even further. However, espe-
cially when metabolism and clearance are considered, the additional
volume of distribution is approximately one order of magnitude smaller
than that achieved by convection during infusion [26,31].

Third, convection-based methods provide uniform, homogeneous
concentration profiles of drugs over a large volume [63]. This enables
treatment of a larger volume of diseased tissue with lower maximum
concentrations and lower total amounts of drug. This is in stark com-
parison to diffusion-based methods, where most of the drugs are
concentrated near the sites of administration. In the case of planar
diffusion from a drug patch, the resulting concentration profile can be
expressed as:

C(x,1)

1
—=erfc
Co 7

><(/} <\/%_t>exp(—1(t)

Where C(x, t) is the concentration of drug at depth x and time ¢, C; is
the initial concentration of drug in the drug source, ¢ is the volume
fraction of interstitial fluid, erfc is the complementary error function, D
is the diffusion coefficient of drug in the interstitial fluid, and exp( — Kt)
is the loss term, due to uptake and degradation. From this model, it is
apparent that drugs are not effectively distributed to wide areas, but
remain close to their reservoirs [72].

Fourth, utilizing convection imparts greater control over the
spatiotemporal concentration profile [59,73,74]. From estimated pro-
files of how the infusate flows, the number of injection sites and flow-
rates can be controlled to deliver drugs only to the target sites,
minimizing harmful off-target effects. For example, a commercially
available, FDA-approved program called iPlan Flow can be used to es-
timate needle insertion sites for optimal drug distribution profiles in the
brain [75]. iPlan Flow calculates the concentration profile at each time
and point by solving a series of partial differential equations, which
consider contributions of diffusion, convection and losses through
metabolism and leakage. Main parameters such as the hydraulic con-
ductivity and interstitial volume are obtained from magnetic resonance
imaging (MRI) data of each patient. Then, using the boundary




J. Park et al.

conditions for pressure obtained from a mathematical model, the
spatiotemporal concentration profile at each point, during and after the
infusion is obtained [76]. Algorithms for determining the number and
positions of infusion sites for reducing off-target effects can be devel-
oped for other systems too, not limited to CED [77]. In addition, while
diffusion-based methods are pre-programmed, convection-based
methods with controllable actuators such as infusion pumps allow for

(a) (b)
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instant modifications regarding infusion and halting timepoints or flow
parameters.

While convection-based methods have shown potential to overcome
the limitations of diffusion-based methods, they too have limitations.
Especially compared to diffusion-based methods such as nanoparticles
which are typically intravenously administered, the placement and
actuation of the device can be more invasive; surgery may be required
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Fig. 2. Barriers to macromolecular penetration in the human body and their characteristics. (a) Illustration of diffusion barriers in the body. (b) Bioavailability of
macromolecules across such barriers following various administration methods, (c) typical diffusion coefficients of penetrating macromolecules, and (d) the thickness
of each barrier is compared. Parts of the figure were adapted from Servier Medical Art, CC BY license.
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for the placement of the device, reducing patient acceptance rates while
simultaneously increasing costs and the potential for surgical compli-
cations [26,59,78]. In addition, the mechanical disruption of the barrier
by actuation of the device can compromise the integrity of barriers
designed to prohibit entrance of pathogens or strictly regulate the
transport of molecules [79-81], at times leading to microhemorrhages
[27], nerve damage [82], infections or function loss. Furthermore, to
avoid side effects due to excessive exposure or high concentrations of
drug, including cytokine release syndromes and tissue damage at non-
target sites [83], their distribution must be carefully controlled such
that the drugs remain only within the target tissue.

Compared to diffusion-based methods, robotic devices enabling
convective drug delivery can be more complex, difficult to design, and
expensive as additional components for actuation must be incorporated.
For example, convection-enabling devices require an actuation compo-
nent that applies the required additional infusion pressure, such as a
pump [26,59], a spring [27,84], an external plunger [78,85], or a gas
generating chemical reaction [86-88]. Additional components such as
triggering mechanisms, drug reservoirs, needles, biocompatible coat-
ings, electronic microcontrollers, batteries, and others may also be
required. Only recent advances in microfabrication and 3D printing
have enabled the development of miniaturized devices capable of
minimally invasive injections [27,59]. Design of the injection compo-
nents must consider the additional pressure to overcome the mechanical
resistance of the tissue, while minimizing backflow at the same time.
This requires extensive mechanical tissue characterization studies dur-
ing the design process. For triggerable or closed-loop systems, compo-
nents for communicating with external stimuli or biosensors are also
required [89]. As a result, the size and complexity of the device, in
addition to costs that patients must bear, can be greater.

3. Barriers in the body

Numerous physiological barriers in the body constrain the modes by
which drugs are administered and limit the efficacy of therapies (Fig. 2).
For example, according to both healthcare professionals and patients,
oral delivery is not only the most preferred, but also the most convenient
mode of administration [24]. However, the walls and mucus layers of
the GI tract, in addition to factors such as the low pH of the stomach and
the abundance of digestive enzymes limit bioavailabilities of ingested
peptide drugs to approximately 0.01-1% [6]. Furthermore, fear of
needles and injections can lead to a delay in treatment initiation and
lower patient adherence, compared to oral administration [90]. Thus,
despite the clear advantages of oral administration, macromolecule
administrations are typically limited to parenteral routes. In this section,
we examine various diffusion barriers and how these barriers limit the
efficacy of diffusion-based methods.

3.1. Skin

While the stratum corneum, the outermost layer of the epidermis,
measures only 10-30 pm thick, it imposes significant barriers to trans-
dermal drug delivery [91]. Its tight junctions and lipid bilayers prevent
the transport of both hydrophilic molecules and molecules with mo-
lecular weights >500 Da [81,92]. For example, water’s diffusion coef-
ficient in the skin is 2.16 + 1.14 x 10~ 3 m?/s [93]. Even hydrophobic
steroid hormones with molecular weights lower than 500 Da have
diffusion coefficients of the same order of magnitude as that of water
[94]. Larger macromolecules require an estimated 56 h to diffuse over
the stratum corneum. Thus, when relying solely on diffusion, negligible
transdermal macromolecule uptake occurs, as shown in multiple reports
of macromolecule topical absorption [11,95]. Ionic liquids developed by
Mitragotri and colleagues increase diffusive flux of drugs by replacing
lipids in the stratum corneum with itself and water, but even after 24 h,
<10% of the administered macromolecules reach the dermis and layers
underneath [18].
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3.2. GI tract

