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Abstract

Inflammatory bowel disease (IBD) causes inflammation to the gastrointestinal tract. Local
administration of Anti-inflammatory drugs such as 5-aminosalysilic acid (5-ASA) can alleviate the
symptoms of IBD. The application of nanoparticles for IBD treatment in direct rectal
administration showed high drug availability and treatment efficacy. However, relying on size-
dependent adsorption of smaller particles is not sufficient for making the formulation capable of
targeting. Intestinal organoids can improve the functionality of the nanoparticles due to their
ability to adsorb small nanoparticle inside the lumen and attach to the damaged area. In this study,
intestinal organoids were used as carriers of 5-ASA-loaded PLGA nanoparticles. The nanoparticle
sizes, confirmed by scanning electron microscopy, were 200-300 nm and the zeta potential were
negative. The nanoparticles did not have any noticeable pernicious effect on organoid growth and
viability. After mixing the nanoparticles with Matrigel and organoids, Rhodamine B loaded inside
the nanoparticles was highly detected inside the organoid’s lumen after 3 days by confocal
fluorescent microscopy and no longer detected in the lumen after day 4. It may be attributed to the
ability of the lumen to digest particles. Thus, the organoid Trojan horse system is a possible
approach for delivering drugs to inflamed areas.
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Introduction

The gastrointestinal (Gl) tract is a complex organ composed of different parts with diverse
functions, including ingestion, digestion, nutrient absorption, and excretion of waste.l
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Because of the broad functionality of the intestinal tissue, defects in its structure may affect
the operation of the entire body. Severe diseases may negatively impact the intestine, with
one such example being inflammatory bowel disease (IBD), a group of diseases that result in
inflammation in any part of the Gl tract.2 IBD affects approximately 1.6 million people in
the U.S.,3 and the number of people affected has increased by approximately 200,000 from
2011 to 2014, resulting in an unmet clinical need requiring of innovative and effective
treatment.3 To date, no permanent cure for IBD exists. Anti-inflammatory drugs such as 5-
Aminosalicylic acid (5-ASA) or Mesalamine and immunosuppressive agents are prescribed,
but their curative ability is highly dependent on the degree and intensity of the disease.*> 5-
ASA can ameliorate the symptoms of IBD by locally affecting the inflamed area.6” Drug
targeting has become a potential means to improve the local effectiveness of the prescribed
drugs by inhibiting the major disadvantages of the systematic delivery including the
nonselective distribution of the drugs throughout the body, wasted drugs in normal tissues,
and negative side effects of the drug molecules.®

Different delivery strategies for targeting have been proposed, such as bioadhesion,
nanoparticles, liposomal drug carriers, and bacteria-based drug delivery.*:? Nanoparticle-
and microparticle-based delivery is regarded as one of the most promising methods of IBD
treatment that can provide sustained drug release at the desired location with decreased side
effects. In mice models, orally administered dexamethasone-loaded poly(DL-lactic acid)
(PDLLA) microspheres have been shown to preferentially distribute in inflamed regions of
colon affected by ulcerative colitis, a chronic and relapsing type of IBD, by targeting
immune-regulating cells such as macrophages. Compared to the models treated with free
dexamethasone, no signs of side effects were observed.19 Microspheres resulted in lessened
inhibitory effects on epithelium regeneration and inflammation.1! In 2001, Lamprecht
demonstrated that the smaller the particle size, the higher the accumulation of particles in
both inflamed and healthy regions of the colon.12 However, the deposition of smaller
particles was noticeably increased in ulcerated regions and was correlated with increased
penetration of the smaller particles into the mucus membrane rather than internalization by
phagocytic cells.12 Nanoparticles have since become one of the most prevalent research
topics in IBD drug delivery.

