International Journal of Nanomedicine Dove

ORIGINAL RESEARCH

Mesalazine—PAMAM Nanoparticles for
Transporter-Independent Intracellular Drug
Delivery: Cellular Uptake and Anti-Inflammatory
Activity

Michal Gorzkiewicz(@'?, Monika Marcinkowska', Maciej Studzian®*, Iwona Karwaciak*>,
Lukasz Pulaski3‘4, Barbara Klajnert-Maculewicz

'Department of General Biophysics, Faculty of Biology and Environmental Protection, University of Lodz, Lodz, Poland; ?Department of Molecular
Medicine Il, Medical Faculty, Heinrich Heine University Diisseldorf, Diisseldorf, Germany; 3Department of Oncobiology and Epigenetics, Faculty of
Biology and Environmental Protection, University of Lodz, Lodz, Poland; “Laboratory of Transcriptional Regulation, Institute of Medical Biology PAS,
Lodz, Poland; 5Laborator‘y of Epigenetics, Institute of Medical Biology PAS, Lodz, Poland

Correspondence: Michal Gorzkiewicz, Department of General Biophysics, Faculty of Biology and Environmental Protection, University of Lodz,
141/143 Pomorska Street, Lodz, 90-236, Poland, Tel +48 42 635 41 47, Email michal.gorzkiewicz@biol.uni.lodz.pl

Background: Mesalazine is one of the main drugs used to treat inflammatory bowel diseases. However, its applicability is limited by
its rapid inactivation and removal from the organism, as well as the need for its membrane transporter-dependent cellular uptake to
exert therapeutic effect. The present study involved the development of an innovative nanocarrier, based on poly(amidoamine)
(PAMAM) dendrimer of the 4th generation, to obtain higher concentrations of the drug in the intestinal epithelial cells, thus increasing
its anti-inflammatory potential. The work involved synthesis and in vitro characterization of covalent PAMAM-mesalazine conjugate
with succinic linker.

Results: PAMAM-mesalazine conjugate was synthesized and characterized by 'H NMR, '*C NMR, FTIR and MALDI-TOF MS. This
allowed to confirm the purity of the obtained compound and intermediates. Based on the analyses, it was found that ~45 drug
molecules were successfully attached to one molecule of PAMAM dendrimer. The conjugate was then characterized in terms of
hydrodynamic diameter, zeta potential, spectral properties, drug release from the carrier, as well as cellular uptake and cytotoxicity in
two in vitro models of gastrointestinal epithelium (CaCo-2 and HT-29 human cell lines). Analyzing cellular parameters related to the
specific mechanism of action of mesalazine (inhibition of NF-kB signaling, decrease in interleukin and prostaglandin synthesis, and
ROS scavenging), we showed that such a dendrimer-based carrier may enhance cellular uptake of the drug, which translated into its
improved anti-inflammatory efficacy.

Conclusion: The use of PAMAM macromolecule as a carrier for mesalazine increases the bioavailability of the drug, ensuring
enhanced cellular uptake and bypassing the need to utilize mesalazine-specific membrane transporters. All these characteristics
translate into an improved anti-inflammatory activity of mesalazine in vitro. In conjunction with appropriately designed in vivo
studies, such a compound may prove to be a promising alternative to the therapeutics currently used in inflammatory bowel diseases.
Keywords: PAMAM dendrimer, mesalazine, inflammatory bowel disease, drug delivery

Background

Inflammatory bowel diseases (IBDs) are complex conditions arising as a result of cross-talk between environmental and
genetic factors, leading to altered immunological responses and inflammation in the intestine.! IBDs are most commonly
diagnosed in young patients aged between 15 and 30 years old.” These disorders typically follow a relapsing—remitting
course, with symptoms such as diarrhea and abdominal pain. IBDs may lead to extraintestinal complications, such as
peripheral arthropathies of small and large joints, primary sclerosing cholangitis, or deep vein thrombosis. Extreme cases
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of IBD are linked to an increased risk of colorectal cancer.>* There are currently no therapies available that are fully
effective in treating IBDs.

Mesalazine (5-aminosalicylic acid, 5-ASA) is one of the primary methods of treating IBDs. Its main activity involves
inhibiting signaling through nuclear factor-kB (NF-kB), a transcription-regulating protein complex playing a key role in
control of immunological processes such as cytokine and chemokine production. The drug is also a potent scavenger of
free radicals, as well as an inhibitor of activity of cyclooxygenases and prostaglandin synthesis.””’ However, the
applicability of 5-ASA is notably limited due to its rapid inactivation and removal from the body. Moreover, the drug
needs efficient, membrane transporter-dependent cellular uptake to reach its molecular targets and exert a therapeutic
effect.”® Mesalazine treatment causes numerous side effects, such as myelosuppression and dysregulation of nervous,
cardiovascular, digestive, and excretory systems, further limiting its efficacy.”

To increase intestinal concentrations and enhance the clinical effectiveness of mesalazine, several formulations and
delivery vehicles have been developed. Current research is aimed at the application of innovative microcarrier and
nanocarrier systems,” including poly(lactic acid) and chitosan microspheres, polyurethane-chitosan graft copolymers, or
silica- and polysaccharide-based nanoparticles.

