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Abstract

Therapeutic development of histone deacetylase inhibitors (HDACI) has been hampered by a
number of barriers to drug delivery, including poor solubility and inadequate tissue penetration.
Nanoparticle encapsulation could be one approach to improve the delivery of HDACI to target
tissues; however, effective and generalizable loading of HDACI within nanoparticle systems
remains a long-term challenge. We hypothesized that the common terminally ionizable moiety on
many HDACi molecules could be capitalized upon for loading in polymeric nanoparticles. Here,
we describe the simple, efficient formulation of a novel library of S-cyclodextrin-poly (S-amino
ester) networks (CDN) to achieve this goal. We observed that network architecture was a critical
determinant of CDN encapsulation of candidate molecules, with a more hydrophobic core
enabling effective self-assembly and a PEGylated surface enabling high loading (up to ~30%
wiw), effective self-assembly of the nanoparticle, and slow release of drug into aqueous media (up
to 24 days) for the model HDACI panobinostat. We next constructed a library of CDNSs to
encapsulate various small, hydrophobic, terminally ionizable molecules (panobinostat, quisinostat,
dacinostat, givinostat, bortezomib, camptothecin, nile red, and cytarabine), which yielded
important insights into the structural requirements for effective drug loading and CDN self-
assembly. Optimized CDN nanoparticles were taken up by GL261 cells in culture and a released
panobinostat was confirmed to be bioactive. Panobinostat-loaded CDNs were next administered by
convection-enhanced delivery (CED) to mice bearing intracranial GL261 tumors. These studies
confirm that CDN encapsulation enables a higher deliverable dose of drug to effectively slow
tumor growth. Matrix-assisted laser desorption/ionization (MALDI) analysis on tissue sections
confirms higher exposure of tumor to drug, which likely accounts for the therapeutic effects.
Taken in sum, these studies present a novel nanocarrier platform for encapsulation of HDACI via
both ionic and hydrophobic interactions, which is an important step toward better treatment of
disease via HDACI therapy.

Graphical Abstract
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1. INTRODUCTION

Histone deacetylase inhibitors (HDACI) are a class of small molecules that promote
hyperacetylation of core histones, leading to relaxation of chromatin and therapeutic effects
in a multitude of disease models.1~10 Unfortunately, the utility of HDACi is plagued by
delivery problems, including rapid clearance and poor tissue distribution when molecules are
administered in free form.11-13 We and others have developed nanoparticle encapsulation
strategies to improve drug tolerability, pharmacokinetics, and site-specific delivery of HDAC
inhibitors.14-17 However, each of these reports has developed approaches for encapsulation
of individual HDACI, requiring development of unique loading strategies for individual
drugs. These intensive efforts have thus far yielded only modest loading. HDACI loading in
and controlled release from nanocarrier systems remains unoptimized, and a generalizable
strategy for drug delivery for this class of molecules is lacking. Hence, addressing this
problem would not only provide us a generic high-capacity loading strategy for HDAC
inhibitors but also enable us to overcome the challenges of low delivery efficiency of
polymeric nanoparticles.18

The majority of HDAC inhibitors bear a characteristic hydroxamic acid (zinc ion chelating
domain), which is linked to the capping moiety by a spacer of appropriate chain length.19
This hydroxamic acid enables manipulation of charge and thus drug solubility through
changes in solution pH. We previously loaded the HDAC inhibitor quisinostat
(JNJ-26481585) onto polymeric nanoparticles composed of poly-(lactic acid)—poly(ethylene
glycol) (PLA-PEG) through a pH manipulation and ionization strategy.14 Although these
quisinostat-loaded PLA-PEG nanoparticles were highly loaded and useful for treating
intracranial glioblastoma by intravenous injection, in vitro studies demonstrated that drug
was released rapidly once nanoparticles were exposed to an aqueous environment.
Presumably, this rapid release occurred because quisinostat was only associated with the
surface of the nanoparticle, instead of being embedded within a particle core.
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Here, we sought to develop S-cyclodextrin-poly (8-amino ester) (cyclodextrin networks, or
CDN:s) for the delivery of HDAC inhibitors. We hypothesized that the common terminally
ionizable moiety in HDACi molecules could be leveraged for loading this class of agents
into nanoparticles to achieve sustained release. To test this hypothesis, we describe the
development of a small library of CDN materials that self-assemble into drug-loaded
nanoparticles. We predicted that dual loading via both ionic and hydrophobic interactions
would confer favorable characteristics for drug loading. Two uniquely surface-functionalized
(aminated and PEGylated) versions of CDNs were generated via simple three-component
Michael addition reactions. Three subtypes of amine-CDN were developed, each with a
successively increasing and flexible hydrophobic core, to obtain a total of four unique CDN
structures. HDAC inhibitors (panobinostat, quisinostat, dacinostat, givinostat) and other
small, hydrophobic molecules (bortezomib, camptothecin, nile red) were passively doped
into the resultant particles. Some of these particles possess biophysical properties favorable
for drug delivery applications, such as small size, close to neutral surface charge, and high
loading (up to ~30%). Detailed structure—property investigation revealed that the key
structural aspects of CDNs enabling self-assembly and effective drug incorporation include
cross-linker length, surface charge density, and the accessibility of the hydrophobic
cyclodextrin core. Importantly, we observed that the encapsulated molecule needed to be
terminally ionizable with a flexible core to enable effective loading in CDNSs, and this was
generalizable across molecules. Evaluation of spatial distribution of drug and tumor growth
in mice demonstrates that CDNSs enable a higher quantity of drug to be delivered to treat
orthotopic glioblastoma. Thus, the nanoparticle platform described here offers new
opportunities for nanomedicine development to deliver HDACI and other terminally
ionizable agents (Figure 1).

2. MATERIALS AND METHODS

2.1. Materials.

The following reagents were obtained from Alfa Aesar: S-cyclodextrin, acrolyl chloride,
chloroform (99%, ACS reagent), ethyl acetate (99%, ACS reagent), and dimethyl sulfoxide
(99%, ACS reagent). 1-Methyl-2-pyrrolidone (NMP) and diethylether (99+%) were
purchased from Acros Organics. 1,4-Butanediol diacrylate and 1,6-hexanediol diacrylate
were obtained from Sigma-Aldrich. Methoxy-terminated poly(ethylene glycol) (MW 550,
MPEGs5s50)-amine was obtained from Creative Peg Works (Chapel Hill, NC). A, -
Dimethylethylenediamine was obtained from Oak-wood chemicals (Estill, SC). Phosphate-
buffered saline (PBS, pH 7.4) and Polyester Transwell inserts (96-well plate, 0.4 xm pore
size) were obtained from Costar (Cambridge, MA). Dialysis cassettes (MWCO 3500 Dalton)
were obtained from Thermo Fisher Scientific (Waltham, MA). CellTiter-Glo was purchased
from Promega (Madison, WI). Costar 96-well plates were purchased from VWR
International (Radnor, PA). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), trypan blue, and 0.25% trypsin-EDTA were purchased from Gibco Invitrogen
(Carlsbad, CA). Quisinostat (JNJ-26481585) and panobinostat (LBH589) were purchased
from ApexBio (Houston, TX). Camptothecin and dacinostat (LAQ824) were purchased from
Selleckchem (Houston, TX). Nile red was purchased from TCI America. All of these
chemicals were used as received without further purification unless otherwise noted.
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2.2. Synthesis of Acrylated-CD.