Polymers have been widely used in biomedicine for drug delivery and regenerative
medicinel3.14 and different types of polymer have been used to make nanoparticles for IBD
treatment.15 Poly(lactic-co-glycolic acid) (PLGA) nanoparticles demonstrated ideal
characteristics, including high deposition on the inflamed region, enough biodegradability to
prevent polymer deposition in inflamed tissue, and avoidance of adverse effects because of
the negligible amount of drug release in other tissues. These proper characteristics make
them a promising carrier system for IBD treatment.18 Scientists have been conducting
research on drug-related strategies and approaches to improve their effectiveness through
rectal, oral, or parenteral delivery routes.® Despite the superior properties of orally delivered
nanoparticles, rectally delivered nanoparticles showed desirable therapeutic efficiency, they
have been shown to help drug absorption through Peyer’s patch and lessened the drug’s
enzymatic degradation.1” The direct transport and delivery of a drug to the inflamed area is
still a great obstacle.18 In addition, human administration of micro and nanoparticles by
colonoscopy showed that size-dependent adsorption is not the most reliable and applicable

J Biomed Mater Res A. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Davoudi et al.

Page 3

method for colonic drug delivery.19 A more advanced drug delivery technology should
accompany particulate delivery in order to achieve better rectal delivery properties.

Cell-mediated drug delivery brings numerous advantages, including targeted drug delivery to
the inflamed, injured, or tumor sites, controlled drug release, and lowered or no drug
immunogenicity or toxicity owing to the homing properties of cell carriers.29 However, there
are also some disadvantages in these systems, such as low drug loading, lack of complete
drug detachment from cell carriers, earlier release of loaded drug, and harmful effects of the
drug on the cell carrier.29 Many of these drawbacks can be mitigated using cell carriers
containing drug-loaded nanocarriers.29 Trojan horse systems are those in which a drug is
entrapped or concealed into the host cells. Passive diffusion, exocytosis, and efflux are
regarded as the three major phenomena of drug release from cell carriers in Trojan horse
systems.?!

Cheng and Leblond first proposed the existence of intestinal stem cells (ISCs) at the base of
the crypts and introduced the term crypt-based columnar (CBC) stem cells.?2 The high
turnover rate of the intestinal epithelium (~3-4 days) in comparison with other mucous
layers encouraged researchers to consider the existence of a source of stem cells with an
ability to differentiate into all types of intestinal epithelial cells.23:24 CBC cells are at the
origin of the differentiating process. Although it is theoretically applicable to use CBCs as
an appropriate source of cells for drug delivery, it is generally agreed that conventional long-
term culture of adult tissues is not feasible.2>

To solve this problem, in 2009, Sato succeeded in developing a culture system to maintain
viable cells for over 1.5 years.28 With the use of a 3D culture system with Matrigel instead
of 2D systems?’ to achieve previous memory of the cells?8-30 and employing necessary
elements to prepare the natural biology of the intestine26, a single LGR5* stem cell can be
used to generate intestinal epithelium called an organoid structure that would mimic normal
intestinal epithelium. The resulting organoid structure consists of several crypts, presented as
buds around a hollow cyst, and villus-like epithelium located between the crypts.2>

The hollow cyst of the organoids seems to be ideal to encapsulate the particles due to the
organoids numerous characteristic. First, it can be loaded with nanoparticles. Previous work
has reported the successful encapsulation of small nanoparticles without therapeutic agents
inside the lumen of the organoids.?! In 2015, Wang’s research group worked on organoid
Trojan horses loaded with DNA-functionalized gold nanoparticles (GNPs).2! The ultimate
goal was to evaluate the possibility of loading gold nanoparticles within the lumen of the
organoids and to assess the toxicity of nanoparticles to the host cells. It was assumed that
because of the high positive charge of the inflamed tissue, DNA-functionalized GNPs can
easily attach to the inflamed mucosa owing to their high negative charge.2! Moreover, it was
shown that transplanted organoids can preferentially target the inflamed area.3! Thus, a
Trojan horse system of ISCs can be attained by loading particles inside the hollow cyst of
organoids with the aim of targeting the inflamed region. In addition, the anti-inflammatory
effect of drugs, which will be loaded inside the particles, as well as the organoids
regeneration into the intact epithelium31:32 can facilitate the tissue healing.
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So far, 1ISCs have been successfully cultured as carriers of cell delivery26 and organoid
structures capable of particle encapsulation have been formed.28 Furthermore, organoids
have been used as carriers for small nanoparticles.?! Despite the remarkable improvements
in making organoid Trojan horses, the system is still lacking a therapeutic agent that can be
applicable in IBD treatment. Furthermore, the effectiveness of the system as well as its
adverse effects have not been evaluated.