Analyzing the data on currently studied drug nanocarriers, the dendrimers seem to be particularly promising. Due to
their sphere-shaped, symmetrical architecture with external branches terminated with chemical moieties, these macro-
molecules have high solubility and biopermeability (the ability to cross various biological barriers), enabling efficient
cellular uptake. Terminal functional groups are usually highly reactive and may be further modified to change the
physicochemical features of a dendrimer, or to generate desirable activity, eg, therapeutic or catalytic activity. Drug—
dendrimer conjugates improve the solubility of therapeutics, extend their systemic circulation time, and protect them
against degradation.'® Such constructs can efficiently transport drugs directly to their target, thus helping to eliminate
adverse effects. Conjugates that involve covalent bonding of the drug to the dendrimer may have higher stability than
noncovalent complexes and also enable controlled, enzyme- or pH-triggered drug release at the site of action giving
a chance to reduce the dose while maintaining the same therapeutic effect.'' All these features make dendrimers

promising candidates for nanocarriers of mesalazine.
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The present work aimed to increase the anti-inflammatory potential of mesalazine by developing an innovative
nanocarrier of 5-ASA based on a 4th generation (G4) poly(amidoamine) (PAMAM) dendrimer to obtain higher
concentrations of the drug in intestinal epithelial cells, which are the primary site of mesalazine action in IBDs. The
project involved the synthesis and in vitro characterization of a PAMAM G4 macromolecule covalently conjugated to
multiple particles of mesalazine with a succinic linker.

Materials and Methods
Synthesis and Characterization of the PAMAM-5-ASA Conjugate

The synthesis and chemical characterization of the PAMAM-5-ASA conjugate containing 45 5-ASA molecules chemi-
cally coupled to the PAMAM G4 scaffold (with 64 terminal amino groups) via a succinic linker is presented in
Supplementary Material, Figures S1-S12. The conjugate and the individual components obtained during the synthesis
were characterized by "H NMR, '*C NMR, FTIR, and MALDI-TOF MS.

Size and Zeta Potential Measurements

Measurements of the hydrodynamic diameter and zeta potential were performed using a Zetasizer Nano ZS (Malvern
Instruments Ltd., Malvern, UK). Water solutions containing studied compounds (free PAMAM G4 and PAMAM-
5-ASA) at a final dendrimer concentration of 10 uM were placed in low-volume sized cuvettes (ZENO112, Malvern
Instruments Ltd., Malvern, UK) for size determination or in folded capillary cells (DTS 1070, Malvern Instruments
Ltd., Malvern, UK) for zeta potential measurements and measured at 25°C. The data were analyzed using Malvern
software.

Spectrofluorimetric Analysis
Fluorescence spectra were acquired using a PerkinElmer LS-50B spectrofluorometer. All measurements were performed in
phosphate-buffered saline (PBS, pH 7.4) at room temperature (RT). The excitation wavelength was set at 350 nm,
and spectra were collected at wavelengths from 380 to 600 nm. Excitation and emission slits were 5 and 7 nm, respectively.
The measurements were carried out for tested compounds (free 5-ASA and PAMAM-5-ASA) at 5 uM concentration of
mesalazine. Under the same conditions, the spectrum of free PAMAM G4 dendrimer was plotted at 111.1 nM concentration.
To analyze the spectral properties of compounds obtained after PAMAM-5-ASA hydrolysis, the conjugate was
diluted in PBS and incubated at RT for 24 h. The mixture was then separated by centrifugation using an Amicon
Ultra-4 centrifugal filter unit (3 kDa). The fractions collected from above and below the filter were diluted in PBS to
match the initial volume and analyzed for spectral properties as described above.

Drug Release Studies

Solutions (200 uM) of free 5-ASA and PAMAM-5-ASA conjugate (with respect to mesalazine attached to the dendrimer)
in PBS were enclosed in a dialysis membrane (SnakeSkin dialysis tubing, 3.5K MWCO, 22 mm, Thermo Fisher
Scientific, Waltham, MA, USA) and immersed in PBS (pH 5 or 7.4). Samples from the inside of the tubing were
collected at intervals (0.5, 1, 2, 4, 6, 8, and 24 h), and the fluorescence at 350 nm excitation and 430 nm emission (for
PAMAM-5-ASA) or 490 nm (for free mesalazine) was measured on a PerkinElmer LS-50B spectrofluorometer. The
results from these experiments are presented as the percentage decrease in fluorescence of the starting mesalazine or
conjugate solution.

Cell Culture

Two human colorectal adenocarcinoma cell lines, Caco-2 and HT-29, were purchased from ATCC (Manassas, VA, USA)
and maintained under standard conditions in DMEM (Caco-2) or RPMI-1640 (HT-29) medium (Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum, penicillin (100 U/mL) and streptomycin
(100 pg/mL) (Sigma-Aldrich, St. Louis, MO, USA) at 37°C in an atmosphere of 5% CO,. Cells were subcultured twice
a week.
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Cytotoxicity Assay

To estimate the potential cytotoxic activity of the PAMAM-5-ASA conjugate, a resazurin assay was performed.'> Cells
were seeded into 96-well black plates at a density of 1.5 x 10* cells per well 24 h before the experiment. The cells were
subsequently treated with increasing concentrations of free mesalazine (0.1-10 mM), free PAMAM G4, or PAMAM-
5-ASA conjugate (0.1-500 uM of the dendrimer) for 3 h and 24 h at 37°C in an atmosphere of 5% CO,. Following the
incubation, resazurin was added to the culture medium at a final concentration of 10 pg/mL, and the plates were
incubated at 37°C in the dark to allow conversion of resazurin to resorufin. The fluorescence of metabolized resazurin
was measured after 30 and 90 min at 530 nm excitation and 590 nm emission using an EnVision plate reader
(PerkinElmer, Waltham, MA, USA). Cell viability was calculated as the increase in resorufin fluorescence between 30
and 90 min and is presented as the percentage of untreated control.

