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Gastrointestinal patch systems
for oral drug delivery

Sarah L.Tao and Tejal A. Desai

Gastrointestinal patch systems with integrated multifunctions could surmount the
challenges associated with conventional drug delivery. Several gastrointestinal patch
systems provide bioadhesion, drug protection and unidirectional release. This
combination of function could improve the overall oral bioavailability of large
molecules that can currently be delivered only by injection, for example, epoetin-a
and granulocyte-colony-stimulating factor, which are commonly used to treat
chemotherapy-associated anemia and leukopenia, respectively. Furthermore, self-
regulated release and cell-specific targeting provide additional ‘smart’ characteristics

to this innovative therapeutic platform.

) Oral delivery is the preferred route for drug admin-
istration because it is more natural and less invasive
than other traditional routes, such as intravenous
and intramuscular injection. This, in turn, increases
patient compliance and improves safety compared
with other methods [1]. The pharmaceutical and
biotechnology industries are continuously develop-
ing peptide, protein, biopolymer and macromolec-
ular drugs for the treatment of a variety of diseases.
However, many of these new drugs have poor
bioavailability when administered orally and often
fail to induce a clinical response. This is attributed
to several factors, including: (i) a low mucosal per-
meability of a drug; (ii) the permeability of a drug
being restricted to a particular region of the gas-
trointestinal (Gl) tract; (iii) the low solubility of a
compound, resulting in a low dissolution rate in
mucosal fluids; and (iv) a drug being unstable in the
Gl environment, resulting in its degradation before
absorption [2]. However, the major causes of the low
oral bioavailability of macromolecular drugs are
generally luminal enzymatic hydrolysis and low
membrane permeability [3].
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Several controlled release drug delivery strategies
have been proposed to overcome these limitations.
Protective coatings, such as lipids and polymers, as
well as encapsulation technologies, such as micros-
pheres and nanoparticles, have been used to protect
peptides during transport through the acidic envi-
ronment of the stomach and improve transport across
the intestinal wall [4-8]. These types of systems, as
well as layered dosages, have been proposed as a
method for sustained release [9-11]. In an effort to
increase the residence time of drug dosage forms in
the GI tract, magnetic systems, gastric retentive
units and systems incorporating mucoadhesive
properties have been investigated [12-19]. In addition
to non-specific mucoadhesion, cytoadhesive agents
have been used to induce site-specific contact of
peptides to the intestinal wall [2,20-22]. This allows
for local delivery of peptides to sites in the Gl tract,
generating greater levels of absorption and stability.
The use of permeation enhancers to augment uptake
and transport through the intestinal wall, as well as
protease inhibitors to protect peptides from enzy-
matic degradation, is also being explored [23-27].
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FIGURE 1
A capsule containing gastrointestinal mucoadhesive patch
systems. Image kindly supplied by Kanji Takada.

Although all these approaches improve the oral bioavail-
ability of large molecules, none of them offers a complete
solution for adequate and safe oral administration.

One proposed approach for inducing greater levels of
absorption and stability at the intestinal epithelium is the
use of a multilayered patch system. Patch systems are
more commonly used for the transdermal delivery of con-
traceptives and nicotine [28-30]. Patches comprise layers
of thin, flexible membranes: an impermeable backing; a
drug reservoir; a rate-controlling membrane; and an
adhesive. When the patch is applied, the drug flows
through the skin into the bloodstream at a rate regulated
by the membrane that is preprogrammed to keep the drug
at an effective level. More recently, buccal patch systems
have been used to deliver drugs to the oral mucosa [31-34].
From a technological standpoint, these protective, rate-
controlling and adhesive properties are also ideal for oral
dosage forms intended for delivery to the intestinal
mucosa. This review describes several Gl patch systems
that have three key attributes: (i) bioadhesive properties
for retention of the dosage form; (ii) controlled drug-
release; and (iii) unidirectional release towards the intestinal
epithelium.

Gastrointestinal-mucoadhesive patch system
The first example of a patch system for oral drug delivery
was the Gl-mucoadhesive patch system (GI-MAPS) devel-
oped by Eaimtrakarn et al. [3,35]. This system consists of
four layers: (i) a backing layer made of a water-insoluble
polymer to protect protein drugs from enzymatic hydrol-
ysis; (ii) a surface layer made of a polymer sensitive to
intestinal pH; (iii) a drug-carrying middle layer; and (iv) an
adhesive layer between the middle and surface layers to
generate a high concentration gradient between the patch
and intestinal enterocytes (Figure 1).