Therefore, it is hypothesized that the addition of encapsulated nanoparticles with therapeutic
agents to the organoid Trojan horse structure will be a great step in IBD treatment because
of its direct action on the inflamed area and low immunogenic properties. The aim of this
study is to investigate the effect of PLGA nanoparticle loaded with 5-ASA as a model drug
on the organoid structure and assessing the organoid ability to entrap the nanoparticles.

Materials and Methods

Materials

Matrigel was purchased from Corning Inc (NY, USA). Epidermal growth factor (EGF),
noggin, and R-spondin-1 (RS-1) were purchased from PeproTech Inc (Rocky Hill, NJ,
USA). Poly(lactic-co-glycolic acid) (PLGA) was purchased from Evonik Industries (Essen,
Germany) (5050 DLG 2A). 5-Aminosalicylic acid (5-ASA), alginic acid sodium salt,
dichloromethane (DCM), latex beads, and green and red fluorescent nucleic acids were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Rhodamine B was purchased from
Acros (Geel, Belgium). All other materials were purchased from Life Technologies
(Carlsbad, CA, USA).

Nanoparticle preparation

PLGA nanoparticles loaded with 5-ASA or Rhodamine B were prepared by a double-
emulsion (water/oil/water)-based solvent evaporation/extraction method.33 To achieve
different drug and dye concentrations, four different 5-ASA-to-polymer ratios (0%, 2.5%,
5%, and 7.5% (w/w)) and four different Rhodamine B-to-polymer ratios (0%, 1%, 2.5%, and
5% (w/w)) were prepared. The weighed drug (or dye) and PLGA were dissolved in 0.5 mL
of nano-pure water and 5.5 mL of DCM, respectively. The drug (or dye) solutions were
added to the polymer solutions and sonicated for 30 cycles (1 s each with a duty cycle of
80%). To obtain the negative charge required for the attachment of nanoparticles to the
inflamed area, alginate, a negatively charged natural biopolymer34:35 was chosen as the
surfactant to coat the drug molecules. The sonicated PLGA/5-ASA and PLGA/Rhodamine B
primary emulsions were quickly poured into 25 mL of 1% (w/v) alginate solution and
sonicated for 30 cycles (1 s each with a duty cycle of 80%). The double emulsions were
poured into 150 mL of 0.2% (w/v) alginate solution and the mixture was stirred for 2h at
room temperature. Afterwards, the suspensions were centrifuged at 10,000 rpm at 4°C and
resuspended three times. The final suspensions of nanoparticles were analyzed to evaluate
the properties before being loaded inside the organoid units.
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Stem cell isolation and culture

Organoids were extracted based on previously reported methods.?1:36 Briefly, primary 1SCs
were extracted from C57BL/6 (B6) mice donated by the College of Veterinary Medicine of
lowa State University. All animal procedures were conducted with the approval of the lowa
State University Institutional Animal Care and Use Committee. All methods and procedures
in the experiments were performed in full compliance with the committee’s guidelines and
regulations. The small intestine of the mice was cut horizontally and vertically into small
pieces. The small pieces were washed with PBS several times. After washing, the upper
solution was removed and 30 mL of Ethylenediaminetetraacetic acid (EDTA) was added to
the small intestine pieces. The tube containing the pieces was placed on ice and after 30 min
of shaking, the EDTA solution was sucked out. To remove the remaining EDTA, the pieces
were washed with PBS. Thereafter, PBS was added to the pieces and by pipetting up and
down, the final solution was achieved. The final solution was filtered and after centrifugation
for 5 min at 1400 rpm at 4°C, the final crypts will appear.