Cellular Uptake Studies

To determine the cellular uptake of the tested compounds, Caco-2 and HT-29 cells were seeded into 12-well plates at
a density of 3 x 10° cells per well 24 h prior to the experiment. The cells were then treated with 5-ASA and PAMAM-
5-ASA at 2 mM final concentration of mesalazine for up to 4 h. To inhibit the transport of mesalazine across the cell
membrane, cells were preincubated with inhibitors of organic anion-transporting polypeptides (OATPs) (cyclosporin A,
rifampicin, budesonide, pravastatin, ritonavir) at a final concentration of 100 uM for 1 h.

Cells were then washed with PBS, lysed in 200 pL terbium solution (10 mM terbium(III) chloride, 20 mM EDTA
(pH 8), 40 mM NaOH) with 0.1% Triton X-100, and transferred to black 96-well plates, and the fluorescence of terbium-
salicylate complex was measured at 320 nm excitation and 550 nm emission using a PowerWave HT Microplate
Spectrophotometer (BioTek Instruments Inc., Winooski, VT, USA). Standard curves of the terbium-salicylate fluores-
cence were prepared for free mesalazine and mesalazine conjugated with the PAMAM dendrimer under analogous
conditions. The protein concentration in cell lysates was determined using the Pierce 660 nm Protein Assay Reagent
(Thermo Fisher Scientific) according to the manufacturer’s protocol. Results are presented as the quantity of mesalazine
[pmol] per 1 pg of protein in the cell lysate.

Gene Expression Assay
The gene expression level was determined by quantitative real-time RT-PCR. Caco-2 and HT-29 cells were seeded into
12-well plates at a density of 3 x 10° cells per well 24 h before the experiment. Next, the cells were treated with
increasing concentrations of 5-ASA and PAMAM-5-ASA for 15 min and then stimulated with tumor necrosis factor-a
(TNF-a, final concentration: 5 ng/mL) or E. coli lipopolysaccharide (LPS, final concentration: 10 pg/mL) for an
additional 3 h. To inhibit the transport of mesalazine across the cell membrane, in some experiments, cells were
preincubated with 100 uM ritonavir for 1 h.

Cells were subsequently washed with PBS, and total cellular RNA was isolated using TRI Reagent (Sigma-Aldrich,
St. Louis, MO, USA) according to the manufacturer’s protocol. Complementary DNA (cDNA) was transcribed from
mRNA using a High Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA) and
used for real-time PCR amplification with GoTaq qPCR Master Mix (Promega) according to the manufacturer’s protocol.
Each 16 pL reaction volume contained 1 pL. of cDNA and 0.25 uM of forward and reverse intron-spanning primers (for
primer sequences, see Table 1). The reference genes (HPRTI, HMBS, and TBP) were selected according to the GeNorm
procedure.'® PCR reactions were performed in 96-well microplates using the CFX96 Real-Time PCR Detection System
(Bio-Rad). The expression level of assayed genes was calculated by the AACt method and expressed as the number of
cognate mRNA copies per 1000 copies of geometric-averaged mRNA for the reference genes.

NF-kB Translocation Assay

Caco-2 and HT-29 cells were seeded into thin-bottom 96-well plates at a density of 1 x 10* cells per well 24 h before the
experiment. Next, the cells were treated with 5-ASA and PAMAM-5-ASA at 2 mM final concentration of mesalazine for
15 min, then stimulated with TNF-a (5 ng/mL) for an additional 1 h. In some experiments, cells were preincubated with
ritonavir (100 pM) and/or parthenolide (10 uM) for 1 h.
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Table | Primer Sequences

Gene Forward and Reverse Sequences (5’-3’)