The mucosa layers, approximately 1.5 mm thick in the stomach [96]
and 20-100 pm thick in the small intestine [97] act as barriers to
macromolecular uptake by diffusion, while the submucosa and muscle
layers underneath are highly vascularized and enable rapid systemic
uptake via diffusion. The layers themselves are thin, and idealized
equations suggest that complete penetration only requires timescales on
the order of hours for macromolecules with diffusion coefficients on the
order of 10~ 2 m?/s. However, the tight junctions of the epithelial layers
strictly regulate transport, and thus macromolecules larger than 5-10 A
do not absorb via paracellular diffusion [33,34]. Combined with the low
pH of the stomach and the presence of digestive enzymes in the small
intestine that rapidly degrade macromolecules, the GI tract largely
prevents macromolecule uptake via diffusion. Scientists have developed
complex formulations incorporating protease inhibitors [21] or chemi-
cal permeation enhancers such as ionic liquids [19,98], salcaprozate
sodium (SNAC) [22,23] and sodium caprate (C10) [22] to enhance drug
penetration across the gastrointestinal walls, but further strategies to
increase bioavailability (typically <1% [6]) are required [23]. Sriniva-
san and colleagues developed an ingestible robotic device for enhanced
drug delivery efficiency of peptides in the small intestine by effectively
clearing the mucus lining, but the remaining epithelial diffusion barrier
still limits systemic uptake to <1% of the loaded dose [99].

3.3. Brain

The BBB protects the brain and the central nervous system (CNS)
from macromolecular diffusion. While the endothelial layer is only
around 200 nm thick [100] and the basement membrane is 50-100 nm
thick [79], transcellular transport of macromolecules is rare, and the
endothelial layer’s high density of tight junctions prevents fenestration
[79]. As a result, neither the paracellular nor the transcellular pathway
allows molecular transport; the BBB prevents passage of 98% of small
molecules and nearly all macromolecules [100]. When intravenously
administering most antibodies, just 0.01-0.1% of the serum concentra-
tion enters the brain [101]. Strategies to enhance transport across the
BBB include exploiting receptor-mediated transcytosis pathways, such
as targeting the transferrin receptor and insulin receptors. However, the
high endogenous concentration of transferrin fully saturates the
transferrin-binding sites prior to transferrin-drug conjugates, and as
these receptors are not unique to the BBB, side effects such as hypo-
glycemia may arise [100]. In addition, studies show that the brain
rapidly removes transferrin into the blood [102]; hence, strategies to
prevent efflux from the brain must be developed. If significant amounts
of drug do enter the brain, diffusing through the interstitial space to
reach their target sites in the inner regions of the brain poses another
challenge. Biomaterials such as hydrogels can be directly implanted in
the brain via surgery, but rapid efflux by transporters can render the
treatment ineffective. For example, when scientists injected antibodies
intranasally, their concentration in the brain relative to 20 min post
injection fell 50% after 40 min, and 95% after 90 min [103]. Alternate
strategies such as utilizing cerebrospinal fluid (CSF) to enter the brain
have been attempted [51,52,104]. Compared to the BBB, the leakier
choroid plexus, the location where drug can enter the CSF, provides a
superior drug entrance [105]. In addition, drugs can be injected at
higher concentrations through intracerebroventricular injections.
However, upon entering the brain, many drugs are rapidly transported
out into the bloodstream [51]. In one study, half of intracerebrally
injected antibodies were cleared from the brain after 48 min [53]. In
addition, the rapid (4-5 times/day) turnover rate of the CSF limits the
time available for drugs to diffuse into the inner regions of the brain
[106]. As a result, not all small molecule drugs [107] and even fewer
proteins [52,53,108] penetrate >1 mm into the parenchyma. Therefore,
only a subset of small molecules whose transport is less hindered by
diffusion, such as chemotherapies, utilize diffusion-based delivery
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without significant issues.
3.4. Solid tumors

Especially with unresectable tumors, therapeutic agents must reach
the inner core of tumors in addition to the periphery. However, uneven
vascularization, slow interstitial diffusion, and elevated interstitial
pressure make this challenging [28,29,109]. The well-vascularized
tumor periphery possesses leaky blood vessels, facilitating extravasa-
tion of systemically administered drugs. In these regions, blood vessels
appear every 200 pm, requiring drugs to only diffuse 100 pm to reach
their target. However, compared to other tissues, the tortuosity of paths
and interaction with components of the extracellular matrix slows
diffusion in tumors [29,38]. As a result, in some tumors, liposomes and
large dextrans with similar molecular weights diffuse too slowly for their
diffusion coefficients to be measured by fluorescence recovery after
photobleaching [38]. In another study, the diffusion coefficients of IgG
molecules in carcinomas measured just 107310712 m?/s, resulting in a
required interstitial diffusion timescale of 2 days for 1 mm. In addition,
poorly vascularized regions, such as the (semi-) necrotic or hypoxic re-
gions near the core of the tumor possess greater diffusion length scales.
These solid mass regions formed by aggressive tumors grow faster than
the rate at which new blood vessels are formed [110,111]. It is common
for tumors to reach centimeter-scale sizes when diagnosed [112,113]
and contain hypoxic regions ranging from 10 to 40% of the tumor
[114,115]. Penetrating sparsely vascularized regions is challenging and
time-consuming for macromolecules relying solely on interstitial diffu-
sion; they require timescales of 7-8 months to penetrate 1 cm into solid
tumor tissue [116]. In addition, diffusion into the core is countered by
elevated interstitial fluid pressures at the core [28,29,45]; the high
pressure causes interstitial fluid in tumors to flow towards the periphery,
negating the inwards diffusion of drugs. This reduces the efficacy of anti-
cancer treatments and may lead to treatment failure [117,118].
Furthermore, tumor cells regenerate rapidly [119], and tumor hetero-
geneity produces uneven drug distributions, both of which further
diminish the efficacy of therapies. Together, these studies imply that
patients require alternate drug delivery systems for rapid and efficient
drug distribution over the entire tumor. Utilizing convection to pene-
trate solid tumors overcomes the aforementioned barriers; several
studies indicate enhanced distribution profiles and treatments efficacies
when healthcare professionals directly inject macromolecules into the
tumor [120,121]. However, direct injection can lead to heterogeneous
drug distributions, drug leakage, severe off-target side effects in the
surrounding tissues, and disruption of the tumor microenvironment
which may lead to higher rates of metastasis [122-125].