The backing layer of ethylcellulose was prepared by sol-
vent evaporation. The middle layer, a cellulose membrane,
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was loaded by wetting with a solution containing a model
drug [e.g. fluorescein or granulocyte-colony-stimulating
factor (G-SCF)] and was then dried and attached to the
backing layer by thermal bonding. The pH-sensitive
surface layer was prepared using one of three polymers —
hydroxypropylmethylcellulose (HP-55), Eudragit® L100
or Eudragit® S100 (R6hm). The mucoadhesive layer, an
aqueous solution of carboxyvinyl polymer [Carbopol®
(Noveon)] and polyethylene glycol 400, was spread uni-
formly on the surface of the pH-sensitive layer and then
attached to the middle layer. The four-layered film was
cut into smaller pieces (0.5 mm in diameter for rat studies
and 3.0 mm in diameter for dog studies) and treated with
micro-pulverized stearic acid and magnesium silicate to
cover the edges of the films to prevent patch agglutination.

Mucoadhesion and distribution of patch systems of
varying pH-sensitivity was assessed in fasted male Wistar
rats after intraduodenal administration to bypass the
stomach environment [3]. Changing the pH-sensitive
polymer used as the surface layer in GI-MAPS resulted in
dissolution of the surface layer in different sections of the
small intestine (corresponding to the pH threshold of the
polymer), thereby exposing the mucoadhesive layer and
controlling the time at which adhesion of the patch
occurred. In this study, the pH of the small intestine
ranged from ~6.6 in the duodenum and jejunum to 7.5
in the ileum. Patches containing a surface layer of HP-55,
which has a dissolution threshold of pH 5.5, were retained
>2 h in the duodenum before continuing transit. Those
containing Eudragit® L100, which has a dissolution
threshold of pH 6.0, were retained for ~2 h in the jejunum,
whereas those containing Eudragit® S100, with a dissolu-
tion threshold of pH 6.8, were retained for ~2 h in the
distal ileum.

To test targeting efficiency, GI-MAPS were prepared
with each of the three different pH-sensitive surface layers
loaded with 30 mg of fluorescein and administered to
male beagle dogs. The plasma fluorescein concentration
associated with HP-55 and Eudragit® L100 reached peak
levels at ~2.3 and 3.3 h, respectively, after administration.
However, the initial increase in plasma fluorescein levels
associated with Eudragit® S100 system was delayed by
~2.3 h and peak levels were not reached until 5.0 h after
administration. These data suggest that HP-55 and Eudragit®
L100 systems dissolve in the upper and middle part of the
small intestine, whereas the Eudragit® S100 system dis-
solves in the lower small intestine.

Furthermore, the pharmacological effects of GI-MAPS
loaded with 125 ug of recombinant human G-CSF were
evaluated by measuring circulating white blood cell counts.
The pharmacological availability of G-CSF delivered by the
patch system, compared with intravenous injection, was
5.5%, 23.0% and 6.0% for HP-55, Eudragit® L100 and
Eudragit® S100 systems, respectively. It was thought that
because the Eudragit® L100 GI-MAPS attached to the
jejunum, where the hydrolytic enzyme activity is lower
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than the duodenum and the effect of intestinal content
is smaller than in the ileum, a higher pharmacological
ability of G-CSF was associated with the Eudragit® L100
patch systems. This pharmacological availability was the
highest value achieved compared with other drug delivery
systems, including colonic delivery systems and an enteric
effervescent system, where an organic acid and a non-
ionic surfactant are used as additives to produce a syner-
gistic absorption-enhancing effect [36,37].

Drug-in-adhesive patch

To increase the loading dose, Eaimtrakarn et al. [38,39]
redesigned the intestinal patch with an increased loading
space and without the adhesive layer. The reworked patch
system consisted of three layers: (i) a backing layer of
ethylcellulose; (ii) an enteric polymer membrane of
HP-55; and (iii) a new drug-carrying layer, based on
Carbopol®, loaded with 30 mg of fluorescein or fluores-
cein-dextran as a model drug. The three-layer preparation
was heat sealed and cut into patches 3 mm in diameter.
As a reference, the patches were compared with a com-
pressed tablet of 30 mg of fluorescein or fluorescein-dex-
tran mixed with microcrystalline cellulose. In vitro disso-
lution tests performed in pH 7.4 phosphate buffer at 37°C
showed that 50% dissolution of fluorescein from the
patch preparation was more than two times slower than
from the tablet preparation.