HPRTI Fw: TGACACTGGCAAAACAATGCA
Rv: GGTCCTTTTCACCAGCAAGCT

HMBS Fw: GGCAATGCGGCTGCAA
Rv: GGGTACCCACGCGAATCAC

TBP Fw: CACGAACCACGGCACTGATT
Rv: TTTTCTTGCTGCCAGTCTGGAC

NFKBIA Fw: TGAAGGCTACCAACTACAATGGC
Rv: TGACATCAGCACCCAAGGACAC

IGFBP3 Fw: AGCTCCAGGAAATGCTAGTGAGTC
Rv: GGTGGAACTTGGGATCAGACAC

BTG2 Fw: TAACGCTGTCTTGTGGACCC
Rv: TGTAGTGCTCTGTGAGTGCC

IL6 Fw: TCTCCACAAGCGCCTTCG
Rv: CTCAGGGCTGAGATGCCG

CXCL8 Fw: GCTCTGTGTGAAGGTGCAGTT
Rv: ACCCAGTTTTCCTTGGGGTC

TNFA Fw:TCCCCAGGGACCTCTCTCTA
Rv: GAGGGTTTGCTACAACATGGG

Following gentle removal of the culture medium and a single wash with PBS, cells were immediately fixed for 20 min at
RT with PBS-buffered 2% formaldehyde solution freshly prepared from paraformaldehyde. Subsequently, the cells were
washed twice with blocking buffer (PBS, 1% BSA, 0.1% Triton X-100) and further incubated with the blocking buffer for 10
min at RT. NF-xB was then probed with Alexa Fluor 488-conjugated antibody (recombinant anti-NF-kB p65 antibody,
EP2161Y, Alexa Fluor 488, Abcam, ab204263, 1:300) diluted in blocking buffer for 1 h at RT in the dark. Finally, after three
wash cycles with the blocking buffer, nuclei were stained with 1 ug/mL Hoechst 33342 dye for 30 min at RT in the dark, then
the cells were stored in PBS at 4°C and protected from light until imaging. Measurement of NF-kB p65 translocation from
cytoplasm to nucleus was conducted with a high-content screening platform (ArrayScanVTi from Thermo Fisher) using the
manufacturer’s proprietary software and protocol for measuring the ratio of nuclear to cytoplasmic staining.'* Measurements
were made for >1000 cells per single well, and ratios were averaged within the well and taken as single biological replicates.
Data are presented as the percentage of control (untreated) translocation ratio.

Cytokine and Prostaglandin Assays

Caco-2 and HT-29 cells were seeded into 6-well plates at a density of 5 x 10° cells per well 24 h before the experiment.
Next, the cells were treated with 5-ASA and PAMAM-5-ASA at 2 mM final concentration of mesalazine for 15 min, then
stimulated with TNF-a (5 ng/mL) or E. coli LPS (10 pg/mL) for an additional 1 h. In some experiments, cells were
preincubated with ritonavir at a final concentration of 100 uM for 1 h. All the treatments were performed in FBS-free
medium. The medium containing compounds was subsequently removed, the cells were washed twice with PBS, and
fresh FBS-free medium was added to the cells for 4 h.

The protein concentration of interleukin-6 (IL-6), IL-8, and TNF-a was measured in the collected medium using
ELISA Kits from Biorbyt Ltd. (orb50052, orb50054, and orb50111, respectively). The prostaglandin concentration was
evaluated using Prostaglandin Screening ELISA Kit from Cayman Chemical (514012). The assays were performed
according to the manufacturer’s protocol, and the absorbance was read using an EnVision plate reader (PerkinElmer,
Waltham, USA) at the appropriate wavelengths.
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ROS Generation Assay

Caco-2 and HT-29 cells were seeded into black 96-well plates at a density of 1 x 10* cells per well 24 h before the
experiment. Next, the cells were treated with 5-ASA and PAMAM-5-ASA at 2 mM final concentration of mesalazine for
15 min, then stimulated with TNF-a (20 ng/mL) for an additional 1 h. In some experiments, cells were preincubated with
ritonavir (100 uM) for 1 h. The cells were subsequently washed once with HBSS and incubated with dihydroethidium
(DHE; 10 pM in HBSS) for 30 min in the dark, and the fluorescence was measured at 518 nm excitation and 605 nm
emission using an EnVision plate reader (PerkinElmer, Waltham, USA).

Statistics

For statistical significance testing for single pairwise comparisons, the Student’s #-test was applied. For multiple
comparisons, ANOVA followed by Tukey’s post-hoc test was applied. In all tests, p-values <0.05 were considered
statistically significant. Data are presented as the arithmetic mean + SD.

Results

Mesalazine was conjugated to a PAMAM G4 dendrimer to obtain drug delivery nanovehicles that would serve a dual
purpose: facilitate the delivery of mesalazine to cells through the cellular membranes and ensure that the intracellular fate
of mesalazine is commensurate with anti-inflammatory activity. A description of the synthesis procedure (using
a succinic linkage) and the chemical properties of the resulting conjugates is contained in Supplementary Material.

The obtained conjugates contained ca. 45 5-ASA molecules per one dendrimer molecule.

Biophysical characterization of the conjugate was directed at proving its suitability for drug delivery at the cellular
level. We confirmed that derivatization of PAMAM G4 with 5-ASA significantly increased the hydrodynamic diameter of
nanoparticles (from 3.91 + 0.74 nm for PAMAM G4 to 4.95 + 0.48 nm for PAMAM-5-ASA) and reduced the positive
surface-charge density (zeta potential decreased from 25.47 +2.69 mV to 14.33 + 2.75 mV). The decreased zeta potential
value did not, however, lead to a higher propensity for aggregation; the proportion of aggregated material to monomers
when sorted by size was lower for PAMAM-5-ASA than for PAMAM G4 (Figure S13).

To verify that the conjugate was a suitable drug-delivering nanoparticle, it was important to test if it could hydrolyze
in physiological conditions, releasing unmodified 5-ASA molecules with potential pharmacological activity. This task
was made easier by the discovery that conjugation of mesalazine to the dendrimer leads to a characteristic hypsochromic
shift in the photometric absorption spectrum of mesalazine (Figure 1); the absorption maximum changes from ca. 490 nm
to ca. 430 nm, most probably reflecting reduced solvent accessibility and higher structural rigidity of the bound state. We
followed the spectral changes upon prolonged incubation (24 h) in solution, with subsequent ultrafiltration to separate the
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Figure | Emission spectra (exc. A = 350) of mesalazine, PAMAM-5-ASA conjugate, free PAMAM G4, and compounds acquired after PAMAM-5-ASA hydrolysis.
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high-molecular-weight (dendrimer-bound) fraction from the low-molecular-weight (released mesalazine congener) frac-
tion. From this experiment, we demonstrated that after hydrolysis, the low-molecular-weight fraction was spectro-
scopically identical to unmodified 5-ASA, while the remaining high-molecular-weight fraction was unchanged, and
that the quantitative proportions were consistent with the occurrence of simple hydrolysis of the amide bond and release
of the 5-ASA molecule (Figure 1). Moreover, the presence of a specific PAMAM-associated absorption peak (relatively
weak absorption at ca. 400 nm) only in the unhydrolyzed fraction proved that the hydrolysis does not affect the
dendrimer core and does not release its components.