3.5. Heart walls

The 1.2-1.5 cm thick left ventricular free wall acts as a barrier which
prevents diffusion-based methods from effectively treating myocardial
infarctions [126]. In mice, the diffusion coefficients of a 40 kDa dextran
molecule across the left ventricular free wall measure approximately 3
x 1071° m?/s and 1.8 x 1071 m?/s, before and after the onset of the
fibrotic foreign body response, respectively [127]. If similar diffusion
coefficients are observed in human tissue, it will require 7 and 12 days,
respectively, for the model drug to diffuse across the left ventricular free
wall from the epicardial surface of the left ventricle. Even if an injected
hydrogel/drug formulation forms a bolus in the center of the myocar-
dium, drug molecules will require 35 h to diffuse throughout the entire
tissue wall depth. For larger drugs such as viral vectors [128] and li-
posomes [129], even longer periods will be required. In addition, pre-
vious studies show that the myocardium retains <50% of delivered
drugs over time [130,131]. Thus, effective treatments require a rapid
drug delivery system capable of distributing drugs to a large volume of
the myocardium before clearance. Extended release hydrogel formula-
tions and cardiac patches have been developed to deliver
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macromolecule drugs and cells to the heart to expedite wound healing
following a myocardial infarction [132-135]. While many of these for-
mulations demonstrate reduced scar tissue formation and increases in
ejection fraction following delivery in small animals, they fail to achieve
the same results in large animals [132,133,136]. This may be because
large animals have left ventricular walls over ten times thicker than
mice, providing a more formidable diffusion barrier [137]. Convection-
based methods enable expedited distribution of drugs over large vol-
umes of the myocardium with homogeneous spreading [138].

3.6. Eyes

The cornea, the 0.5 mm thick outermost layer of the anterior section
of the eye [139], acts as the main barrier to ocular drug delivery [140].
Similar to the small intestinal epithelium and the BBB, the tight junc-
tions present in the cornea prevent the passage of molecules [141,142].
For example, the bioavailabilities of even small molecule drugs typically
measure <10% [142]. In addition, factors such as vision impairment and
the rapid clearance of topically applied liquid formulations by blinking
and tears further undermine diffusion-based ocular drug delivery
[142,143]. Hanes et al. developed a gelling hypotonic polymer solution
containing small molecule drugs which forms a thin, clear layer upon
topical administration [143]. This formulation overcomes some of the
aforementioned complications, but a system for macromolecules is yet
to be developed. As a result, healthcare professionals utilize convection-
based intravitreal injections for macromolecule administration, which
deliver larger doses (approximately 100 pl) rapidly without impairing
vision [144-146].

3.7. Fibrotic bodies

The fibrotic foreign body response generates another diffusion bar-
rier that prevents macromolecules uptake from implanted devices such
as hydrogels. Upon recognition of foreign bodies, recruited immune cells
such as macrophages deposit proteins to form crosslinked fibrous layers
encapsulating the biomaterial [147]. The deposited fibers and associ-
ated immune cells cause stress on the biomaterial, ultimately leading to
material failure [148]. In addition, while the extent depends on the
thickness of the fibrous capsule, the fibrous capsule can significantly
decrease the flux of even small molecules including oxygen and glucose,
such that their diffusion times are approximately doubled [149,150]. A
similar retarding effect has been observed for macromolecules. For
example, the diffusion coefficient of a 40 kDa dextran diffusing from a
hydrogel attached to the epicardial surface of a mouse heart into the
myocardium decreased by approximately 20% following only 20 days of
being implanted [127]. Similar results were observed from subcutane-
ous devices containing insulin in mice [46]. Thus, this additional barrier
to diffusion must be considered when delivering drugs for a sustained
period, as onset of fibrosis occurs approximately 7 days following im-
plantation [151]. The fibrotic foreign body response can be mitigated by
altering the implant geometry or constituent polymers [47,152-154],
and such systems are in the process of being commercialized. Robotic
devices capable of oscillatory movements can be utilized to prevent
fibrosis, while simultaneously increasing efflux of drugs from the device
and its lifespan [46,155]. Convection-based methods can also be used to
overcome the foreign body response by altering flow parameters to
accommodate for the increased resistance to mass transport.

4. Clinical successes and failures of diffusion-based drug
delivery systems

In this section, we discuss the successes and failures of hydrogel
implants and nanoparticles in the context of the aforementioned phys-
iological barriers (Fig. 3).
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4.1. Hydrogel implants

The FDA has approved very few hydrogel implants that require their
cargo to pass through a poorly permeable tissue barrier. At the time of
our review, Vantas® (Endo Pharmaceuticals; discontinued in 2021) was
the only injectable hydrogel for drug delivery to cancers to be approved
by the FDA [5]. It was implanted in the subcutaneous space of the upper
arm where a small molecule drug, histrelin acetate (1.3 kDa), would be
released to suppress the growth of advanced prostate cancers by tar-
geting the gonadotropin-releasing hormone receptors in the pituitary
gland of the brain [156]. The drug would be released for a year, after
which the implant would be replaced. Histrelin acetate is uniquely
capable of crossing the BBB and reaching its target, and thus its reservoir
can be implanted on the vascular side of the BBB. Due to its small size
and low molecular weight its diffusive flux, even when hindered by the
fibrotic foreign body response, is high enough to elicit a therapeutic
response. The fact that only low concentrations (1.1 ng/ml) are enough
to induce a response [157] also contributes to the implant’s ability to
suppress tumor growth.

As is evident from the fact that the only anti-cancer hydrogel
approved by the US FDA for drug delivery delivers a relatively small
peptide, histrelin acetate [5], hydrogels releasing larger proteins such as
growth factors or monoclonal antibodies across physiological barriers
have been less successful. This may be because the release rates of drugs
from hydrogels are too slow and cannot establish sufficiently steep
concentration gradients for macromolecules to penetrate the barriers. In
addition, most hydrogels suffer from the fibrotic foreign body response,

Time Required
for Penetration

Insufficient
Penetration Depth

woffo

’—5-
]

||

Map,, .
9o,
<,

S

Challenges of

Nanoparticle
Complexity

Journal of Controlled Release 366 (2024) 650-667

further limiting macromolecular diffusion out of the hydrogel
[148,149]. For example, in treating advanced melanoma, 200 mg of
pembrolizumab (tradename Keytruda®, Merck) in 8 mL of solution is
typically dosed intravenously every 3 weeks. As hydrogels are mainly
composed of water (70-99% [1]), delivering similar doses by hydrogels
would require large gels of impractical size. In comparison, Vantas®
contains 50 mg of histrelin acetate, which is released over a year.