B-Cyclodextrin was oven dried for 12 h at 110 °C. A-Methyl-2-pyrrolidone (NMP) was
stored with oven-parched molecular sieves (4A) for at least 24 h. g-Cyclodextrin (2.3 g, 2.0
mmol) was measured and stirred in NMP in a 25 mL round-bottom flask. The solution was
cooled with ice-cold water, and acrolyl chloride (2.0 mL, 24.7 mmol) was added via a
syringe. The resultant solution was stirred under the ice-cold condition for 1 h, after which
the solution was heated up to 21 °C. Stirring was continued for 48 h, after which the reaction
mixture was poured into approximately 200 mL of distilled water. The precipitated solid was
homogenously bath-sonicated, followed by filtration. The collected residue was washed
twice with distilled water and then allowed to dry over 48 h. The dry white powder
recovered was weighed out (3.59 g) and subsequently analyzed by 'H NMR and matrix-
assisted laser desorption/ionization-time of flight (MALDI-TOF) spectrometry (see the
Supporting Information).

2.3. Synthesis of Blank CDN Nanoparticles.

2.3.1. Amine-CDNs (CDNs 1-3).—pg-Cyclodextrin-poly(s-amino ester) CDNs with
various structures were synthesized employing Michael addition of a three-component
mixture. Acrylated S-cyclodextrin (cyclodextrin precursor; 89.8 mg; 0.06 mmol), 1,4-
butanediol or 1,6-hexanediol diacrylate (cross-linking polyesters; 1.3 and 2.7 mmol), and
N, N-dimethylethylenediamine (207 zL; 1.9 mmol) were dissolved in a solvent mixture of
EtOACc/CHCI3 (3:7) and heated at 65 °C under stirring at 600 rpm for 12—14 h. The reaction
mixture was subsequently dried under reduced pressure, and the resultant crude was
redissolved in chloroform (approx. 2 mL). This solution was dispersed in 15 mL (repeated
twice with 5 mL) of diethylether to precipitate the insoluble network. The supernatant was
discarded, and the obtained precipitate was filtered, dried, and redispersed into fresh DI
water (40 mL). The aqueous dispersion of the network was subsequently washed via
ultrafiltration through two Amicon Ultra-15 centrifugal filters (10 kDa MWCO, 15 mL
capacity) for 20 min (x2) spins at 5000 RCF. Aliquots were frozen and lyophilized to
determine recovery and biophysical characteristics (size and {-potential).

2.3.2. mPEGs559-CDN (CDN-4).—Acrylated S-cyclodextrin (cyclodextrin precursor;
22.5 mg; 0.015 mmol), 1,4-butanediol diacrylate (cross-linking polyesters; 126 yi_; 0.675
mmol), and mMPEGsz5p-amine (260 mg; 0.475 mmol) were dissolved in a solvent mixture of
EtOAC/CHCI3 (3:7) and heated at 65 °C under stirring at 600 rpm for 12 h. The reaction
mixture was subsequently dried under reduced pressure, and the resultant crude was
redispersed into fresh DI water (40 mL). The aqueous dispersion was subsequently washed
via ultrafiltration through Amicon Ultra-15 centrifugal filters (10 kDa MWCO, 15 mL
capacity) for 20 min (x2) spins at 5000 RCF. Aliquots were frozen and lyophilized to
determine recovery and biophysical characteristics (size and ¢-potential).

Average recovery for each CDN was calculated for at least three independent experimental
repeats: CDN-1 = 69.3 (£7.8) mg; CDN-2 = 84.2 (+8.8) mg; CDN-3 = 88.5 (+8.1) mg; and
CDN-4 =82.9 (£13.8) mg.
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2.4. Synthesis of BODIPY-Labeled CDN Nanoparticles.

Acrylated S-cyclodextrin (cyclodextrin precursor; 22.5 mg; 0.015 mmol), 1,4-butanediol
diacrylate (cross-linking polyesters; 126 y1_; 0.675 mmol), mPEGssp-amine (0.354 mmol),
and amino-PEG12-propionic acid (0.121 mmol) were dissolved in a solvent mixture of
EtOAC/CHCI3 (3:7) and heated at 65 °C under stirring at 600 rpm for 12 h. The reaction
mixture was subsequently dried under reduced pressure, and the crude obtained was
redispersed into fresh DI water (40 mL). The aqueous dispersion was subsequently washed
via ultrafiltration through Amicon Ultra-15 mL centrifugal filters (10 kDa MWCO, 15 mL
capacity) for 20 min (x2) spins at 5000 RCF. Aliquots were frozen and lyophilized
overnight. For labeling, 5.0 mg of the lyophilized sample was further treated with A-
hydroxysuccinimide (6.2 mg), EDC (9.5 L), and BDP-FL-amine (0.44 tmol) in dimethyl
sulfoxide (DMSO) (500 zL) at room temperature for 24 h. The reaction mixture was
subsequently washed with DI water via ultrafiltration through Amicon Ultra-2 mL
centrifugal filters (3 kDa MWCO, 2 mL capacity) for three, 20 min spins at 5000 RCF.
Aliquots were frozen and lyophilized overnight. The recovery of BODIPY-CDN-4 was
calculated to be 4.6 mg.

2.5. MALDI-TOF Mass Spectrometry.

Typically, 20 mg/mL solutions were separately made for analyte (acrylated-CD) and matrix
(2,5-dihydroxybenzoic acid) in acetonitirile/water (1/9) mixture. A mixture of 4 i of
analyte, 14 /1 of matrix, and 2 L of sodium acetate as cationization agent (1 mg/mL
aqueous solution) was homogenized by vortexing. Two microliters of the mixture was
transferred onto a MALDI target plate, followed by air-drying to prepare a thin matrix/
analyte film. Mass spectra were obtained using a MS Bruker Autoflex MALDI-TOF mass
spectrometer equipped with a nitrogen laser delivering 2 ns laser pulses at 337 nm with
positive ion ToF detection performed using an accelerating voltage of 25 kV.

2.6. NMR Spectroscopy.

Lyophilized CDN samples were dispersed in dimethyl sulfoxide-gg (DMSO-dg). 1H NMR
spectra were obtained using a 300 MHz Bruker Avance NMR spectrometer. The spectra
were compared to those of the individual components employed in the synthesis of CDNSs.