A similar approach was applied to verify the relative kinetics of the hydrolytic release process through a semi-
permeable membrane, using dialysis as a separation technique. Spectrophotometric measurements (Figure 2) demon-
strated that free 5-ASA molecules diffuse quickly; therefore, the slower kinetics observed upon incubation of PAMAM-
5-ASA solution reflected hydrolysis itself, as the rate-limiting step. Regarding the intracellular fate of the conjugate
molecules, an important additional result was the demonstration that the rate of hydrolysis does not vary with pH within
the physiological range from quasi-neutral (cytoplasmic) pH 7.4 to acidic (lysosomal) pH 5.

A prerequisite for the potential clinical application of nanoparticles for drug delivery is their relative lack of
extraneous biological activity, including acute cytotoxicity. This is especially important for PAMAM dendrimers,
which are known to have strong membrane-disruptive properties and must be extensively modified for bioorthogonality.
Fortuitously, the derivatization of the dendrimer with 5-ASA was sufficient to reduce extensive nonspecific and specific
PAMAM cytotoxicity (Figure 3). Unmodified PAMAM molecules had a concentration- and time-dependent negative
effect on the viability of colorectal cancer cells; the HT-29 cell line was more vulnerable to the effects of PAMAM than
Caco-2 cells. In marked contrast, PAMAM-5-ASA was toxic to both cell lines only at supra-physiologically high
concentrations (>100 uM) and upon prolonged incubation (24 h), making further experiments on its suitability for
mesalazine delivery in vitro feasible.

One of the main goals of designing conjugated nanoparticles is the provision of a cellular uptake route for
pharmacologically active mesalazine that would be independent of permeation through dedicated organic ion channels/
transporters (as downregulation of ion channels/transporters is a common route for the development of drug resistance).
Therefore, experiments on the cellular uptake of free mesalazine or its dendrimer conjugate were designed around kinetic
measurements without and with organic ion transport inhibitors. Interestingly, the time course of uptake of the free and
nanoparticle-bound forms of mesalazine was highly similar in each of the tested cell lines (Caco-2 and HT-29, Figure 4A
and B, respectively), with maximum intracellular concentrations reached after ca. 2 h of incubation. The extent of cell
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Figure 2 The release of 5-ASA from the PAMAM-5-ASA conjugate in different pH conditions, determined by equilibrium dialysis. Data are presented as mean * SD, n = 6.
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loading with mesalazine moieties was, however, remarkably higher for PAMAM 5-ASA than for free 5-ASA, although
the incubation was performed at equimolar concentrations of the drug molecules. More importantly, the uptake of free
5-ASA was strongly inhibited by well-characterized inhibitors of organic anion transport (Figure 4C and D). The applied
inhibitors had varying specificity for different transporter types; however, mesalazine does not have a single specific
transporter and can permeate through several major facilitator superfamily (MFS) transporters. Interestingly, while
budesonide was a potent inhibitor of 5-ASA uptake in Caco-2 cells, it was (as the only one of tested inhibitors) entirely
inefficient in HT-29 cells, shedding some light on the molecular identity of at least the most important solute carriers
responsible for 5-ASA uptake. In a key experiment, we showed that even the most potent inhibitors of direct 5-ASA
uptake (cyclosporin A, pravastatin, and ritonavir) were completely ineffective at inhibiting the uptake of PAMAM-
5-ASA in both cell lines (Figure 4E and F). This result proves that uptake of PAMAM-5-ASA occurs via a different route
(most probably an endocytotic pathway), and that this mechanism accounts for all of the observed net flux of mesalazine
between the extracellular and intracellular space. This finding means that the kinetics of conjugate uptake outcompete the
potential sequential extracellular hydrolysis of the conjugate and transporter-mediated uptake of the released free drug.

The ability to inhibit certain signaling pathways is central to the anti-inflammatory action of mesalazine, especially in
intestinal epithelium under generic conditions that mimic IBDs. The NF-«kB pathway is particularly important for 5-ASA
pharmacodynamics, and we performed several experiments to test the efficacy of PAMAM-5-ASA in modulating the NF-
kB pathway. First, we tested the impact of various modalities of mesalazine on the expression level of marker genes
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Figure 4 The cellular uptake of 5-ASA and PAMAM-5ASA in the absence (A and B) or presence (C-F) of organic anion-transporting polypeptide (OATP) inhibitors
(cyclosporin A, CsA; rifampicin, Rif; budesonide, Bud; pravastatin, Pray; ritonavir, Rit) in Caco-2 (A, C and E) and HT-29 (B, D and F) cells. The uptake was measured using
a spectrofluorimetric assay based on the formation of a ternary complex between mesalazine, terbium, and EDTA in an alkaline solution. Data are presented as mean * SD,
n = 5. *p < 0.05, statistically significant difference compared with 5-ASA uptake kinetics.