4.2. Nanoparticles

Similarly to hydrogels, nanoparticle formulations that require pas-
sage across a poorly permeable tissue barrier have had limited to no
success in the clinic, and FDA approved nanoparticle formulations target
areas of the body that are easily reached from the administration site. In
2018, the US FDA approved patisiran (tradename Onpattro®), a nano-
particle drug encapsulating small interfering RNA (siRNA) for the
treatment of polyneuropathy caused by amyloidosis of transthyretin
(TTR) [158]. The lipid nanoparticles are modified such that following
administration via intravenous infusion, apolipoprotein E (ApoE) is
recruited in the bloodstream to increase specificity to and uptake by
hepatocytes [159,160]. Once the nanoparticles enter the liver, they
interact with ApoE-binding receptors on the surfaces of hepatocytes and
are internalized, and siRNA is released. The detailed mechanism of ac-
tion of the drug is not the scope of this review and can be found else-
where [159,160]. The success of patisiran can be partly attributed to its
target. In addition to the liver being a well-perfused organ, the liver’s
sinusoidal endothelial tissue is fenestrated [161]. This significantly
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Fig. 3. Challenges associated with diffusion-based systems. Limitations of diffusion-based systems in the context of drug distribution, manufacturing issues, drug
release profiles, and safety are illustrated along with examples of systems that have failed due to safety concerns, limited efficacy, and high cost of manufacturing.

Parts of the figure were adapted from Servier Medical Art, CC BY license.
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enhances paracellular permeability of large molecules and nano-
particles. A single dose of patisiran was shown to reduce serum TTR
concentration by approximately 40% on average [159].

Covid-19 nanoparticle vaccines mRNA-1273 (Moderna) and
BNT162b2 (BioNTech and Pfizer) have also successfully entered the
clinic [162,163]. Here, lipids encapsulate mRNA encoding viral protein
distributed
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nanoparticles, the lipid nanoparticle mRNA vaccines need not diffuse
over long distances when distributed by convection throughout the
muscle following an intramuscular injection. The vaccines can be taken
up by both resident and recruited antigen-presenting cells (APCs) at the
site of injection, which in turn enter the lymph nodes to initiate the
cascade of immune responses [164]. In other words, as diffusion over
physiological barriers is not required, the action of nanoparticles is not
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Fig. 4. Robotic drug delivery devices that break physiological diffusion barriers. (a) Various robotic drug delivery systems developed to overcome the limitations of
diffusion-based systems and their actuation sites; (clockwise from top right) a microneedle patch for the heart [184], an origami heart pouch [192], the soft transport
augmenting reservoir (STAR) [46], the wirelessly controlled battery-free implantable system (WCBIS) [193], MiniMed™ 780G (Medtronic), Omnipod® 5 (Insulet
Corporation), a bioresorbable, wirelessly controlled subcutaneous implant [194], RaniPill™ [88], The liquid-injecting self-orienting millimeter-scale applicator (L-
SOMA) [10,27,84], the theragripper [195], the luminal unfolding microneedle injector (LUMI) [168], a long-acting microneedle patch for reversible contraception
[196], a glucose-responsive microneedle patch [197], a biodegradable lens with microneedles [198], a flexible, sticky, and wirelessly controlled drug patch for the
brain [199] and a miniaturized neural drug delivery system (MiNDS) [59,74,77]. (b) Comparison of penetration depths, delivery rates, invasiveness, and typical drug
loads of various robotic drug delivery devices and their potential applications. Parts of the figure were adapted from Servier Medical Art, CC BY license.
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limited by their small diffusion coefficients. In addition, only small
amounts of drug are typically required for vaccines; the Moderna vac-
cine and BioNTech and Pfizer vaccine contain only 100 pg and 30 pg of
mRNA, respectively. Each vaccine was able to induce immune responses
successfully; clinical trials measured vaccine efficacies of 95.2% and
95% for Moderna and BioNTech and Pfizer vaccines, respectively.
When diffusion barriers exist, nanoparticle drugs work less effec-
tively. Doxil®, the first nanoparticle approved by the US FDA in 1995,
treats ovarian cancer, AIDS-related Kaposi sarcoma and multiple
myeloma. Compared to free doxorubicin, it shows either superior effi-
cacy, reduced off-target toxicity or both due to the enhanced perme-
ability and retention (EPR) effect [165]; the bulkiness of Doxil liposomes
results in their accumulation primarily near tumors, whereas the small
size and low molecular weight of free doxorubicin (543.52 g/mol) en-
ables unhindered diffusion into most parts of the body and displays
toxicity towards normal tissues. More efficacious compared to free
doxorubicin, the response rate for recurrent ovarian cancer was limited
to approximately 20% [166]. While the EPR effect may facilitate accu-
mulation of the nanoparticles close to tumors, elevated interstitial
pressures at the cores of tumors prevent transport of macromolecules
accumulated at the periphery of tumors into the core, as previously
discussed. Even when the elevated interstitial pressure is not considered,
it is estimated that timescales of several months are required for im-
munoglobulins to diffuse 1-2 cm into the core; longer timescales are
required for nanoparticles, due to greater hydrodynamic radii.