Pharmacokinetic studies of the two test preparations,
patches incorporating fluorescein or fluorescein-dextran,
were carried out on adult beagle dogs at a dose of 30
mg/dog. For the patch and tablet preparations, no sig-
nificant difference was observed in the maximum plasma
concentration of fluorescein or in the time taken to reach
maximum concentration. However, for the patch prepa-
ration, the mean residence time of fluorescein in plasma
was ~1.5 times greater than the tablet preparations,
whereas the mean residence time of fluorescein-dextran
was 1.4 times greater than tablet preparation. This effect
was ascribed to the increased residence time of the adhe-
sive patches at the absorption site in the small intestine.

The three-layered oral patch preparation was also eval-
uated in human volunteers using caffeine as a model drug.
This preparation consisted of an ethylcellulose backing

FIGURE 2
A microsphere patch design. Image kindly supplied by Samir Mitragotri.

layer, a layer of Eudragit® L100 and a Carbopol®-based
drug-carrying layer loaded with caffeine (50 mg). The
three-layered preparation was heat-sealed, punched into
patches 3 mm in diameter and administered in a batch of
120 by enteric encapsulation.

In vivo pharmacokinetic studies were carried out in fed
and fasted human volunteers. Salivary caffeine excretion
rate was used to evaluate the intestinal transit of the two
test preparations. Under fasted conditions, the control
preparation, which was an immediate release preparation,
produced a mean maximum caffeine excretion rate of ~2
ug/min at 4 h, which subsequently rapidly decreased.
Although the patch preparation showed a lower mean
maximum caffeine excretion rate than the control (1.75
pg/min), it also showed a significantly higher mean resi-
dence time for caffeine (~6 h for the patch preparation
versus 4 h for the control). Under fed conditions, the con-
trol and patch preparation had similar maximum excretion
rates, with caffeine appearing 2-3 h later in saliva (for both
preparations) compared with fasting conditions, indicating
that the presence of food prolonged the gastric emptying
time of the enteric capsules. The average data also indicated
a longer mean residence time for the patch preparation
than the control preparation. Overall, the human phar-
macokinetic studies showed that the patch preparation pro-
duced a significantly longer mean residence time of caf-
feine in the small intestinal tract under fasting and fed
conditions.

Microsphere patch

An alternative patch system, described by Shen et al. [40],
similarly consists of three layers: (i) a mucoadhesive layer;
(ii) a layer of drug-loaded microspheres partially immersed
in the mucoadhesive layer; and (iii) an impermeable
membrane encompassing the microspheres (Figure 2). To
fabricate the patches, cross-linked bovine serum albumin
(BSA) microspheres 10-30 um in diameter were prepared
and loaded with one of three model drugs [sulforhodamine
B, phenol red or fluorescein isothiocyanate (FITC)-dextran].
The microspheres were spread uniformly and partially
pressed into a 5 um thick mucoadhesive layer made of
Carbopol® and pectin, which was then covered with an
ethylcellulose layer. After drying, the three-layered film
was cut into smaller squares and circles.

In vitro release of sulforhodamine B from patches (4 mm
in diameter) into phosphate buffered saline (PBS) was
measured in a diffusion cell. It was found that 95% of the
drug was released from the mucoadhesive side, which is
significantly higher than from the backing side. Drug
transport across the intestine from patches (~3 mm in
diameter) was tested in vitro on explanted Sprague Dawley
rat intestine sections. The intestinal sections were immersed
and infused with PBS at a flow rate of 0.05 ml/min. The
amount of drug transported across the intestinal wall was
determined by measuring the concentration of model
drugs in the receiver fluid. Control experiments were
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performed by injecting the same total amount of model
drug in solution into the intestinal lumen. A significant
enhancement in transport across the intestinal wall was
observed for all three model drugs: 30% of sulforhodamine
B loaded in the patches was delivered across the intestine
in 60 min compared with only 10% from solution; 45% of
phenol red was delivered across the intestine from the
patch system in 60 min compared with 10% from solution;
and ~20% of dextran was delivered across the intestine
from the patch system in 120 min compared with <10%
from solution. The enhancement is attributed to the
localization of the drug at the intestinal wall, thereby pro-
viding a high concentration gradient for delivery and the
maintenance of unidirectional diffusion towards the wall.