Extracted cells will be suspended with Matrigel, a soluble extract of basement membrane,3’
and applied on a pre-warmed 24-well plate. Culture medium was prepared by adding 0.5 mL
of N, 50 pL of RS-1, 1 mL of B27, 50 pL of N-acetyl-I-cysteine (NALC), 50 pL of EGF,
and 50 L of noggin to 50 mL of basal medium and was added after gel formation in the
wells.

Nanoparticle characterization

Microscopy

In order to use the nanoparticles, it is necessary to analyze the different characteristics of the
nanoparticles before loading them inside the organoids. The encapsulation efficiency (EE) of
the Rhodamine B loaded PLGA nanoparticles was calculated using the following equation
(Amax of 555).

%EE=[ (Initial Rhodamine B—unentrapped Rhodamine B)/Initial Rhodamine B]*100

The size of the particles was determined using the Zetasizer (Nano-Zs 90). To confirm the
results of the Zetasizer, the particle size was also evaluated by scanning electron microscopy
(SEM, FEI Quanta 250 FE-SEM). The zeta potential of the particles was investigated by
Zetasizer (Nano-Zs 90).

In order to track the particles, 40 UL or 400 uL of the nanoparticle suspensions (2 mg/ml)
containing 0%, 1%, 2.5%, and 5% Rhodamine B were added directly to the cell culture
medium after culturing the organoids, and fresh culture medium was added to the system
every two days. A control organoid culture without nanoparticles was also prepared. The
images were recorded by a Leica DMil inverted microscope to show the rate of organoid
growth. The organoids were chosen from the middle of each well. To track the presence of
nanoparticles inside the lumen, images were taken by confocal fluorescent microscopy
(Olympus 1X2). To evaluate the effect of chemical structures on the nanoparticle diffusion,
latex beads were added to the system.
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The second method of adding nanoparticles to the system was to mix the nanoparticle
suspension with the cell suspension and subsequently adding obtained suspension to the
Matrigel in the passage step of organoid culture. After resuspension, the resultant mixture
was applied onto the plate and culture medium was added after gel formation. To test this
method, 10 pL of 2.5% Rhodamine B nanoparticles (2 mg/ml) was tested. Moreover, 200-
nm latex beads, 200-nm and 400-nm polyanhydride (PA) nanoparticles (donated by the
Narasimhan group) (2 mg/ml) were also tested to check the effect of chemical structure on
the nanoparticle absorption inside the organoid.

Live-dead cytotoxicity test

Results

After 7 days, the medium of the cells was removed and replaced with Hank’s Balanced Salt
Solution (HBSS) for 2-3 min. Green (SYTO® 10) and red (DEAD RED™) florescent
nucleic acid stain (1 uL) was added to 500 puL of HBSS and the covered HBSS layer of the
cells was replaced with the new solution. The cells were incubated in the dark for over 15
min. Then, the dye solution was replaced with fresh HBSS. The next step was fixation with
4% paraformaldehyde for 1 h, and the organoids were then observed with confocal
fluorescent microscopy.