known to be under direct transcriptional control by this pathway (NFKBIA, IGFBP3, BTG2) by real-time RT-PCR
(Figure SA and Table S1). The overall pattern of changes and, therefore, the experimental conclusions are similar for
both tested cell lines and all three tested genes; Figure 5 shows only one gene in one cell line for clarity. TNF-a and
lipopolysaccharide (LPS) from E. coli were chosen as a model stimuli that strongly activate the NF-xB pathway and
consequently the expression of marker genes. Incubation of cells with either free 5-ASA or PAMAM-5-ASA concentra-
tion-dependently inhibited the expression of marker genes, mimicking the anti-inflammatory drug action in vivo. The
level of inhibition by PAMAM-5-ASA was higher than that of free 5-ASA, reflecting the previously demonstrated
potential of PAMAM to deliver higher intracellular loads of mesalazine. This result also showed that the delivered
mesalazine is fully active. Most importantly, inhibiting 5-ASA uptake with ritonavir abolished the inhibitory effect of
free 5-ASA, whereas ritonavir did not inhibit the effect of PAMAM-5-ASA. This result was fully in line with
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Figure 5 The effect of 5-ASA and PAMAM-5-ASA on (A) NFKBIA and (B) IL6 gene expression at the mRNA level in Caco-2 cells, in the presence or absence of ritonavir.
The relative level of gene expression was evaluated using quantitative real-time RT-PCR. Data are presented as the percentage of cognate mRNA expression in control
(untreated) cells (number of cognate mRNA copies per 1000 copies of geometric-averaged mRNA for reference genes), mean + SD, n = 4. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001, statistically significant difference compared with the corresponding sample pretreated with ritonavir.

expectations derived from preceding experiments, strengthening the conclusion that dendrimer conjugation ensures
cellular uptake of pharmacologically active mesalazine that circumvents organic ion membrane transporters.

We further verified the direct impact of mesalazine on the NF-kB pathway. In a series of experiments that paralleled
the treatments used to measure marker gene expression (Figures 6 and S14), we showed that both 5-ASA and PAMAM-
5-ASA partially prevented TNF-a-induced nuclear translocation of activated NF-kB transcription factor (again, the level
of inhibition induced by PAMAM-5-ASA was greater than that of free 5-ASA). Crucially, and similar to the results of
marker gene expression, inhibition of organic ion transporters by ritonavir abolished the effect of free 5-ASA on TNF-a-
induced nuclear translocation of activated NF-kB (restoring control levels of activation), whereas ritonavir did not affect
the actions of the dendrimer conjugate. This result suggests a potential molecular target — namely NF-kB transcription
factor — for dendrimer-delivered mesalazine in its clinically relevant anti-inflammatory action. Significantly, PAMAM-
5-ASA (identical to the effect of free 5-ASA) acted only on cells that had been activated by the proinflammatory stimulus
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Figure 6 The effect of 5-ASA and PAMAM-5-ASA on the nuclear translocation of NF-kB in Caco-2 cells. The subcellular localization of NF-kB (both in the absence or
presence of parthenolide, Part) was determined by high-content screening (immunofluorescence with an anti-p65 antibody and automated microscopy/image analysis). Data
are presented as the fold-induction of nuclear to cytoplasmic staining ratio in control (untreated) cells, mean + SD, n = 4. ¥p < 0.01, ¥*¥p < 0.0001, statistically significant
difference compared with untreated control. Ap < 0.05, AAp < 0.0001, statistically significant difference compared with TNF-a-treated cells.

in all mechanistic assays and did not affect basal NF-kB signaling in unchallenged cells. This finding implies that
PAMAM-5-ASA will not have unwanted off-target effects in vivo.