2.7. Scanning Electron Microscopy (SEM).

Lyophilized nanoparticles were suspended in an aqueous solution to a final concentration of
20 mg/mL. Five microliter droplets of the above solution were placed onto aluminum stubs
with carbon adhesive. Samples were allowed to air-dry prior to coating. Samples were
sputter-coated using a Denton Desk-V Sputter system with gold at 20 mA for 20 s and
imaged using a FEI Quanta 400 environmental scanning electron microscope with an ETD
detector at 20 kV and a 4 mm working distance.

2.8. Dynamic Light Scattering (DLS).

One hundred microliters of CDN1-3 or 50 L of CDN-4 aqueous solutions (20 mg/mL)
were added to approximately 3 mL of distilled water in a clean dry cuvette. The dispersion
was homogenized by repeated agitation and then allowed to stabilize for 2 min. Mean
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hydrodynamic sizes of the particles were measured using NanoBrook 90 Plus Zeta particle
size analyzer (Brookhaven Instruments, Holtsville, NY). Results are reported as the average
of at least three separate readings.

2.9. (-Potential.

Sixty microliters of CDN (CDNs 1-4) aqueous solutions (20 mg/mL) were added to
approximately 2 mL of KCI (1 mM ag. solution) in a clean dry cuvette. The dispersion was
homogenized by repeated agitation and then allowed to stabilize for 5 min. -Potential
measurements were carried out using NanoBrook 90 Plus Zeta particle size analyzer
(Brookhaven Instruments, Holtsville, NY). Results are reported as the average of at least
three separate readings.

2.10. Drug-Loaded CDN Nanoparticles.

Aqueous dispersions (2.0 mL) of blank CDN nanoparticles (10 mg/mL) were doped with
various drugs dissolved in DMSO (50 4L). The aqueous dispersion was left to agitate for 18
h and then subjected to concentration via ultrafiltration through Amicon Ultra-15 centrifugal
filters (3 kDa MWCO, 0.5 mL capacity) for 4 and 20 min spins at 5000 RCF. Aliquots were
frozen and lyophilized prior to characterization. Drug concentration in loaded CDNs was
quantified by absorbance (310 nm for quisinostat, panobinostat, and dacinostat; 285 nm for
givinostat; 365 nm for camptothecin; 550 nm for Nile Red) on a Tecan plate reader.
Lyophilized nanoparticles were dissolved at 5 mg/mL in DMSO. Samples were plated in
triplicate (40 pL of nanoparticles and 10 gL of DMSO per well) in a clear, flat bottom 96-
well assay plate. A control curve was constructed in technical triplicate by adding 40 gL of
blank nanoparticles per well and spiking with 10 £L of known drug concentration in DMSO.
Forty microliters of bortezomib-loaded nanoparticles (5 mg/mL agueous solution) was
extracted with 100 4L of ethyl acetate. The ethyl acetate layer was collected and dried under
nitrogen. The contents were dissolved in 40 gL of DMSO and plated in triplicate. A control
curve was constructed in technical triplicate by spiking with 10 s of known drug
concentration in DMSO. Absorbance was measured at 285 nm. For all formulations,
theoretical drug loading was calculated as the mass of drug added divided by mass of blank
CDN nanoparticles (w/w%), and experimental drug loading was calculated as mass of drug
measured divided by the mass of nanoparticles (w/w%). Subsequent characterizations are
reported primarily as a function of theoretical drug loading, which is a convenient way to
label CDNs formulated under different conditions since there is variability in experimental
drug loading.

2.11. Controlled Release.

Lyophilized nanoparticles were dispersed in an aqueous solution to a final drug
concentration of 1 mg/mL (i.e., 20 mg/mL panobinostat for a sample with 5% experimental
loading) and 400 gL was transferred to a 3.5 k MWCO Slide-A-Lyzer Dialysis cassette
(Thermo Fisher Scientific, Waltham, MA). The cassette was immersed in 4 L of PBS (pH 7,
replaced at every 24 h time point) at 37 °C with gentle stirring (75 rpm). At each time point,
30 4L of nanoparticles was removed from the cassette and dissolved in 120 /L of DMSO.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2021 June 07.
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Fifty microliters of dissolved nanoparticles was added in triplicate to a clear, flat bottom, 96-
well plate, and the amount of drug remaining was quantified by absorbance.

2.12. Stability Studies for Drug-Loaded CDN Nanoparticles.

One hundred microliters of panobinostat-loaded (20 mg/mL, 20% theoretical) CDN-3 or 50
L of panobinostat-loaded (20 mg/mL, 20% theoretical) CDN-4 were prepared in three
separate aqueous media—acidic (pH = 4.0), PBS (pH = 7.4), and basic (pH = 10.2). A set of
five DLS measurements were recorded for each sample over several days to track the
stability of the colloidal system.

2.13. In Vitro Experiments.

For 1C5q experiments, GL261 cells were seeded at 3000 cells/100 /L into 96-well plates
containing Dulbecco’s modified Eagle’s medium (DMEM) and 10% fetal bovine serum
(FBS). Cells were given 4 h to adhere prior to drug treatments. Initially, stock solutions of
free panobinostat, drug-loaded, and blank CDN-4 (21% drug-loaded) were made in 2.5%
DMSO in cell culture media at 10 mg/mL drug concentration. Equivalent doses (10 sl of
the stock) were added to the 96-well plates at 16 serial dilutions with concentrations from 0
to 70 1M, followed by incubation at 37 °C with 5% CO, for 72 h. The final DMSO
concentration in the well plates was approximately 0.25 vol %. This DMSO concentration
was determined in control experiments to be well below the concentration that exerts toxic
effects on GL261 cell lines (data not shown). Cell viability was determined with an 1Csgg
value obtained from a CellTiter-Glo Luminescence assay and calculated using GraphPad
Prism (San Diego, CA). For uptake experiments, GL261 cells were seeded at 90 000 cells/1
mL into 48-well plates containing DMEM and 10% FBS. BODIPY-labeled CDN-4
nanoparticles (250 1g) were incubated with cells for 48 h, after which cells were thoroughly
washed, fixed with 4% paraformaldehyde, and counterstained with DAPI. Images were
collected on an upright Nikon Ti2 microscope.

2.14. In Vivo Experiments.

All animal procedures were approved by the Institutional Animal Care and Use Committee
at the University of Texas Health Science at Houston in accordance with all relevant
guidelines. A total of 57 male, BI6/C57 mice between the ages of 12 and 14 weeks were
obtained from the Jackson Laboratory. Mice were anesthetized with 2% isoflurane and
mounted on a Kopf stereotactic frame. A burr hole was drilled to target the dorsal striatum
(+2.0 mm lateral and —0.1 mm posterior to bregma). A Hamilton syringe was loaded with
GL261 cells, lowered to —3.2 mm, and raised to —2.8 mm. Cells (50 000 cells per 2 /1) were
infused over 2 min, the surgical incisions were closed with staples, and mice were returned
to recovery cages.