Size and zeta potential of the nanoparticles

Microscopy

The EEs for 1%, 2.5% and 5% Rhodamine B loaded nanoparticles were 32.8%=+11.1, 45.5%
+7.1 and 44.7%z9.6, respectively. The recorded sizes of the particles were approximately
259 + 10.58, 255 + 6.4, 240 £ 6.5, and 256 + 8.6 nm for 5-ASA/PLGA ratios of 0%, 2.5%,
5%, and 7.5% (w/w), respectively, as shown in Figure 1A. The zeta potential of the particles
were —33 + 3.65, —34.9 £ 2.73, -33.6 £ 4.09, and —33.2 £ 3.74 mV for 5-ASA/PLGA ratios
of 0%, 2.5%, 5%, and 7.5% (w/w), respectively, as shown in Figure 1B. The SEM images
are shown in Figure 2. Particles were approximately 250 nm in the SEM images, which
verifies the results from the Zetasizer.

Figure 3 shows the growth of the crypts within a 6-day timescale. Much like the control
sample, none of the samples containing nanoparticles showed unusual growth behavior. As a
confirmation, Supplementary Figure 1 shows that the size of organoids in all samples
increased after 6 days. Moreover, Figure 4 shows the effect of nanoparticles on organoids
after 7 days. The green fluorescent nucleic acid stain is a membrane-permeable dye and a
marker of live and dead cells. The red fluorescent nucleic acid stain only labels dead cells.
As shown in Figure 4, none of the control samples showed red dots in the organoid area.
Samples containing nanoparticles showed only two or three dead cells inside the organoid,
the organoid structure was maintained and the organoid was still healthy.

Figure 5 shows the absorption of 40 L of nanoparticle solution containing 0%, 1%, 2.5%,
and 5% the tracer dye Rhodamine B inside the organoid’s lumen in a 7-day experiment. Red
fluorescence is an indicator of the presence of Rhodamine B in the system. The test was
performed on the border of Matrigel for the sample containing 5% dyed nanoparticles and is
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shown in Figure 6. To evaluate the effect of larger amounts of nanoparticles on the diffusion,
400 pL of nanoparticle solution containing 2.5% Rhodamine B was added to the cell culture
medium. Thus, the volume of the particle solution was 10 times higher than that in the first
experiment. The picture of the system in z-direction is shown in Supplementary Figure 2. To
assess the effect of chemistry on the diffusion, polystyrene (PS) nanoparticles with the same
size as PLGA nanoparticles were tested. The fluorescent pictures are shown in
Supplementary Figure 3A-C.

To assess the second method, Figure 7 shows the effect of mixing PLGA nanoparticles
containing 2.5% Rhodamine B with the organoids and Matrigel suspension on the diffusion
of particles. The live/dead cytotoxicity test was performed without Rhodamine B to observe
the harmful effect of nanoparticles on the viability of the organoids (Figure 8). To quantify
the effect of organoid growth rate, the rate of size increase was quantified, as shown in
Figure 9.

To find out the exact time of nanoparticle disappearance, the daily trend of nanoparticle
tracking is shown in Figure 10. Moreover, the chemical structure and the size of the
nanoparticles are of great importance in the organoid absorption. Thus, 200-nm latex beads
loaded with FITC and 200-nm and 400-nm PA nanoparticles loaded with Rhodamine B were
tested to check the effect of size and chemical structure. The daily trends of tracking these
nanoparticles in a 1-week time scale are shown in Supplementary Figure 4-6.

Discussion

The nanoparticle sizes are close to those found in the literature for PLGA nanoparticles with
alginate as a surfactant.33 As it is shown in Figure 1A, the size of nanoparticles are all in
range. The zeta potential of the nanoparticles prepared by the double-emulsion method is
similar to those of the nanoparticles previously attained by solvent diffusion.38 These
numbers show that the zeta potential is stable with changing 5-ASA ratios and that the
overall charge of the particles is negative. Thus, the particles may easily attach to the
positively charged inflamed region and release the drug there.