[86]
[27,84]
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5. Fabrication methods for convective and diffusion-enhancing
robotic systems

Epinephrine, GLP-1 analog, Insulin, Adalimumab,

Polymeric Nanoparticles
Peptides — Nanoparticles, Viruses

CT Contrast Agent

Molecules
Ovalbumin
Muscimol

Fabrication methods such as 3D printing and microfabrication have
expedited the development of customized, miniaturized, and sophisti-
cated robotic devices. As a result of recent advances in these fields, many
components and devices that either i) enable convective drug delivery,
or ii) enhance the efficacy of diffusion-based methods by physically
disrupting a physiological barrier have been developed
[27,59,84,99,167,168]. In this section, we introduce physical tissue
interfacing robotic devices that have been used to overcome diffusion
barriers and enhance drug delivery profiles, and we note that systems
utilizing convection in many cases provide superior pharmacokinetics
and bioavailability to those that solely enhance diffusion (Fig. 4). Some
of these components, designs, and devices are currently in clinical trials,
while others may be incorporated into future convection-based systems
to enhance their function and clinical translatability.
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5.1. Convection-based methods

In this subsection, we explore various convection-based methods
developed for each diffusion barrier and their limitations. (See Table 1)

5.1.1. Skin

Needle-free jet injections enable convection-based transdermal drug
delivery. Injected drug solutions travel 100-200 m/s out of a nozzle
smaller than 100 pm in diameter [169]. Approximately 100-500 pl of
the drug solution penetrates into the subcutaneous space, where the
drug is distributed. As the skin hosts a large population of immune cells
[170], jet injections provide an efficacious vaccination delivery plat-
form. Delivery of other macromolecules such as insulin [85] and
monoclonal antibodies [171] have also been demonstrated. Polymeric
particles have also been injected into the skin, with the encapsulated
small molecules being released over approximately 3 weeks [172].
However, compared to conventional injections with hypodermic nee-
dles, reports indicate that needle-free jet injections cause swelling and
erythema, as well as similar levels of pain [169]. In addition, jet in-
jections’ limited dosing capacity pales in comparison to subcutaneous
injections, where antibody doses reach over 1000 mg per administration
[173].

Safe metal needles or

catheters
Customized 200 pm

needle
30G metal needle

Mechanism
Delivery
MucoJet Needle-free; aqueous jet

/Method

CED
MiNDS
12T2

Device
Stomach L-SOMA 32G metal needle

Mouth

Actuation Location

GI Tract
Brain
Eyes

Canonical convection-based methods for drug delivery across multiple physiological barriers and their characteristics.

Table 1
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5.1.2. GI tract

Multiple convection-enabling robotic devices enable macromolecule
delivery in the GI tract. In the mouth, a device called MucoJet developed
by Aran and colleagues provides a needle-free jet injection into the
cheek [86]. A hydration mechanism triggers a carbon dioxide generating
chemical reaction, which ejects a vaccine solution that can penetrate the
mucosal layer and elicit immune responses in rabbits.

In the small intestine, the RaniPill™ utilizes intestinal fluid to
dissolve a membrane separating reactants [87,88]. This initiates a
chemical reaction that produces carbon dioxide. The gas drives a
dissolvable needle into the small intestinal walls, out of which the drug
is injected. When delivering octreotide, the pill reached systemic bio-
availabilities of ~65% [88], while bioavailabilities closely matching
that of subcutaneous injections were observed when injecting insulin
[87]. Delivering drugs across the stomach walls, compared to the small
intestine, may enable faster and safer drug delivery; this is because
actuation can take place prior to gastric emptying, which requires up to
4 h in a healthy stomach [174]. In addition, as the walls are much
thicker in the stomach than in the intestine, less risk of perforation ex-
ists. The L-SOMA, an ingestible capsule developed by some of the au-
thors of this paper, delivers drugs convectively by inserting a retractable
needle and injecting liquid formulations of drugs including epinephrine,
insulin, GLP-1 analogs, monoclonal antibodies, and mRNA-containing
polymeric nanoparticles into the stomach submucosa [27,84]. Doses
of up to 4 mg and absolute bioavailabilities of up to 80% were achieved
in swine.

5.1.3. Heart

Engineers have developed needle-free injection systems to deliver
drugs into the myocardium to treat myocardial infarctions and subse-
quent heart failure [78,175]. Compared to conventional injection
methods, the jet injection method showed similar retention of drug in
the left ventricle while minimizing systemic uptake of drug, quantified
by liver exposure [175]. Delivery of adeno-associated viruses (AAVs)
showed improved left ventricular ejection factors and thickening of the
left ventricular free wall — signs of left ventricular reconstruction post-
infarction [78]. Given that the macromolecules capable of stimulating
regeneration of the heart post-infarction such as growth factors [127]
and AAVs [78,175] have molecular weights on the order of 10 kDa to
MDas, we expect convection-based methods to outperform diffusion-
based methods for distribution of the drug throughout the diseased
tissue.

5.1.4. Brain

For delivering drugs into the brain, a variety of pump systems have
been developed. For example, Ramadi, Dagdeviren, and colleagues have
developed a miniaturized neural drug delivery system (MiNDS) for drug
delivery into the brain [59,74,77], while continuously recording
neuronal electroencephalogram (EEG) activity. By implanting MiNDS in
the brain, they bypassed the BBB while minimizing backflow and off-
target effects. MiNDS convectively delivered muscimol, a y-amino-
butyric acid (GABA) agonist to the implanted region in microliter
quantities, confirmed by EEG diagrams and changes in behavior. No
significant immune response or necrosis was observed after 8 weeks,
indicating feasibility of long term drug delivery for treating chronic
neurological diseases with low invasiveness. Steerable microcatheters
[176] and probes [73] have also been developed for precise targeting. In
this study, the angle at which the needle is inserted was demonstrated to
affect the trajectory of drug solutions [73].

5.1.5. Eyes

While intravitreal injections are widely utilized for the administra-
tion of macromolecular drugs such as Eylea® and Lucentis®, compli-
cations such as lack of specificity and drug leakage can be overcome by
utilizing electromechanical devices to target specific regions of the eye
[142,144]. A method developed by Prausnitz et al. enables selective
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targeting of the posterior region of the suprachoroidal space by deliv-
ering negatively charged nanoparticles through hollow microneedles
followed by iontophoresis for the translocation of nanoparticles [145].
In this way, >30% of the administered nanoparticles were delivered
specifically to the posterior region in rabbits. Furthermore, electrome-
chanical devices for targeting the eye can provide enhanced sensitivity
compared to human operators when determining the optimal position
and timing of the injection. For example, the intelligent injector for
tissue targeting (I2T2), a resistance-sensing injector developed by Karp
et al., determines the optimal needle insertion site based on changes in
force required to advance the needle [146].

5.1.6. Fibrotic foreign bodies

When implanted devices deliver drugs for prolonged periods, the
fibrotic foreign body greatly reduces the efficiency of diffusion-
dependent drug delivery systems [47,147,153]. To attenuate the
fibrotic foreign body response, Roche and colleagues developed a soft
transport augmenting reservoir (STAR) [46] composed of a therapeutic
chamber, an actuation chamber, and an outer layer. The pressure within
the actuation chamber can be continuously controlled such that it in-
flates and deflates rapidly to oscillate. This intermittent actuation
significantly reduces the formation of fibrotic layers, extending the
lifespan of the implant without losing functionality. In addition, by
disturbing the surrounding fluids via oscillations, added convective
mass transfer contributions accelerate drug elution from the implant
compared to simple diffusion. As a result, insulin was consistently
delivered for over 8 weeks.