Treatments were administered 8 days following induction to target the same stereotactic
location as the original tumor, returning through the burr hole to infuse a total volume of 5
AL at a rate of 0.67 gL/min. The needle was allowed to remain in place for 5 min before
removal to prevent backflow. Mice were imaged the day prior to treatment for allocation to
treatment groups, which included saline (n7=9), cyclodextrin vehicle (CD vehicle, n=9),
CDN vehicle (CDN vehicle, n=9), panobinostat solubilized within cyclodextrin at a 1 /g
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dose (pCD, n= 10), panobinostat encapsulated in CDN-4 at a 1 /g of dose (pCDN, n=9),
and panobinostat encapsulated in CDN-4 at a 30 g dose (p)CDN-HD, 7= 10). The CD
vehicle was matched to the polymer concentration in the pCD group, and the CDN vehicle
was matched to the polymer concentration in the pCDN-HD group. All treatments were
provided in the same volume of saline, i.e., 5 L. Mice were weighed and evaluated daily,
receiving bioluminescent imaging every 3—4 days. Imaging was conducted on an VIS
Xenogen system under isoflurane anesthesia following a subcutaneous injection of luciferin
(15 mg/kg). One mouse was excluded from the study after it died due to reasons that were
unrelated to treatment or tumor burden. Mice were euthanized upon loss of 20% or greater
body weight or on the appearance of neurological symptoms. To quantify the IVIS data,
regions of interest (ROI) were drawn to encompass the entire tumor signal for each mouse.
Flux values obtained from the ROI analysis were normalized to the pre-dose average for
each group, which enables the VIS data to be expressed as a fold change in tumor size
following treatment.

2.15. MALDI Mass Spectrometry Imaging (MALDI MSI) Analysis.

2.15.1. MALDI Tissue Preparation.—For MALDI MSI analysis of drug distribution,
mice bearing tumors were treated as described above and euthanized by rapid decapitation 1
h after infusion of either pCD or pCDN-HD. The brains were quickly extracted and snap-
frozen, mounted onto a specimen chuck, and sectioned coronally at 10 x4m thickness
(Microm HM550, Thermo Scientific, Waltham, MA). The tissue sections were thaw-
mounted onto indium tin oxide (ITO) slides. A tissue microarray (TMA) mold was used to
prepare a tissue mimetic model for panobinostat quantitation by MALDI MSI. Panobinostat
concentrations ranging from 1.0 to 50 M were spiked into normal mouse brain tissue
homogenate, and the spiked tissue mixtures were dispensed into 1.5 mm core diameter
channels of the 40% gelatin TMS mold and frozen at =80 °C. The tissue mimetic model was
sectioned and thaw-mounted adjacent to the mouse brain tissue sections for analysis. Serial
sections of the mimetic and mouse brains were mounted on regular microscopy slides for
hematoxylin and eosin (H&E) staining. The ITO slides mounted with the tissue and mimetic
model sections were placed in a vacuum desiccator before matrix deposition. 2,5-
Dihydroxybenzoic acid (160 mg/mL) matrix was dissolved in 70:30 methanol: 0.1% TFA
with 1% DMSO and applied using a TM sprayer (HTX Technologies, Chapel Hill, NC) at a
flow rate (0.18 mL/min), spray nozzle velocity (1200 mm/min), nitrogen gas pressure (10
psi), spray nozzle temperature (75 °C), and track spacing (2 mm) for two passes. Optical
microscopy images of the H&E-stained serial tissue sections were acquired using a 10x
objective (Zeiss Observer Z.1, Oberkochen, Germany).

2.15.2. MALDI Multiple Reaction Monitoring (MALDI MRM) Mass
Spectrometry Imaging.—A multiple reaction monitoring (MRM) approach was used for
quantitative imaging of panobinostat by monitoring the transition of the precursor ion to
product ion (334.155 — 317.152) using a dual source timsTOF fleX mass spectrometer
(Bruker Daltonics, Billerica, MA) in positive ion mode. Data was acquired between /2100
and 650. The fragment ion from the precursor corresponds to the loss of a methyl group. The
method was optimized using ESI with an infusion of panobinostat to adjust the ion-transfer
funnels, quadrupole, collision cell, and focus pre-TOF parameters, and an Agilent tune mix
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solution (Agilent Technologies, Santa Clara, CA) was used to calibrate the mass range.
Tandem MS parameters were set for a collision energy of 23 eV with an isolation width of 3
mlz. MALDI MS images were acquired with a laser repetition set to 5000 Hz with 2000
laser shots per 100 pm pixel. SCILS Lab software (version 2020a premium, Bruker
Daltonics, Billerica, MA) was used for data visualization without data normalization. The
average ion intensity for each spiked TMA sectioned core area was plotted against
corresponding panobinostat concentration from 1.0 to 50 xM for calibration of the MALDI
MS signal, resulting in a limit of detection (LOD) of 8.41 M (S/N ratio of >3), and a limit
of quantification (LOQ) of 28.0 4M (S/N ratio of >10).

3. RESULTS AND DISCUSSION
3.1. Cyclodextrin Network (CDN) Architectures.

Cyclodextrins are a class of cyclic oligosaccharides that have been used widely for
solubilization of hydrophobic molecules to enable delivery to aqueous environments,
including by us and others for the purpose of delivering HDAC inhibitors.2%-21 Cyclodextrins
are useful for enabling the administration of lipophilic molecules from aqueous media but do
not, in unmodified form, provide sustained release. Synthetically modified amphiphilic
cyclodextrins have been shown to not only form drug-loaded nanoparticles?2 but also to
outperform traditional polyester particles for certain drugs in terms of drug loading and
controlled release.23 In addition, advanced cyclodextrin-based cross-linked?4 and linear
polymeric architectures?® have been reported in the literature for their potential application
as therapeutics.