As seen in Figure 3, the normal growth of the organoids in samples containing nanoparticles
compared to the control sample can be an indicator of the harmless characteristics of PLGA
nanoparticles on the growth of organoids. This test can be verified as shown in
Supplementary Figure 1, which quantifies the growth rate. All samples showed a progressive
growth rate after 6 days. Live/dead cytotoxicity testing (Figure 4) confirmed this conclusion
by showing the small number of dead cells inside the organoid area, which is comparable to
that in the control sample without nanoparticles. As it is shown in Figure 4, the nanoparticles
did not cause considerable cell death compared to the control sample and the major cell
death in both samples occurred in the well plates.

The EEs for 1%, 2.5% and 5% Rhodamine B loaded nanoparticles were 32.8%, 45.5% and
44.7%, respectively. Due to the higher loaded Rhodamine B inside the nanoparticles by
increasing the loading ratio, higher red color is expected in the lumen of the organoids. By
increasing the amount of Rhodamine B in the nanoparticle formulation, the red dye was
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more pronounced in the lumen of organoids (Figure 5A—-C). However, this trend was not
confirmed by 5% Rhodamine B (Figure 5D). One possibility was the presence of
nanoparticles at the border of the Matrigel and the lack of permeation inside the Matrigel.
Figure 6 confirms the higher amount of Rhodamine B in the lumen in response to the higher
EE and shows a strong red color at the border of the Matrigel and the culture media. This
figure confirms that the dyed particles did not enter the Matrigel.

The red color in Figure 5A—C can be explained as either single dye molecules, which were
present in the nanoparticle solution individually, or dye molecules that were already released
from the nanoparticles. Three possible reasons can be considered in this case. First, the
volume of nanoparticle solution added to the system was too small and hence, the amount of
nanoparticles present in the solution was too small to penetrate the gel. Second, the chemical
structure of PLGA does not allow the particles to penetrate the Matrigel. The third
explanation may relate to the larger size of particles. As shown in a previous study, gold
nanoparticles with a size of around 13 nm easily diffused inside the Matrigel.2!

The first explanation is rejected based on Supplementary Figure 2, where the volume of
nanoparticles added to the system was 10 times higher than that used previously. The dyed
nanoparticles accumulated on the upper curved side of the Matrigel and could not penetrate
the gel. It is interesting that the organoids present in the Matrigel were also dyed, which is a
confirmation of the presence of single Rhodamine B molecules inside the gel. Evidently,
there are no sharp red dots inside the entire Matrigel. Furthermore, the second explanation is
not acceptable. As observed in Supplementary Figure 3A-C, the PS nanoparticles were all
populated at the border of the Matrigel and could not penetrate the gel. Thus, the chemical
structure is not the obstacle at the present stage of project but may need to be evaluated
further.

The only remaining explanation that needs to be investigated is the particle size. To correct
for the failure of the nanoparticles to penetrate the Matrigel, a condition should be prepared
in which organoids can be contacted without the diffusion requirement. As mentioned
before, in the passage step of organoid culture, the nanoparticle suspension was mixed with
the cell solution and subsequently with the Matrigel. After resuspension, the resultant
mixture was applied onto the plate. Therefore, the Matrigel was seeded with crypts and
nanoparticles that were located around the crypts. When the organoids grew, they were in
close contact with the nanoparticles and absorbed them. As a result, there was no need for
nanoparticle penetration into the Matrigel. It is shown in Figure 7 that the nanoparticles were
all absorbed into the lumen after 3 days. The red dots representing PLGA nanoparticles
loaded with 2.5% Rhodamine B at day 0 are seen all around the lumen. The red color inside
the lumen at day O can be attributed to the free Rhodamine B in the nanoparticle suspension.
At day 3, there were no nanoparticles around the organoid, but they were all absorbed into
the lumen. The sharp red color is an indicator that supports this theory. High EE of 2.5%
loaded Rhodamine B results in the high amount of Rhodamine B entrapped inside the
lumen. In contrast to the method of adding nanoparticle suspension to the culture medium,
high EE of 2.5% loaded Rhodamine B nanoparticles is completely sensible in the lumen of
the organoids. Figure 8 shows that after 7 days of adding nanoparticles, no considerable
harmful effect was observed compared to that in the control sample and the organoid growth

J Biomed Mater Res A. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Davoudi et al.