5.2. Diffusion-enhancing methods

While the following devices ultimately depend on diffusion for dis-
tribution of drug, these devices facilitate distribution by incorporating
functions such as mechanically disrupting physiological barriers or
continuously maintaining maximal concentration gradients. Although
these devices have drawbacks such as limited drug loading and less
control over the spatiotemporal concentration profile compared to
convection-based methods, they distribute drugs further than passive
diffusion-based methods. In addition, these devices incorporate many
features that can be adopted by novel convection-enabling robotic drug
delivery devices to further enhance their efficacy.

5.2.1. Skin

Solid microneedle formulations enhance diffusive flux by physically
penetrating the stratum corneum and epidermis, essentially removing
the initial barriers to transdermal diffusion. The dermis, due to its
immense vasculature [126], is one of the few locations where delivery of
diffusion-based methods which break through the stratum corneum
provide similarly rapid uptake to convective delivery. Microneedles can
be tuned to alter drug release kinetics and mechanisms. For example,
drugs can be delivered in a single burst within a few hours [177],
multiple bursts over days [178], or in a sustained manner for over six
months [179]. In addition, microneedle patches can be incorporated
within complex devices for closed-loop control of diseases. For example,
Lee et al. report a wearable microneedle patch for closed-loop control of
diabetes [167]. At elevated sweat glucose concentrations, a thermal
actuator heats a microneedle patch and induces a phase change of the
coating, thereby controlling the release rate of metformin, a drug used
for controlling diabetes. Thus, blood glucose levels are controlled by a
closed feedback loop. However, the limited volume of these devices for
drug loading reduces the amount of total delivered drug by up to an
order of magnitude. These microneedle formulations possess drug loads
on the order of 100-pg [91,178,180], compared to gram-level doses
through subcutaneous injections [173].

5.2.2. GI tract
For drug delivery in the GI tract, many diffusion-based robotic
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devices disrupt the diffusion barriers with components such as micro-
needles. Latching onto and penetrating tissue walls shortens the diffu-
sion length and enhances the residence time of drug within the GI tract,
providing ample time for diffusion of small molecules and single kDa
sized macromolecules. Although these devices are limited to moderate
doses and cannot deliver larger macromolecules such as monoclonal
antibodies and polymeric or lipid nanoparticles at therapeutically rele-
vant concentrations, the design of these devices and their triggering
mechanisms will inspire future ingestible robotic pills for convective
drug delivery. Babaee et al. report multiple robotic devices for drug
delivery in the esophagus, including a temperature-triggered flower-like
device capable of delivering small molecules by inserting dissolvable
drug-loaded millineedles into the esophagus [181] and a pressure-
triggered kirigami-inspired stent that inserts barbs coated with poly-
meric nanoparticles [182]. Srinivasan and colleagues have developed a
robotic device called RoboCap, an ingestible capsule that rotates against
the small intestinal walls, clearing away mucus layers while topically
depositing drugs [99]. As a result, 20- to 40-fold greater bioavailabilities
are achieved for insulin in swine. Another microneedle-based robotic
pill, the LUMI, was designed such that regardless of its orientation
within the small intestine, its microneedles would penetrate the small
intestinal walls upon release from its capsule, eliminating the need for
external guidance [168]. The LUMI possesses three arms coated in
microneedles which unfold in the small intestine after being triggered by
a pH change. The device has been shown to deliver drugs such as insulin
rapidly compared to subcutaneous injections, while achieving >10%
bioavailabilities in swine.

While these barrier breaking devices increase bioavailability by one
to two orders of magnitude more than chemical permeation enhancers,
they are limited in their ability to deliver rapid acting pharmacokinetics,
high peak plasma concentrations, and drug loads comparable to their
liquid dosing counterparts. For example, the SOMA system described
above was shown to deliver both solid and liquid insulin formulations
[10,27]. While both possessed similar bioavailabilities compared to
subcutaneous injections of the same formulations, the solid formulation
delivered just 300 pg of drug (with a maximum loading capacity of 1-2
mg) [10] whereas the liquid formulation demonstrated up to 4 mg of
drug loading [27]. Furthermore, the solid formulation delivered its
payload over multiple days with a sustained release profile, while the
liquid formulation reached a peak plasma concentration with 30 min
following administration and demonstrated a rapid acting pharmaco-
kinetic profile.

5.2.3. Heart

Many diffusion-enhancing systems with robot-like modifications for
treating myocardial infarctions have been developed. Whyte and col-
leagues developed an implantable system called Therepi for sustained
delivery of drugs from a hydrogel attached to the epicardial surface of
the heart [127]. Unlike other hydrogels, the device is connected to a
subcutaneous port by a refill line. The Therepi is continuously replen-
ished with drug to maintain the maximal concentration gradient of drug
across the hydrogel-tissue interface, the driving force for diffusive drug
delivery. In addition, by injecting different drug formulations into the
subcutaneous port, different drugs including small molecules, growth
factors, and cells can be delivered at different timepoints, whereas other
hydrogels are pre-programmed and lack this versatility. Huang et al.
report another epicardial patch called PerMed [183], which consists of a
biodegradable elastic patch with mechanical properties similar to the
heart, and networks of microchannels for drug permeation. Sustained
release of a growth factor from PerMed demonstrated enhanced revas-
cularization and improvements in cardiac function. Drug-loaded
epicardial microneedles have also been developed. Shi et al. report a
microneedle-based device for gene therapy delivery using AAVs [184].
In rats, compared to bolus injections where the transfected cells were
primarily located within a 500 pm distance, the swelling microneedles
could deliver AAVs over a longer distance, approximately 3 mm, and
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displayed enhanced left ventricular function recovery. Microneedles for
delivering cardiac stromal cells have also been developed [185]. In
addition to delivering drugs, recent studies demonstrate the ability of
hydrogels to provide mechanical support and ECM-mimicking envi-
ronments to the infarct to accelerate revascularization and growth
[186,187].