B-Cyclodextrin-poly (B-amino ester) nanoparticles (composition of CDN-1) were previously
reported by Lowe and colleagues as a blood—brain barrier (BBB) permeable platform to
support the sustained release of doxorubicin.2® Here, we engineered the constituent polymer
to develop a library of new materials possessing different cross-linker concentration, length,
and amine functionalities (CDN-2, CDN-3, and CDN-4, respectively). This library was
designed to study the complex structure—function relationships between loading of small
molecules and network compositions and to identify conditions under which CDNs could be
highly loaded with therapeutic molecules. The 1,4-butanediol diacrylate cross-linker was
employed at two different concentrations [1.3 mmol (1.0 equiv) and 2.7 mmol (2.0 equiv)
for CDN-1 and CDN-2, respectively], whereas CDN-3 was synthesized from 1,6-hexanediol
diacrylate [2.7 mmol, (2.0 equiv)]. CDN-4 was synthesized from mPEGsggg-amine with 1,4-
butanediol diacrylate cross-linker (2.7 mmol, [2.0 equiv]). The synthesis of materials
incorporating expected chemical moieties was confirmed by NMR (see the Supporting
Information), while the nanoparticle formation was determined by DLS and SEM images
(see the Supporting Information). The overall biophysical characterization of the CDNs
without any encapsulated payload are elucidated in Figure 2A-C. Comparing CDN-1 against
CDN-2, the latter has more surface-amine functionalities than the former. CDN-2 also has an
expanded and flexible hydrophobic core. CDN-3 possesses a greater cross-linked length but
self-assembles into smaller-sized nanoparticles than CDNs 1 and 2. Finally, CDN-4
possesses a PEG-modified surface and close to neutral surface charge, which could confer
favorable properties for in vivo applications.
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3.2. Panobinostat-Loaded CDNs.

To assess the drug loading capacity in CDNs, we first focused on the HDAC inhibitor
panobinostat (LBH589). Panobinostat is a pan-HDACI that is of interest for the treatment of
a multitude of diseases, including solid and hematological cancers, neuro-inflammation, and
traumatic brain injury.27-30 Similar to other HDACI, panobinostat has several delivery
challenges that are expected to reduce its therapeutic potential. First, panobinostat is poorly
water-soluble (0.064 mg/mL at a pH 7.6) and difficult to administer in free form. Second,
both peripheral and central pharmacokinetic analyses show that it is cleared rapidly from
fluid compartments.3! Therefore, we focused on panobinostat as a candidate molecule for
nanoparticle delivery based on the expectation that solubilization within a carrier system
capable of sustained release could be significant for its use to treat human disease.
Nanoparticles were formulated by doping a given concentration of the drug with a polymer
in 2.5 vol % DMSO-aqueous medium. Panobinostat was added at different theoretical
loadings, and the amount of panobinostat incorporated into the network after thorough
washing was quantified by absorbance (Figure 3). Panobinostat was found to incorporate
effectively into all four CDNSs. Drug loading varied starkly for the different structural
variations of the networks, with both the diacrylate cross-linkers and the functionality of the
amine affecting drug loading capacity (Figure 3). Drug loading increased across CDNs 1-3,
which was associated with a larger and more flexible hydrophobic core of the nanoparticles
imparted by the hexyl cross-linkers (CDN-3).

Loading was significantly higher in CDN-4 compared to other nanoparticles. High loading
of panobinostat in CDN-4 is consistent with our prior report of favorable interaction of
ionized quisinostat, another HDACI, with PEG present at the surface of polyester
nanoparticles. To better understand the mechanisms by which a drug incorporates into the
CDN network, we engaged in detailed biophysical characterization of each formulation.

The maximum panobinostat loading achieved for CDN-1 was approximately 5% (~22%
encapsulation efficiency), and the experimental drug loading did not increase with the
addition of more drugs (Figure 4A). Nanoparticles produced from panobinostat-loaded
CDN-1 were micron-sized, as evident from the DLS size measurements. The ¢-potential of
the particles was found to increase linearly with increasing drug loading (Figure 4B). The
larger size is likely due to the formation of particle or drug aggregates and eventual network
collapse at increasing drug concentration (Figure 4C). The linear increase in ¢-potential can
be explained based on an acid-base interaction between the drug (hydroxamic acid) and the
surface-amine functionalities (Lewis base), thereby aiding drug solubility. Thus, CDN-1
could incorporate panobinostat in the micron range but did not self-assemble into stably
condensed nanoparticles (Figure 4D).

Upon increasing the hydrophobic core of the network in CDN-2, experimental loading for
panobinostat was found to increase up to approximately 8% (~35% encapsulation efficiency)
(Figure 5A). This increase in drug loading was associated with a rise in ¢-potential for up to
5% theoretical loading and a steady increase in particle size with increasing drug
incorporation (Figure 5B). While the same acid—base interaction of the drug and surface-
amine functionalities holds true in this case, we speculate that a larger hydrophobic core
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assists in stabilizing the increasing amount of drug in the network compared to CDN-1 as
drug incorporation exceeds 5% (Figure 5C). Thus, CDN-2 was capable of self-assembling
into relatively stable nanoparticles with modest, saturable loading capacity (Figure 5D).

CDN-3 employed a longer length cross-linker (1,6-hexanediol diacrylate) that enabled the
self-assembly of polymer and drug into smaller and more consistently sized nanoparticles
than CDN-1 or CDN-2, with the highest experimental loading of ~20% (~71%
encapsulation efficiency) (Figure 6A). Presumably, this increased stability is due to the more
flexible network with a more hydrophobic core that can accept even greater quantities of
drug. The ¢-potential was observed to increase as loading increased (Figure 6B).
Interestingly, the aqueous diameter was observed to increase for nanoparticles formed from
CDN-3 with a 5% theoretical loading compared to other loadings (Figure 6C). This
observation of an outlying high diameter at 5% theoretical loading was reproducible in at
least three independent experimental replicates.

This could likely be ascribed to cyclodextrin—drug complexation at lower theoretical
loadings owing to an expanded hydrophobic core, which facilitates easier access to
cyclodextrin units (Figure 6D).

CDN-4, synthesized with mPEGs5p-amine, exhibited the highest extent of panobinostat
incorporation, with measured loading of up to ~30% (Figure 7A). This high level of
experimental loading was achieved at only a moderate cost to encapsulation efficiency
(~82% encapsulation efficiency). The particle size was found to decrease steadily with
increased drug loading, while the near-neutral ¢-potential decreased slightly with increasing
drug loading (Figure 7B,C). This is likely due to the association of ionized panobinostat
molecules with the mPEGsg( shell of the particles (Figure 7D). We speculate that CDN-4
condenses into a more tightly assembled nanoparticle upon incorporation of additional
panobinostat.

Comparison of the loading, size, and surface charge of particles formed by these different
CDNs for a single encapsulated drug yields important insight into the mechanisms of
loading and self-assembly that enables such a high degree of drug incorporation. For CDNs
1-3 (amine-functionalized CDNs), the ¢-potential was observed to increase with increased
drug loading. This observation supports an ionic interaction of panobinostat with surface-
exposed amine groups, thereby facilitating drug solubilization. Comparing CDN-1, CDN-2,
and CDN-3, the experimental drug loading was found to increase with an expansion of the
predicted size of the hydrophobic core of the nanoparticles, supporting additional
hydrophobic interactions as being significant for loading drug and promoting self-assembly.
These hydrophobic interactions likely explain the aggregate formation in CDN-1, which can
be contrasted with the stability of nanoparticles formed by CDNs 2 and 3 that possess a
greater capacity to incorporate drug. The high loading of panobinostat in nanoparticles
formed by CDN-4 (mPEGs5q functionalized) suggests an interaction of panobinostat with
the mMPEGggq outer shell, which could be a similar loading mechanism to what we have
previously reported for the HDAC inhibitor quisinostat and PEG-coated polyester
nanoparticles.1* The near-neutral (-potential of these particles precludes the possibility of an
acid-base interaction between panobinostat and the particle surface. We therefore attribute
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the drug-loading induced negative ¢-potential to the alignment of ionized drug molecules
aligning along the mPEGsgq exterior shell of the particle. This drug—polymer interaction
would account for the substantially higher drug loading (and minimal saturation) observed
for CDN-4 compared to other structural variations.