Page 9

rate was comparable to that of the control sample (Figure 9). However, the main challenge is
the phenomenon that was observed after day 3 in Figure 7, when no Rhodamine B was
detected. To explain this phenomenon, tracking was performed every day for 7 days.

Figure 10 shows the same phenomenon. No red indicator was observed after day 3, which
can be correlated to the ability of the organoids to digest the particles. Furthermore, no red
indicator was observed in the lumen after day 3. Another possibility is the degradation of the
particles due to the enzymatic activity of the organoids, which results in the absorption of
free Rhodamine B inside the lumen and its desorption out of the lumen after day 4. To test
this hypothesis, Rhodamine B-loaded PA nanoparticles were tested. As Supplementary
Figure 5 and 6 show, the Rhodamine B-loaded PA nanoparticles showed the same trend. For
larger nanoparticles, fewer nanoparticles can be absorbed inside the lumen, but for both
samples, the Rhodamine B was not active after day 4, confirming the conclusion from
Figure 10. As the absorption mechanism of organoids is not fully understood, it can be
implied that the loaded organoids are mostly applicable in day 3. In day 3, the drug in fully
absorbed inside the lumen and the organoid is ready to release the drug into the surrounding
tissue. By complete release of the drug from organoid to the tissue, the drug molecule can
locally affect the inflamed region. Latex bead nanoparticles could not diffuse inside the
lumen and the FITC remained around the organoid for 7 days (Supplementary Figure 4).
Latex beads are more stable, and less free FITC can be released from the nanoparticles.
Moreover, the rate of degradation was lower in latex beads, which can confirm the second
hypothesis that the released Rhodamine B diffused inside the lumen.

Conclusion

IBD is a group of diseases that result in inflammation in any part of the Gl tract. No
permanent cure for this disease exists. The high number of people suffering from this
disease all over the world leads to the design and production of different drug formulations
to alleviate the symptoms. Trojan horse systems using 1SCs seems to have promising
potential in the pharmaceutical field. In this research, cell delivery treatments using 5-ASA-
loaded PLGA nanoparticles have been proposed. It was hypothesized that loading
nanoparticles containing drugs inside the lumen of intestinal organoids have highly
appropriate characteristics that would be helpful in IBD treatment.

PLGA nanoparticles were made by a double-emulsion (water/oil/water) method and tested
to determine the characteristics. The size of nanoparticles containing 0, 2.5%, 5%, and 7.5%
(w/w) 5-ASA was in the range of 200-300 nm, and the data was confirmed with SEM
images. The zeta potentials of the samples were all approximately =30 to —40 mV, which
makes the particles completely ideal for attaching to the inflamed area.

As observed, the nanoparticles did not have a considerable harmful effect on the viability of
the organoids, and they exhibited normal growth with or without the presence PLGA
nanoparticles. It was also concluded that because of the large size of the nanoparticles, they
could not diffuse into the Matrigel as they were. As the nanoparticles could not cross the
border of the Matrigel, a new technique was proposed to improve the loading efficiency of
the organoids. Nanoparticle suspension was mixed with the organoid suspension and
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Matrigel, and finally applied on the well. It was demonstrated that the nanoparticles were
absorbed into the lumen and digested after 3 days. Furthermore, the PLGA nanoparticles
mixed with organoids and Matrigel did not exhibit any negative effect on the organoids after
7 days, and the organoid growth rate was not significantly different compared to that of the
control sample. It was interesting that the same trend of penetration was observed even after
changing the nanoparticles to PA or changing the size of the nanoparticles from 200 nm to
400 nm. Therefore, this technique affirms the penetration of the nanoparticles inside the
lumen without considerable negative effect on organoid growth.