While these systems provide localized delivery to the heart at ther-
apeutically relevant concentrations, they fail to provide the depth of
penetration necessary to reach all areas of impacted tissue following a
myocardial infarction. Microneedle systems improved drug penetration
depth [184,185], but they only penetrated a distance equivalent to 20%
of the thickness of a large animal’s left ventricle. Furthermore, while
port-based systems allowed for convective refilling of drugs, the reliance
on diffusion for tissue penetration limited the penetration depth of the
administered therapy to just 300 pm [127,183].

5.3. Examples of synergy between convection-based & diffusion-based
systems

By utilizing the advantages of both convection-based and diffusion-
based systems, greater therapeutic effects can be achieved.
Convection-based systems can be utilized to overcome physiological
barriers and diffusion-based systems can be exploited for sustained or
targeted delivery. For example, the unique design of the L-SOMA,
enabling oral delivery of macromolecules by circumventing the stomach
lining, was combined with nanoparticles optimized for transfection. By
changing the formulation of the nanoparticle, it may be possible to
change the type of cell targeted by the nanoparticle [9]. Similarly, CED
was used to deliver polymeric nanoparticles in the brain over a large
volume [69-71], and intramuscular (local) injections of the Pfizer/
BioNTech and Moderna lipid nanoparticle COVID-19 vaccines
[162,163] removed the necessity of nanoparticles to extravasate from
blood vessels and diffuse to their targets. Hydrogel injecting robotic
devices have also been developed [188], where the hydrogel can be
utilized for prolonged release of drugs, triggerable release by various
stimuli, or mechanical support. Further progress in both systems will
enable development of hybrid robotic devices with even greater control
over the spatiotemporal drug concentration profile.

6. Tuning physical interactions

To treat the whole of diseased tissue by convective drug delivery
while minimizing off-target effects, it is critical to understand how fluids
are distributed upon injection and to control the pertinent variables. For
example, suboptimal catheter positioning largely contributed to the
underwhelming result of the PRECISE (Phase III Randomized Evaluation
of CED of IL13PE38QQR with Survival Endpoint) clinical trial [189];
simulations by iPlan Flow showed that only 49.8% of catheters were
positioned optimally. In addition to catheter positioning, other variables
such as viscosity of the infusate and infusion rate can alter how fluids are
distributed [64,190,191]. Here, we discuss some of the controllable
variables in convective drug delivery (Fig. 5).

6.1. Viscosity

From Darcy’s law (q = —’in), it can be drawn that flowrates track

inversely with viscosity at a given pressure gradient. As a result, low-
viscosity formulations readily enter interstitial spaces and penetrate
further into tissues in less time. In addition, smaller catheters, needles,
and pumps can be used due to the fluid’s lower resistance to flow, which
are more suitable for miniaturization and implantation [190]. However,
studies show that low-viscosity infusates commonly suffer from
increased backflow, leakage, and lower distribution volumes [191].
Thus, high-viscosity formulations may be more suitable for treating
larger diseased tissue volumes and low-viscosity formulations more
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Infusion Rate

- Challenge: Minimize backflow and damage caused to tissue by
infusion

- Strategies: Determine mechanical properties of tissue to
understand how infused drug solutions are distributed

- Example: Miniaturized, implantable pumps target specific
locations in the brain though controlled infusion rates

ISafetyl |Contro| | | Distribution |

Positions and Number of Insertion Sites

- Challenge: Prevent tissue perforation and
minimize off-target effects and damage

- Strategies: Determine optimal needle/catheter
placement sites using visualizing agents and
imaging techniques

- Example: Self-orienting pills localize to the
stomach wall and inject drugs directly into
the vascularized tissue layer

IControI | |Distribution

Challenging

Developmental Challenges

| —

Medium
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Size, Geometry and Power Consumption

- Challenge: Minimize tissue damage and inconveniences
experienced by patient

- Strategies: Develop device with optimal size and geometry
suited to its position (implantable, ingestible, wearable)
with minimal power requirements

- Example: PillCam (12 mm diameter, 32 mm length) and
OROS (9 mm diameter, 15 mm length) have obstruction
rates of 1.4 % and < 0.001 %, respectively

e G5 [osvvon]

Viscosity of Drug Solution

- Challenge: Minimize backflow and required
force for infusion, for minimization/implants

- Strategies: Modify viscosity of drug solution
with viscosity modifiers such that drug
solutions penetrate into small channels in
each tissue

- Example: Drug solutions with high concentrations
of macromolecule drugs may be too viscous to
pass through thin needles

|Safety| |Contro| | |Distribution

Established

Fig. 5. Factors to be considered when developing convection-based systems. Associated developmental challenges and strategies to overcome the challenges are
illustrated with a syringe and tumor. Parts of the figure were adapted from Servier Medical Art, CC BY license.

suitable for smaller tissue volumes with high densities of narrow inter-
stitial sites. By adding viscosity modifiers such as polyethylene glycol or
sugars, the viscosity of the formulation can be modified according to its
purpose [190].

6.2. Infusion volume

Increasing the total infused volume increases the volume of distri-
bution and the amount of drug delivered. In the brain, the volume of
distribution initially increases linearly with the volume of infusion [26].
However, the volume of distribution eventually plateaus. Depending on
physical properties of the tissue such as porosity, structure, and how
tightly the layers are packed, each tissue’s capacity to accept liquids
within a set period differs. Once a total volume exceeding that capacity
is delivered, backflow or leakage to adjacent tissues occurs; excess drugs
will be wasted, and off-target toxicity will arise. For example, when the
same volume of drug was injected into the stomach wall mucosa, only
40-50% of the dose remained, whereas 100% of the dose was retained
when injected into the stomach submucosa [27]. Large infusion volumes
can cause other complications, such as the dissemination of cells in
relatively loosely packed tumors, causing metastasis [124,125]. Thus,
determining the optimal total infused volume that maximizes distribu-
tion while minimizing tissue damage and backflow is critical.