Insulin patch for oral delivery

A bilayered intestinal patch was designed for the oral
delivery of insulin [41]. These patches were fabricated
using a mucoadhesive matrix of Carbopol®, pectin and
sodium carboxymethylcellulose and loaded with bovine
insulin (0.25-2.50 U/mg) as a model drug. This mixture
was compressed under 0.5-4.0 tons using a hydraulic
press and cut into disks with a diameter of 2-8 mm and
a thickness of 400 um. Three sides of the patch were
coated with a solution of ethylcellulose in acetone. The
acetone was evaporated to obtain a 50 um thick ethyl-
cellulose backing (Figure 3). The efficacy of the intestinal
patch was evaluated in terms of insulin-induced hypo-
glycemia in rats, patch adhesion and insulin release.

In vitro release of insulin from 4 mm diameter patches
was examined in a two-chamber diffusion cell in PBS. The
studies showed that insulin was released from patches for
~4 h, with 99% being released from the mucoadhesive
side. In vivo insulin delivery was conducted on male
Sprague Dawley rats. Three to six patches that were 2 mm

ib) & h

FIGURE 3

Intestinal patches for insulin delivery. (a) A capsule containing insulin
patches. (b) A close up of the insulin patches. The backing membrane is
stained with sulforhodamine B to aid visualization. Reproduced, with
permission, from [41].
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in diameter and contained 0.25-1.20 U/patch were inserted
in the jejunum. Alternatively, capsules containing patches
with the same insulin dose, as well as 10 mg of sodium
glycocholate, were also delivered by jejunal administration,
rather than direct oral administration because of the large
size of the capsules. Blood samples were collected from
the tail vein or jugular vein and plasma insulin concen-
trations were measured. The intestinal patches led to reduc-
tion in blood glucose levels comparable to that resulting
from subcutaneous injection of insulin. Hypoglycemia
induced by insulin-loaded patches (2-10 fold higher than
subcutaneous dose) fell between those induced by subcu-
taneous injection of 1 and 5 U/kg. Although the addition
of sodium glycocholate enhanced insulin absorption, it
was not essential because the intestinal patches induced
significant hypoglycemia (>50%) without this additive.
Delivery of insulin solution without sodium glycocholate
and the solution prepared by patch dissolution in PBS
induced no significant hypoglycemia. Hypoglycemic
induction from patches delivered by capsules was slower
than that induced by direct patch application; however,
the minimum blood glucose level was identical to that of
direct patch application (Figure 4b). This confirmed that
the patches were able to exit the capsules, adhere to the mu-
cosa and deliver insulin across the intestine. Furthermore,
histological studies showed no changes in structure of the
intestine between the use of intestinal patches and control
preparations: there was no evidence of necrosis, specific
inflammation or disruption of the epithelium.

Gated hydrogel patch

He et al. [42] were able to assemble a drug delivery system
that provides controlled release (in addition to drug pro-
tection, simple mucoadhesion and unidirectional release)
using a bilayered self-folding pH-sensitive hydrogel gate.
The main device consisted of two parts — a poly(hydroxyl
methacrylate) [p(HEMA)]-based drug reservoir with tar-
geting function and a hydrogel gate. A hydrogel drug-
entrapping matrix was prepared by free-radical photo-
polymerization at room temperature. Hydrogel disks 5
mm in diameter were cut, soaked in a solution containing
the model drug acid orange 8 (AO8) or BSA and dried. The
agent used to enhance mucoadhesion was a surfactant,
Pluronic® F127 (BASF), a triblock polymer of poly(ethyl-
ene oxide)-poly(propylene oxide)-poly(ethylene oxide).
The gate (5 mm in diameter and 60 um thick) was made
from separate layers of p(HEMA) and poly(methacrylic
acid-g-ethylene glycol) [p(MAA-g-EG)], partially cured
atop one another. The drug reservoir, loaded hydrogel
matrix and bilayered gate were then bonded together by
photo-polymerization of the residual monomer from the
partially cured bilayered gate.