Despite the great development of nanoparticle-loaded organoids, much needs to be done to
make the system more applicable. The insertion of a delivery system inside the colon and the
assurance of its accuracy and operation in mice are necessary goals for this field. Thus,
immunohistochemistry is of great help in determining the functionality and effectiveness of
the system. Moreover, a method of checking the functionality of the system in mice (in vivg)
must be designed. However, for the periodic evaluation, some external factors such as
weight loss, food and water uptake, and the color of excrement can be monitored. It is worth
noting that these tests are not generally precise because of the influence of various factors,
including stress or infections.3® Colonoscopy of mice is useful in achieving this goal. Based
on the advances made, it can be helpful to apply the delivery system to the colon and
monitor the colon constantly. Future goals will be to determine the effect of the treatment on
mouse health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) The trend of nanoparticle size changes with different 5-ASA loading ratios (B) The
trend of nanoparticle zeta-potential changes with increasing the 5-ASA loading ratios. *

significant at p<0.05.
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Figure2.
SEM of the nanoparticles with different 5-ASA loading ratios.
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Figure 3.
Organoid’s growth in 6-day time scale using inverted microscope. The magnification is 10X.

Scale bars represent 200 pm.
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Bright field
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DSU RFP

Merged

Figure 4.
Live (SYTO® 10) /dead (DEAD RED ™) cytotoxicity test recorded by confocal fluorescent

microscope. Green fluorescent nucleic acid labels all live and dead cells. Red fluorescent
nucleic acid labels the dead cells with compromised membrane. The magnification is 20X.
Scale bars represent 100 pm. NP stands for nanoparticle.
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Figure5.
Bright field, DSU RFP and merged pictures of the organoids exposing 40 ul of (A) 0%

Rhodamine B (B) 1% Rhodamine B (C) 2.5% Rhodamine B (D) 5% Rhodamine B loaded
PLGA nanoparticles in the cell culture medium using confocal fluorescent microscope
within one week of experiments. Red areas are the indicators of the Rhodamine B loaded
inside the PLGA nanoparticles.. The magnification is 10X.
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Bright field
DSU RFP

Figure 6.
Bright field, DSU RFP and merged pictures of the organoids exposing 40 ul of 5%

Rhodamine B loaded PLGA nanoparticles suspension at the border of Matrigel using
confocal fluorescent microscope within one week of the experiments. Red areas are the
indicators of the Rhodamine B loaded inside the PLGA nanoparticles. The magnification is
10X. Scale bars represent 200 pum.
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Bright field

DSU RFP

Figure7.
Bright field, DSU RFP and merged pictures of the mixture of 10 pl of 2.5% Rhodamine B

loaded PLGA nanoparticles suspension, Matrigel and Organoids using confocal fluorescent
microscope within one week of experiments. Red areas are the indicators of the Rhodamine
B loaded inside the PLGA nanoparticles. The magnification is 20X. Scale bars represent 100
um.
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DSU GFP
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Figure 8.
Live (SYTO® 10)/ dead (DEAD RED ™) cytotoxicity test of the mixture of 10 pl 0%

Rhodamine B loaded nanoparticles, Matrigel and Organoids recorded by confocal
fluorescent microscope. Green fluorescent nucleic acid labels all live and dead cells. Red
fluorescent nucleic acid labels the dead cells with compromised membrane. The
magnification is 20X. Scale bars represent 100 um.
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Figure.
Comparison of organoids sizes without nanoparticle, with 0% Rhodamine B and with 2.5%

Rhodamine B loaded nanoparticles in a one week experiment.
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Figure 10.
Bright field, DSU RFP and merged pictures of the mixture of 10 pl 2.5% Rhodamine B

loaded nanoparticles, Matrigel and Organoids using confocal fluorescent microscope within
one week of experiments. Red areas are the indicators of the Rhodamine B loaded inside the
PLGA nanoparticles. The magnification is 20X. Scale bars represent 100 pum.
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