Inhibition of proinflammatory signaling by mesalazine must lead to detectable phenotypical changes in affected cells
to effectively prevent inflammation-related symptoms at tissue level. We measured this property of dendrimer-delivered
5-ASA using several immunologically important endpoints that have a clear role in the pathology of IBDs: a) mRNA-
level expression of proinflammatory cytokine genes; b) secretion of the active protein forms of these cytokines from
cells; ¢) production of prostaglandins (another type of proinflammatory secondary mediator) by a series of biochemically
activated enzymes; d) production of reactive oxygen species (ROS) by intracellular pro-oxidant enzymes that are targets
for secondary messengers (such as prostaglandins). Gene expression was quantified by real-time RT-PCR, extracellular
and intracellular concentrations of signaling mediators were determined by ELISA, and the ROS concentration was
measured by fluorogenic substrate oxidation. We demonstrated a consistent pattern of results that supported our model of
the mechanism of action of PAMAM-5-ASA. Specifically, mRNA and protein levels of biochemically stimulated
proinflammatory cytokines IL-6, IL-8, and TNF-o were decreased by 5-ASA treatment, and PAMAM-5-ASA treatment
decreased the level of these cytokines even more profoundly (Figures 5B, 7, S15-S17 and Table S1). Crucially, after
ritonavir-mediated inhibition of membrane transporters, the potency of free 5-ASA was abolished, but the potency of the
conjugate was not altered in all tested cases. Relevant control experiments proved that ritonavir has no direct off-target
effects on the studied processes, and unstimulated cells were unaffected by any of the tested forms of mesalazine
(Figure 7C). Similar results were obtained when the effects of free 5-ASA and PAMAM-5-ASA on prostaglandin
concentrations were measured (Figures 8 and S18). This result strongly supports the notion that prostaglandin production
is exclusively regulated (directly or indirectly) by the same mesalazine-sensitive signaling pathways that determine
cytokine secretion. Inhibition of prostaglandin generation is clinically important, as prostaglandin generation is a central
feature of pathological tissue-level inflammation and a common target of many nonsteroidal anti-inflammatory drugs.
Finally, we determined the effect of free and dendrimer-bound mesalazine on the mechanistically distal (indirectly
regulated) process of ROS generation. In experiments where ROS production was stimulated with physiologically
relevant factors, and free and dendrimer-bound mesalazine inhibited ROS production, the latter was more pharmacolo-
gically potent (Figure 9). In this experimental setup, it was not possible to verify the effect of ritonavir-mediated
transporter inhibition, as ritonavir is known to stimulate ROS production by an unrelated mechanism. However, free and
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Figure 7 The effect of 5-ASA and PAMAM-5-ASA on the protein expression of IL-6 in Caco-2 cells stimulated with (A) TNF-o or (B) LPS, determined by ELISA in cellular
supernatants. Panel C presents the cytokine concentration in control samples. Data are presented as the concentration of cytokine (pg/mL), mean * SD, n = 4. **p < 0.01,
*¥p < 0.001, ¥**p < 0.0001, statistically significant difference compared with untreated control. Ap < 0.05, p < 0.001, AMAp < 0.0001, statistically significant difference
compared with TNF-a-treated cells. +111p < 0.0001, statistically significant difference compared with LPS-treated cells.
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Figure 8 The effect of 5-ASA and PAMAM-5-ASA on the secretion of prostaglandins in Caco-2 cells stimulated with (A) TNF-a or (B) LPS, determined by ELISA in cellular
supernatants. Panel C presents the secretion of prostaglandins in control samples. Data are presented as the concentration of prostaglandins (pg/mL), mean £ SD, n = 4.
#¥¥p < 0.0001, statistically significant difference compared with untreated control. MAMp < 0.0001, statistically significant difference compared with TNF-a-treated cells.
T1ttp < 0.0001, statistically significant difference compared with LPS-treated cells.
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Figure 9 The effect of 5-ASA and PAMAM-5-ASA on intracellular ROS generation in Caco-2 and HT-29 cells stimulated with TNF-a, determined using a dihydroethidium
probe. Data are presented as the percentage of ROS production in untreated control cells, mean * SD, n = 3. *p < 0.05, **p < 0.01, ****p < 0.0001, statistically significant
difference compared with untreated control. Ap < 0.05, AAp < 0.001, AMAp < 0.0001, statistically significant difference compared with TNF-a-treated cells.

dendrimer-bound mesalazine produced similar results in both tested cell lines, which attests to the likelihood of
a common mechanism of action in both cell types, with ROS production located downstream of mediator (cytokine,
prostaglandin) production in the proinflammatory pathway.

Discussion

Nanoparticle-mediated drug delivery is an active area of research to solve problems associated with drug pharmacoki-
netics and pharmacodynamics. Yet the majority of studies use a chemically unmodified drug that is associated with
nanoparticles through physical forces and factors, namely encapsulation,'® entrapment,'® or adsorption.'” Drugs that are
covalently conjugated to the chemical structure of the nanoparticle itself remain underused, even though they may have
unique advantages with respect to preparation, formulation, standardization, and precise delivery to the site of action.'®
The main reason for this reticence is the complex and difficult chemistry that is usually necessary for the reliable release
of the biologically active compound from a conjugate, including optimal linker design, the need to maintain the structure
of the pharmacophore, and the requirement to have a uniform coupling reaction on the nanoparticle surface.'®° In this
regard, nonsteroidal anti-inflammatory drugs (NSAIDs) are an especially convenient model due to their usually small and
chemically simple molecules, as well as their well-researched pharmacokinetics.

Indeed, mesalazine was selected as the exemplar molecule in the present study because of its structural simplicity and
known pharmacodynamics. Moreover, mesalazine is an attractive choice for studying novel drug delivery concepts due to
its well-characterized but inadequately addressed practical problems with pharmacokinetics. Since mesalazine is too
hydrophilic to enter cells by passive diffusion, cellular influx occurs via one of the several possible MFS membrane
transporters, so inhibiting or reducing the expression of these transporters is a common source of drug resistance.”'
Mesalazine is the drug of choice for treating several very common IBDs; therefore, emerging resistance is a broad
clinical problem, and a novel drug delivery vehicle may have a high practical impact.

The efficient delivery of mesalazine for IBD treatment is hampered by its potential deactivation during gastrointest-
inal transit,” and therefore drug delivery efforts have focused on enabling mesalazine to reach the large intestine. Applied
approaches include rectal administration and application as large intestine-hydrolyzable congeners (eg, sulfasalazine).”
An additional approach uses polymeric delivery vehicles, such as gels,® microparticles,”* and nanoparticles, that release
the drug specifically in the colonic environment, for example, through the action of bacterial enzymes. However,
nanoscale carriers are the only method that addresses the need to reach the intracellular site of action. This method

2122 s International Journal of Nanomedicine 2023:18
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Gorzkiewicz et al

was selected in the present study, building upon our experience with nanoparticle-mediated drug delivery* and knowl-
edge from available literature data on mesalazine.