3.3. Controlled Release.

Controlled release of panobinostat was studied in vitro for two different theoretical loadings
of CDN-2, 3, and 4 in PBS at 37 °C. We describe these data as a function of theoretical
rather than measured loading for simplicity of data description, with measured loading for
each formulation described in Figures 5-7. Controlled release from CDN-1 was not studied
due to the large and highly variable size of resultant particles, which makes it unsuitable for
any further development. All CDNSs studied provided effective controlled release, with
release times ranging between 5 and 24 days for different CDN structures. CDN-4 was
found to have the slowest release kinetics in comparison to CDNs 2 and 3, presumably due
to slowed diffusion of panobinostat through or enhanced partitioning within the mPEGs5q
layer. Experimental loading was observed to affect controlled release. For instance, highly
loaded CDN-2 was observed to completely release panobinostat within 4 days (Figure 8;
purple triangle) as compared to 8 days (blue circle) for the less highly loaded formulation.
Similarly, highly loaded CDN-4 was found to completely release panobinostat within 13
days as compared to 24 days for the less highly loaded formulation (see the Supporting
Information). The apparently slower release kinetics for less highly loaded particles for
CDN-2 and 4 suggests that drug may exhibit a greater surface association when particles are
highly loaded. In contrast, CDN-3 exhibits similar release kinetics for both higher and lower
drug-loaded samples (red square vs orange diamond), signifying the role of an expanded
hydrophobic core in enabling stable incorporation of larger quantities of drug.

3.4. Library of Drug-Loaded CDNSs.

Initial studies with panobinostat suggested that the loading mechanism includes both
hydrophobic (within the cyclodextrin/polymer core) and ionic (possibly within the amine or
PEG layer) interactions. We predicted that these interactions would be useful for the
solubility, as well as encapsulation of other terminally ionizable molecules. To test this
prediction, we attempted to load other HDACi’s containing terminally ionizable hydroxamic
acids (quisinostat, dacinostat, and givinostat), as well as nonpolar molecules that are either
nonionizable (nile red), possess reduced ionization capacity (camptothecin), or contain an
alternative terminally ionizable boronic acid group (bortezomib). All drugs were formulated
at a concentration (1 mg/mL), which is expected to be well above their aqueous solubility
limits. As a control hydrophilic drug, we also attempted to encapsulate cytarabine with all of
the CDNSs, but this yielded poor experimental loadings (data not shown).

Drugs with terminally ionizable moieties in their molecular structure (quisinostat,
panobinostat, dacinostat, givinostat, and bortezomib) loaded particularly well in CDNs 1-3,
supporting the role of surface-amine functionality enabling drug interaction and
solubilization via H-bonding (Figure 9). Drug loading was found to increase from CDN-1 to
CDN-3 for all of the HDACI’s investigated except for givinostat (ITF2357). Given that
givinostat possesses the bulkiest, inflexible hydrophobic end, these data support the role of a
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flexible hydrophobic core of the CDNs for effective encapsulation of drugs. CDN-4 was
found to load all of the HDACis and bortezomib except dacinostat. The molecular structures
of quisinostat, panobinostat, givinostat, and bortezomib are relatively slender, flexible, and
polar. However, the structure of dacinostat (LAQ824) bears an ionizable (hydroxyl) offshoot
midway throughout the molecule, which perturbs the hydrophobic end. We speculate that the
flexible, slender structures of these other HDAC inhibitors facilitate efficient association
with the exterior mPEGssq layer of the particle, which is not possible in the case of
dacinostat owing to its steric incompatibility. These results highlight ionizability as being the
most significant factor for solubilization and drug incorporation in particles formed from
CDNs 1 to 3, while steric compatibility as being an essential requirement for drug loading
into particles formed from CDN-4. Although some of these molecules possess amine groups
that are capable of being ionized (e.g., for panobinostat, secondary amine (-benzylethyl-)
and heterocyclic amine (2-methyl indole) with pK; ~ 10 and pK; > 10 respectively), they are
not expected to play a significant role in enabling drug encapsulation at the neutral pHs used
for nanoparticle self-assembly. Camptothecin and nile red were found to be predominantly
insoluble in the CDNs, which posited because they lack the terminally ionizable moieties
necessary for effective drug—nanoparticle interactions. Given that the mechanism of drug
loading involves ionization, it is possible that drug release could be influenced by
microenvironmental pH, which will be an interesting avenue for future work.

3.5. Stability, Tolerability, and Potency of Panobinostat-Loaded CDNs.

The ¢-potential of colloidal materials plays an essential role in how particles interact with
tissues and cells, governing biodistribution, cellular uptake, and drug lifespan in vivo.32
Tumor cell membranes tend to be more negative in charge than healthy cells, which some
investigators have utilized for the purposes of targeting nanoparticle delivery. However, less
negative surface charges can promote nonspecific cellular uptake or be plagued by
aggregation due to the absorption of plasma proteins.33 As an alternative strategy,
PEGylation of nanoparticles can improve their plasma half-life and shield the encapsulated
drug during circulation, which can increase the drug’s lifespan.34 Thus, to move toward the
assessment of nanoparticle CDNs for drug delivery, we focused on a comparison of CDN-3,
bearing free amines and slightly positive surface charge, and CDN-4, for which PEGylation
has brought the surface charge close to neutral.