6.3. Infusion rate and interstitial fluid velocity

At higher infusion rates, less time is required to deliver the same
volume of infusate. However, similarly to high infusion volumes, high
infusion rates cause significant backflow [64]. In addition, tissue dam-
age and complications, such as tumor metastasis, can be observed at
higher flow rates [124,125]. When determining the infusion rate, the
physical properties of the tissues must be considered. For example, the L-
SOMA safely injects 80 pl of drug into the gastric mucosa within milli-
seconds [27]. However, infusion rates are typically in the range of 0.1 to
10 pl/min for CED in the brain, due to the drastically softer nature of the
tissue [64]. To minimize backflow, bolus formation, or tissue damage
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due to excessive swelling, the infusion rate must be equal to or less than
the rate at which the infused fluid distributes within the tissue. This rate
is calculated by summing the flowrates across all the channels formed.
Thus, understanding the dimensions of and the distance between the
channels formed in the tissue by the infused fluids is critical. At a given
infusion rate, factors such as the dimensions of the infusion cannula or
needle, porosity of the tissue, and interstitial pressure can affect the
velocity of the infused fluid. Especially when delivering a drug that is
toxic to normal tissue, these parameters must be chosen such that the
fluid is distributed only throughout the target tissue without leaking.
However, drastically reducing the infusion rate and interstitial fluid
velocities can have adverse effects — excessive infusion times may be
required, which can be burdensome for surgeries. Also, pathogens and
undesired molecules may flow through the opened pathway during
extended infusion sessions if the barriers are mechanically disrupted.

6.4. Depth, angle, and position

Needles or catheters inserted at different angles and depths deliver
drugs to different tissue layers. As different tissues have varying distri-
bution profiles (bolus, dispersed) and capacities to accept liquids, it is
critical to predetermine the appropriate depth and angle of insertion.
This can be done by injecting visualizing agents such as contrast dyes or
radioisotopes and utilizing imaging techniques such as MicroCT [26,27]
and MRI [75]. For example, the length of needles in the L-SOMA device
was determined so that liquids were only injected into the submucosa or
muscle layer of the stomach, instead of the mucosa [27]. While inserting
needles or catheters deeper reduces the distance that drugs diffuse over,
clear upper limits exist to prevent complete thickness perforations and
excessive tissue damage. Other factors such as tissue heterogeneity and
anisotropy must also be considered, as these alter the direction of fluid
flow within the tissue [190]. Especially when delivering drugs into vital
organs with limited regenerative capacity such as the brain and heart,
scientists must understand how the infused fluids are distributed and
generate methods to accurately determine the optimal position and
orientation of the drug delivery device. However, as has been shown
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from the retrospective analysis of the failure of the PRECISE trial [189],
excessive device and positioning complexity can also lead to failure.
Minimizing the complexity of the device assembly, placement, and
operation may lead to reduced opportunities for clinician error, easier
integration with current surgical procedures, reduced surgery times, and
better health outcomes. When catheters or cannulae are inserted, the
number of insertion sites can be determined and minimized prior to the
surgery by imaging procedures and simulation software that utilize
diffusion and convection drug delivery models specific to the targeted
tissue. Additionally, insertion sites can be marked before the procedure
to prevent misplacement. Components that must be inserted in a specific
orientation or direction can be clearly marked and tracked during sur-
gery, or devices can perform insertion passively and autonomously to
minimize clinician error. For example, the SOMA capsule possesses a
passively self-orienting geometry for localization, a passively triggered
compressed spring for needle insertion, and a solid drug post for delivery
[10]. Delivery depth is controlled by the length the spring can expand,
drug delivery rate is determined via the post formulation, and tissue
localization is performed autonomously by gravity. Future systems that
utilize passive and self-actuating components may help to reduce device
complexity, cost, and potential for dosing errors.

7. Outlook & conclusions

In this Review, we assess the limitations of diffusive mass transfer in
the context of macromolecular drug delivery across poorly permeable
tissue barriers and describe how convection-enabling robotic systems
improve drug bioavailability and therapeutic efficacy compared to
passive formulations. Convection-based methods have already shown
success in bypassing the BBB [26,59] and the GI tract tissue walls
[27,84]. Further demonstration of efficacy across solid tumors and the
heart may provide new modes of drug transport that enable safe and
effective therapies for diseases with poor prognoses. Moreover, char-
acterizing how fluids are distributed in both healthy and diseased tissues
through imaging procedures could enable personalized delivery profiles
that reduce off-target side effects, maximize dose concentration in
relevant tissues, and provide temporal control of dosing regimens.

Robotic device-based convective delivery naturally requires more
invasive procedures compared to formulation based oral or systemic
administration. While the safety of CED has been shown through
extensive experimentation and clinical trials, the systems have been
limited to extremely low flowrates in the brain, typically on the order of
1 pl/min [26,64,190]. When assessing new tissues for convective de-
livery, scientists must determine the appropriate needle sizes and flow
parameters while also considering parameters such as interstitial pres-
sure, thickness, potential for regeneration, and risk of infection. Long-
term effects such as fibrotic encapsulation must also be considered
when developing implantable systems for prolonged drug delivery to
treat chronic diseases. Fibrous capsules can block the outlets of needles
and catheters, and the additional pressure to force the liquid through
these blockages needs characterization.

The final factors to consider are medical expertise requirements and
cost. Some applications of convective drug delivery require surgical
procedures. Excessive complexity of device placement can reduce the
efficacy of therapies and even cause additional tissue damage, as has
been learned from the retrospective analysis of CED trial data [189].
Furthermore, these involved procedures increase the cost of using such
devices. Developing automated methods for device placement and im-
plantation will significantly enhance the efficacy and reproducibility of
treatment. In addition to placement complexity, electromechanical de-
vices possess several moving parts which increase the manufacturing
and assembly costs compared to diffusion-based methods. As advance-
ments in additive manufacturing processes such as 3D printing continue
to improve and the clinical adoption of devices becomes more prevalent,
the increased volume and speed of manufacturing may lower these costs.
However, device-based treatment may always remain more expensive
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than other materials-based solutions.

Recent innovations in biosensors and in vivo communication pro-
tocols hint towards the transition of traditional drug delivery systems to
closed-loop systems in which drug delivery devices can be triggered by
external sensors [89]. However, there exist several barriers to realizing
fully automated systems, including: the development of communication
protocols between sensors and drug delivery actuators; improvements in
power management; and the development of micro-actuators that can be
placed at sites of interest such as the heart, the brain, and solid tumors.
Especially when diffusion barriers are present, convection-based
methods have demonstrated superior bioavailabilities, distribution
profiles, and spatiotemporal dosing control compared to diffusion-based
systems [31,59,75]. Already, these advantages have been applied to oral
macromolecule pills, brain drug delivery pumps, and other devices with
immediate clinical applications. In the future, development of
convection-enabling robotic devices may enable closed-loop control of
many complex diseases and contribute to improving our quality of life.
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