Previous studies have associated mesalazine with various nanoparticles using several methods, for example, by
coprecipitation with polymers (eg, with polyurethane-chitosan graft copolymer),>® by encapsulation inside polymeric
nanoparticles (eg, composed of poly-lactic-co-glycolic acid),”” by surface adhesion (eg, to silicon dioxide
nanoparticles),” or by direct covalent conjugation (eg, to poly-caprolactone),” which we also chose to apply for our
study. The mode by which mesalazine is associated with the nanoparticle is crucial for determining the location of
delivery and the kinetics of its release from the nanoparticle. However, in the case of intracellular delivery, the size and
surface properties of the nanoparticle itself are of equal importance, as they determine the fate of the nanoparticle upon
encountering the cell (the mechanism of internalization, eg, by endocytosis) and inside the cell (including drug release).?”

Dendrimers are unique single-molecule, highly uniform nanoparticles that are attractive for covalent drug conjugation
because of their homogenous and controllable surface chemistry.® They have previously been tested in several studies as
carriers for mesalazine, but the originality of our approach relies on a choice of coupling chemistry combined with
careful investigation of the biophysical properties and the in vitro physiological action using several cell-based assays.
Wiwattanapatapee et al conjugated mesalazine to a PAMAM dendrimeric scaffold using a bacterial enzyme-hydrolyzable
azo bond to facilitate release. This linker is known to undergo intestine-specific cleavage, so, as expected, this method did
not enhance the cellular uptake of mesalazine.>® A lysine-based dendrimer with a silsesquioxane core and a hydrolyzable
Schiff base linker was also used as a carrier for mesalazine. However, this construct was evaluated in mice models only
for the treatment of retinal degeneration, without any intracellular delivery experiments or biological studies of its anti-
inflammatory action.”’ Other studies aimed only to chemically characterize drug—dendrimer conjugates or noncovalent

3233 using mesalazine as a model molecule and did not study biological aspects. Our design of a mesalazine—

complexes
PAMAM conjugate is specifically aimed at increasing the intracellular concentration of mesalazine in the intestinal
epithelium independently of membrane transporter activity, and our experiments were geared toward this goal. We
sequentially analyzed mechanisms of release, intracellular delivery, and biological function. It is important to note that
upon potential clinical application of the conjugate, it would be delivered directly to the intestinal lumen (either by rectal
administration or by oral capsules designed to dissolve in the large intestine); in this study, measured release kinetics (on
the order of several hours) and rate of cellular uptake (virtually saturated after one hour of exposure) were commensurate
with efficient active drug targeting for intracellular site of action. Thus, our work is a pioneering effort regarding
facilitating the delivery of this drug to its molecular targets.

The structural design of the conjugate in this study was adapted to the above goals; our experimental workflow:
selection of PAMAM generation and surface modification was aimed at efficient internalization, as demonstrated in
previous studies,®® while the chemical coupling method was chosen to ensure the intracellular release of unchanged
mesalazine, as achieved in studies with other drugs.*> We obtained satisfactory results at each stage: biophysical
characterization showed that kinetics and conditions of release are commensurate with intracellular delivery; we
subsequently proved that the kinetics of cellular delivery are those expected for endocytosis-mediated
internalization.*® The mechanism of cellular uptake of PAMAM dendrimers and PAMAM-drug conjugates that were
analogous to the mesalazine conjugate used in this study have been extensively researched and documented to consist

mainly of clathrin-mediated endocytosis,>” *° including in the same cell lines as used in the present study,*'**

yielding
further support to our conclusion that this is indeed the drug delivery route we are observing. Moreover, the main goals of
drug delivery from the physiological and clinical perspective were also achieved: intracellularly released mesalazine was
active in anti-inflammatory assays that measured immune-related cellular activity (gene expression, signaling, mediator
synthesis and release, redox homeostasis) to ensure a reliable and holistic view of mesalazine function based on extensive
literature.” More crucially, delivery of mesalazine as a nanoparticle conjugate circumvented the effect of inhibited
transporter function; this finding is proof that it is possible to overcome natural resistance to free drug that is mediated by
repression of transporter expression.”' Our results are comparable with other successful efforts that delivered anti-
inflammatory compounds, namely tocopherol® and dexamethasone,** into cells by conjugating them to PAMAM
dendrimers via succinate linkers; however, these studies tested the biological activity of the delivered compound only
by individual methods at a superficial phenomenological level. Moreover, since the problem of escaping membrane
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transporter-mediated delivery is unique to mesalazine, our proof of concept showing that transporter-mediated resistance
can be circumvented is unique and ground-breaking.

Conclusions

The results of our in vitro study are highly promising as we took care to document drug delivery at the level of
accessibility of the molecular targets (release and intracellular concentration of active drug) and pharmacodynamics
(inhibition of proinflammatory events by the released drug in physiologically relevant cell models of intestinal
epithelium). The results now need to be tested in an extensive in vivo proof of concept study, for which relevant animal
models of IBDs will need to be carefully selected if the integral advantages of our nanoparticle-based approach are to be
salient. Such a study will be inherently much more complicated due to the additional confounding effects of whole-
organism pharmacokinetics, which have previously derailed similar studies of promising nanoparticles.*’ Our group
intends to pursue an in vivo proof of concept study in the future; meanwhile, the results from the current in vitro research
significantly add to our knowledge of the possibilities and perspectives of nanoparticle drug delivery.
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