We first focused on colloidal stability, assessing changes in the hydrodynamic diameter of
panobinostat-loaded CDN-3 and CDN-4 under three different aqueous media conditions—
acidic (pH = 4.0), PBS (pH = 7.4), and basic (pH = 10.2) (see the Supporting Information).
CDN-3 was found to be particularly stable in acidic conditions over a longer period (up to
10 days). Under basic conditions, the particles were found to swell over time resulting,
eventually yielding aggregate formations. This apparent behavior is likely due to the
protonated amine functionalities on the surface, which renders colloidal stability under
normal acidic conditions. We also observed that drug-empty CDN-3 exhibited toxicity
against cells and was poorly tolerated in vivo, yielding neurological effects and death
immediately after administration at the doses that would be needed to achieve drug effects.
In contrast, drug-loaded CDN-4 nanoparticles were observed to maintain a small size when
suspended in pure water but formed aggregates over time in PBS and both pHs.
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Large aggregates (>1000 nm) were observed in acidic media (pH = 4.0) within 24 h, which
could be considered either a detriment or a benefit to the system (for example, it is possible
that CDNs could aggregate or collapse to deliver drug within the acidic microenvironment of
a tumor, which could enhance tumor exposure to drug).3° Following administration to
healthy mice, CDN-4 was observed to be highly biocompatible at therapeutically relevant
concentrations for intravenous (we tested up to 80 mg/kg CDN-4 via lateral tail vein
injection), intrathecal (we tested up to 3 g of CDN-4 via cisterna magna injection), and
intratumoral (we tested up to 100 pg of CDN-4 via convection-enhanced delivery (CED))
routes. In fact, CED of CDN-4 enabled a much higher deliverable dose of panobinostat (we
tested up to 30 g drug) compared to panobinostat solubilized within free cyclodextrins
(maximum injectable dose of 2 1g of drug due to the limitations of pCD solubility). Thus,
given the small size, near-neutral surface charge, and good tolerability, we were motivated to
move forward with CDN-4.

Bioactivity of panobinostat-loaded CDN-4 was evaluated in GL261 cells, a murine
glioblastoma line. Following 72 h of incubation, free panobinostat exhibited an 1Csq value of
0.17 M, while panobinostat-loaded CDN-4 resulted in ICsq values of 0.56 1M (Figure
10A). To test whether panobinostat loses activity as a consequence of formulation, we
subjected panobinostat without CDN materials to the complete formulation process and
assessed 1Cgg; hon-CDN formulated panobinostat possessed an ICsq value of 0.23 1M,
suggesting that the apparent increase in 1Csq for panobinostat-loaded CDN-4 is not due to
degradation of the drug. When BODIPY-labeled CDN-4 nanoparticles were incubated with
cells for 48 h, a perinuclear fluorescence signal was observed, confirming that nanoparticles
are effectively internalized by cells (Figure 10B). Thus, the apparent increase in I1Csq
observed for panobinostat loaded into CDN-4 likely represents retention of panobinostat
within the nanoparticle core. Increased ICsq following drug encapsulation due to reduced
cellular availability of the encapsulated drug has been reported for other nanoparticle
preparations but does not necessarily represent a problem for in vivo development of these
systems, since nanoparticle encapsulation will confer advantages in vivo that are not
captured in cellular assays.36-39

3.6. Drug Delivery and Efficacy of Panobinostat-Loaded CDNs.

For therapeutic evaluation, we focused on the treatment of intracranial tumors via
intratumoral injection or CED. We based our dose selection on prior work demonstrating the
efficacy of cyclodextrin-solubilized panobinostat (referred to here as pCD) in the rat models
of diffuse intrinsic pontine glioma (DIPG).40 In our study, mice received either a normal
dose formulated in free cyclodextrin or CDN nanoparticles (pCD or pCDN, 1 yg of
panobinostat) or a high dose that was only possible for the nanoparticle drug (p)CDN-HD, 30
L of panobinostat). All treatments were well tolerated, and no significant weight loss was
observed following administration of any treatment, confirming tolerability. Neither pCD
nor pCDN exerted any effect on tumor growth when delivered at the normal dose (see the
Supporting Information). In contrast, the treatment of tumors with pPCDN-HD vyielded a
significant slowing of tumor growth compared to CDN vehicle or saline-injected controls
following treatment administration (Figure 11A). MALDI MSI analysis was conducted on
coronal brain tissue sections, which confirmed higher exposure of tumor to drug: 1 h after
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treatment administration, pPCDN-HD achieved a concentration of 241 ¢M of panobinostat in
the tumor site compared to only 33 M for pCD administered at the normal dose (Figure
11B). Panobinostat concentration was below the LOD and LOQ in nontumor brain regions
for either treatment. Ultimately, median survival was 20 days for saline and CDN vehicle-
treated mice compared to 22 days for pPCDN-HD-treated mice (see the Supporting
Information). Thus, treatments did not significantly prolong survival in this model, although
it is worth noting that higher or more frequent dosing is possible and would be expected to
enhance therapy. Recent work by Tosi and colleagues showed that CED of panobinostat in
mice was ineffective at prolonging survival when provided as a single dose, but the same
concentration of panobinostat was highly effective when dosed repeatedly.4! It will be the
subject of future studies in our group to determine dose level, dose frequency, and ideal
infusion parameters to completely optimize therapy. The delivery and efficacy studies
described here highlight the impact of high drug loading within nanoparticles for the
effective dosing of therapeutic compounds to the central nervous system, thus opening new
avenues for future therapeutic development.

These studies present a novel approach for generating nanoparticles that are highly loaded
with HDACI drugs or other molecules bearing terminally ionizable moieties. To our
knowledge, the maximum reported HDACI loading in the polymeric system is ~9%,14 which
in turn is higher than most other lipid-derived systems (~2.5 to 5.0%).42-44 The particle
system described herein exhibits a maximum observed loading of ~30% and also sustains
drug release for prolonged periods of time in vitro (13-24 days). Importantly, all of the
tested HDACI could be loaded at a relatively high capacity in the CDN systems, which
confirms the utility of our dual loading mechanism. Electrolyte/cosolvent induced ionic drug
loading® and synthetic polymer constructs with ionizable back-bone46 have been widely
reported in the literature as reliable ionic drug loading strategies. Nevertheless, the general
utility of these strategies is questionable, as the choice of the inorganic salt/electrolyte is
highly drug specific and requires exhaustive optimization to achieve good drug loading. Our
work directly addresses the problem of finding a generalizable strategy for loading drugs
bearing terminally ionizable moieties into polymeric nanoparticles. The modular nature of
the CDN platform described here also provides the advantage of enabling easy modification
to both the internal and external structures, thereby tuning the material properties for drug
loading and sustained release. Further, focusing specifically on CDN-4, we demonstrate that
the system is biocompatible and well-tolerated for administration by various routes, and we
show a proof-of-concept that the high loading of CDN-4 enables panobinostat efficacy in a
murine model of glioblastoma. Ultimately, these studies focused on the therapeutic
evaluation of the CDN platform in glioblastoma, which bears significant translational
relevance. Panobinostat solubilized in cyclodextrin is being evaluated in phase I clinical trial
by us for the treatment of recurrent pediatric medulloblastoma via intrathecal administration
(NCTO04315064) as well as by others for the treatment of DIPG via CED (NCT03566199,
NCT04264143). Better formulation approaches thus may have the opportunity to positively
impact patient care in the future.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2021 June 07.


https://clinicaltrials.gov/ct2/show/NCT04315064
https://clinicaltrials.gov/ct2/show/NCT03566199
https://clinicaltrials.gov/ct2/show/NCT04264143

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chaudhuri et al.