Drug release from the device was controlled by the pH-
dependent swelling properties of the bilayered gate (Figure
4). In pH 3.0 medium, p(MAA-g-EG) and p(HEMA) hydrogels
showed similar swelling response, thus the gate remained
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Silicon oxide

Ahmed et al. [46,47] fabricated microde-
vices from a low temperature oxide (LTO)
deposited by low-pressure chemical-vapor
deposition onto silicon p-type wafers of
<111> crystal orientation. The device
geometry was defined by a series of pho-
tolithography and reactive ion etch (RIE)
steps. Photolithography, the process by
which a photosensitive polymer (pho-
toresist) is exposed to ultraviolet light
through a photomask, was used to pattern
the device features. The features were then
carved into the LTO by RIE using SFg; and

5.0 mm

FIGURE 4

O, plasma (Figure 5a).

Acid orange 8 release from the assembled gated hydrogel patch at pH 7.3 and 25°C. The diameter of the

device is 5.0 mm, the thickness of bilayered gate is 60 um and the thickness of the drug reservoir is 1.0 mm.
(a) Dry assembled device. (b) Release at 40 min. (c) Release at 80 min. (d) A schematic depicting AO8 release

Poly(methyl methacrylate)
PMMA microdevices were fabricated on

(Figure 4a—c) from an assembled device as the hydrogel gate opens.Reproduced, with permission, from [42].

closed and stable. No drug release was seen duringa 2 h
period. When the pH of the medium was increased to
pH 7.3, swelling of the p(MAA-g-EG) increased significantly,
whereas the swelling of the p(HEMA) layer remained con-
stant. The increased swelling ratio caused the gate to fold
outward until the bonding between the gate and reservoir
broke, resulting in release of the drug. It took ~40 min to
open the device gate, after which 90% of the drug was
quickly released. Furthermore, pulsatile release can be
achieved by altering pH. When the pH of the medium is
returned to pH 3.0, the bilayered gate reverts to its closed
state, resulting in a decreased release rate. Although the gate
design has a limiting response time of minutes, the chem-
ical structure of the hydrogel, gate thickness and the bilayer
ratio can be altered to produce a response time of seconds.

Micropatches

The size of the particles can greatly affect the response
generated in the body [43]. Although small particles of
<5 um have an increased adherence in the whole gut, they
are more likely to induce a localized inflammatory response
followed by phagocytosis by macrophages [44]. This leads
to an increased risk of the carrier system being degraded
after internalization, resulting in a loss of activity [44,45].
Particles of larger size are taken up less effectively by
macrophages, therefore micropatches were fabricated that
were large enough (diameter of 50-200 um and thickness
of 2-25 um) to prevent endocytosis. However, the mi-
cropatches were designed to be small enough to travel
between intestinal villi, thereby maximizing the large
absorptive surface area the intestinal folds provide. The
processes for fabricating micropatches in the three different
substrates [silicon oxide, porous silicon and poly(methyl
methacrylate) (PMMA)] have been developed based
on standard microelectromechanical systems (MEMS)
techniques, including photolithography, etching and thin
film deposition.

Radio Corporation of America-cleaned
silicon <111> p-type wafers, which were first spin-coated
with multilayers of PMMA, followed by a layer of positive
photoresist [49]. A series of photolithography and RIE
steps was used to define the device geometry. After
exposure and development of the photoresist, the unmasked
area of PMMA was reactive ion etched using O, plasma
(Figure 5b).

Poroussilicon

Porous silicon microdevices were fabricated on a single-side
polished silicon <100> p*-type wafer coated with silicon
nitride [48]. Photolithography was initially performed to
define the area of intended porosity while protecting all
other areas of the wafer. The backside of the wafer was
then etched with SFg to strip the layer of silicon nitride.
Exposed silicon nitride on the frontside of the wafer was
etched with SF; and the remaining photoresist stripped.
The patterned wafers were then anodized and electropo-
lished in an ethanol-hydrofluoric acid solution [1:1 (v/v)
for anodization; 4:1 (v/v) for electropolishing] in a custom
built anodization tank. Porosification took place exclu-
sively along the anodic side of the silicon wafers. Pore size
and shape depend on the type of silicon used, the resistiv-
ity of the silicon, the current density and the concentration
of hydrofluoric acid solution (Figure 5c).