Page 17

4. CONCLUSIONS

We have demonstrated the general utility of the S-cyclodextrin-poly (B-amino ester) network
as an efficient platform for loading and delivery of hydrophobic drugs bearing terminally
ionizable moieties. The architectures of these networks are key to their drug loading
capacities and biophysical characteristics, as revealed by structure—property relationships.
While both the linker and the surface functionality determine the experimental loadings of
the drug, the amine-CDNs (1, 2, and 3) displayed a positive surface charge and the
MPEGs550-CDN (CDN-4) exhibited a near-neutral surface charge. We discovered that a
slender, terminally ionizable drug molecular structure (e.g., panobinostat and quisinostat)
maximizes drug encapsulation in these networks. While CDN-3 completely releases the
drug over 7 days, CDN-4 reduces the release kinetics to affect the complete release within
13-24 days, depending on the drug loading. CDN-4 nanoparticles are internalized by cells
and deliver bioactive panobinostat to GL261 cells. Panobinostat incorporated in CDN-4
enabled treatment of orthotopic glioblastoma via improved drug dosing that enhanced
exposure of tumor to drug. In sum, these studies describe the development of a generalizable
strategy for nanoparticle encapsulation of terminally ionizable, hydrophobic molecules that
will be an important step forward in developing HDACi nanomedicine for the treatment of
disease.
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Figure 1.

Schematic representation of the synthesis of (i) acrylated g-cyclodextrin; (ii) blank; and (iii)
panobinostat-loaded CDN nanoparticles.
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A)

CDNs Size (nm) / Zeta
PDI potential
(mV)
CDN-1 275.8 +69.3 133 +2.2
0.22-0.28
CDN-2 246.9 +84.2 17.2 £2.2
0.18-0.36
CDN-3 102.3 +88.6 15.0 £0.6
0.25-0.29
CDN-4 3354 +136.4 0.1 £7.3
0.15-0.31
Figure 2.

Page 22

©

Drug-empty CDNs self-assemble into nanoparticles. (A) Table displaying the mean size,
PDI, and ¢-potential for drug-empty nanoparticles formed by CDNs 1-4. (B) SEM image of
representative Amine-CDN-3. (C) SEM image of representative CDN-4, which bears
mPEGss( surface functionality. Scale bars = 1 zm. Errors are reported as standard deviations

of at least three independently formulated batches.
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Figure 3.
Plot of measured panobinostat loading for CDNs 1-4 as a function of different theoretical

loadings. Error bars show standard deviations of at least three independently formulated
batches.
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Plot of average (A) experimental loading, (B) average ¢-potential, and (C) mean
hydrodynamic size of CDN-1 nanoparticles against theoretical loading of panobinostat. (D)
Aggregate formation as a mechanism of drug stabilization by the CDN-1 nanoparticles.
Error bars show the standard deviation of three separate batches.
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Plot of average (A) experimental loading, (B) average ¢-potential, and (C) mean
hydrodynamic size of CDN-2 nanoparticles against theoretical loading of panobinostat. (D)
Stable drug—nanoparticle interactions. Error bars show the standard deviation of three
separate formulations.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2021 June 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chaudhuri et al.

(A= A4O
e X )
£ 020 - :
T = s
o 9
o T
leJ 9 0 I T
30 0 20 40
B) =
© £ 20 4 :
9\1{ (__U [
£5°°
e 0 T T
0 20 40
200
©) ¢
£
o 100 -»
o ¢
C
g O T I
> 0 20 40
Theoretical loading (%)
Figure 6.

Amine-CDN 3)

\

Page 26

R \j\:/\/\/\/c’ N
. (2eqv.) L

(D) — AL

Plot of (A) average experimental loading, (B) average ¢-potential, and (C) mean
hydrodynamic size of CDN-3 nanoparticles against theoretical loading of panobinostat. (D)
Expanded hydrophobic core stabilizing drug complexation with cyclodextrin cavity. Error

bars show the standard deviation of three separate formulations.
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Figure 7.

Plot of average (A) experimental loading, (B) average ¢-potential, and (C) mean
hydrodynamic size of CDN-4 nanoparticles against theoretical loading of panobinostat. (D)
MPEGsgg—drug interaction stabilizing higher-loaded CDN-4 nanoparticles. Error bars show
the standard deviation of three separate formulations.
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Figure 8.
Controlled release of 5% (w/w) and 20% (w/w) theoretically drug-loaded CDNs 2-4

samples. While CDN-2 completely released the drug within 4-8 days, CDN-3 and CDN-4
were found to completely release the drug within 7-8 and 13-24 days (inset), respectively.
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Figure 9.

Library of drug-loaded CDN nanoparticles. The average experimental drug loading values of
various small molecules for CDNs 1-4 are shown for a theoretical loading of 10% (w/w),
including an assortment of HDACi and non-HDACi molecules: (A) quisinostat, (B)
panobinostat, (C) dacinostat, (D) givinostat, (E) bortezomib, (F) camptothecin, and (G) nile
red. Molecular structures of compounds illustrate the hydrophobic (red) and terminally
ionizable (green) moieties. Error bars are reported as the standard deviation of three separate
experimental repeats.
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Figure 10.
(A) In vitro GL261 cell viability assay for panobinostat-loaded CDN-4 formulation. ICgq

values after 72 h of incubation: free Pb = 0.17 1M, CDN-4-Pb = 0.56 £M, and non-CDN-
formulated Pb = 0.23 4M. Error bars are reported as the standard deviation of three separate
experiments. Freely solubilized panobinostat is abbreviated as Pb. (B) Association of
BODIPY dye-labeled CDN-4 (Aex = 503 nm; Aem = 509 nm) to GL261 cells confirmed via
fluorescence microscopy experiments.
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Figure 11.
(A) Tumor growth determined by the change in the tumor size (mean = standard error of the

mean (SEM)) for saline (7= 9), CDN vehicle (n=9), and pCDN-HD (7= 10)-treated mice.
The fold change in tumor size was significantly decreased 4 days following treatment for
pCDN-HD mice compared to CDN vehicle control (p= 0.03, two-tailed Student’s #test).
(B) Mass spectrometry imaging of pCD and pCDN-HD distribution in the GL261 mouse
model following 1 h after intratumoral convection-enhanced delivery (8 days post tumor
induction). Brightfield microscopy imaging of hematoxylin and eosin (H&E) stained tissue
sections shows the tumor in striatum. The molecular ion images of panobinostat from an
animal treated with pCD (1 g dose) show drug level below the lower limit of quantification
(LOQ) for the nontumor brain region (3.6 £M) with a localized 33.0 ¢M concentration in the
tumor. The pCDN-HD (30 1g dose)-dosed animal also showed drug levels below the LOQ
for the nontumor brain region (6.0 M) and a localized 241.1 zM concentration in the tumor
region.
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