Rather than depending on simple mucoadhesion, the
micropatches were modified to include cytoadhesive cell-
targeting capabilities. The basic synthesis for incorporat-
ing cytoadhesive properties into these microfabricated
platforms had three major steps: (i) amine groups were
formed on the device; (ii) avidin was coupled with con-
ventional carbodiimide coupling reagents to form an
avidin carboxylate that, in turn, was reacted with the
amine groups of the substrate to form an avidin conjugate;
and (iii) biotinylated lectins were attached to the surface
using the strong interaction and affinity between avidin
and biotin [46,50].
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Microinjections were used to load the silicon oxide and
PMMA micropatches with pico- to nano-liters of a polymeric
solution. Water quickly evaporates from these reservoirs,
leaving the drug contained in polymer, which acts as a
timed-release plug. However, capillary action was exploited
to load the polymeric solution into the porous silicon
microdevices. Once the solution was taken into the pores,
the porous silicon micropatches were dried by applying

FIGURE 5

Polymer- and silicon-based micropatches. (a) Silicon dioxide
microdevices with different 35 um diameter reservoirs inside a 100 um
diameter body 2 um thick. Bar represents 100 um. (b) Scanning electron
micrograph of PMMA microdevices with 80 um diameter reservoirs in a
150 um diameter body 5 um thick. (c) Scanning electron micrograph of
a porous silicon microdevice with a 200 um diameter reservoir in a 250
um diameter body 25 um thick. Image kindly supplied by iMEDD.

www.drugdiscoverytoday.com

vacuum pressure until any air trapped within the pores
was released. By using a specific type of polymer, the time
and rate of release of a drug from the reservoir could be
predetermined; for example, a polymer with a known dis-
solution rate or a hydrogel that swells in response to a spe-
cific pH, solvent or temperature could be used. Different
polymers with various dissolution rates could then be
used in separate reservoirs to obtain controlled release
of several compounds.

In vitro studies were performed using the Caco-2 cell
line to measure the cytoadhesive properties of lectin-
conjugated microdevices. The binding characteristics of
microdevices modified with two types of lectin (tomato,
known to agglutinate Caco-2 cells, and peanut, an unre-
lated lectin non-specific to Caco-2 cells) were observed as
a function of time. Although both lectin conjugates
produce a higher degree of binding than the pristine
microdevices, a marked difference still remains between
the peanut and tomato lectin conjugates (tomato lectin
exhibited approximately twofold higher binding).

The Caco-2 model was also used to test drug transport
through paracellular tight junctions, similar to those found
in the intestinal lining. On microdevice application, the
rate of permeation of a model drug, FITC-labeled insulin,
through the monolayer was measured using fluorescence
spectroscopy. Concurrent measurement of the total resist-
ance across the membrane was also measured to determine
the magnitude of the physiologic response of tight junc-
tion opening. The effect of transport by microdevice
delivery was compared with that of a liquid formulation.
It was found that drug transport efficiency increased when
drug formulations were delivered from microdevices rather
than liquid formulations. This efficiency increased tenfold
with the use of a permeation enhancer. The dramatically
increased flux caused by microdevice delivery is a result
of a high concentration of permeation enhancer (sodium
laurate) and FITC-insulin at tight junctions.

Conclusion

Over the past decade, several new patch systems have
been developed to provide more effective oral drug deliv-
ery. These systems were designed to achieve the difficult
task of performing multiple functions using a single plat-
form, namely drug protection, unidirectional release and
bioadhesion. Some of the technologies described here are
already in evaluation for the delivery of large molecules,
such as the drug-in-adhesive patch for delivery of G-CSF,
erythropoietin and interferon-o, and the insulin patch for
oral delivery of insulin. Others, such as the gated hydrogel
patch, have the potential to produce complex pulsatile
release patterns. This delivery method could mimic more
naturally the way in which the body produces compounds,
such as insulin and some hormones. The integration of
microfabrication technology might enable the translation
of some of the same functions associated with patch sys-
tems into devices on an even smaller scale. Although lower
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amounts of drug can be held in an individual micropatch,
a comparable drug dose could be achieved by increasing
the number micropatches administered. Furthermore,
because they are capable of traversing between intestinal
undulations, micropatches maximize utilization of the
absorptive intestinal surface area. As the scale decreases,
these types of complex delivery systems could be delivered
not only by ingestion (~1 mm), but also by injection into
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