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ARTICLE INFO ABSTRACT

Keywords: Histone deacetylases (HDACs) are enzymes that play crucial roles in cellular processes by hydrolyzing acetyl-L-
ITF3756 lysine side chains in core histones, thereby regulating gene expression and maintaining homeostasis. Histone
NLC

deacetylase inhibitors (HDACi) have emerged as promising agents, particularly in cancer treatment, due to their
ability to induce cytotoxic and pro-apoptotic effects. Selective HDAC6 inhibitors, such as ITF3756, have shown
low off-target toxicity and promising pharmacological activities, but their poor water solubility limits their
application in nanoparticulate drug delivery systems. Here, we optimized a nanostructured lipid carrier (NLC)
formulation for delivering ITF3756 using the design of experiments (DOE) and response surface methodology
(RSM). An interaction between the factor surfactant and formulation volume was observed, thus demonstrating
that the surfactant concentration impacts the NLC size. It can be speculated that the higher the amount of the
drug in the formulation, the lower the polydispersion index (PDI), thus resulting in more stable nanostructures.
The optimized ITF3756-NLC demonstrated a size of 51.1 + 0.3 nm, 8.85 + 4.71 mV charge, and high entrapment
efficiency (EE%), maintaining stability for 60 days. Moreover, ITF3756-NLC enhanced o-tubulin acetylation in
melanoma, lung, and brain cancer cell lines, indicating retained or improved bioactivity. The ITF3756-NLC
formulation offers a viable approach for enhancing the bioavailability and therapeutic efficacy of HDAC6 in-
hibitors, demonstrating potential for clinical applications in cancer immunotherapy.

HDAC inhibitors
a-tubulin acetylation
Cancer

1. Introduction

HDAGCs are a family of enzymes found in different cellular com-
partments [1] and are notable for their role in the hydrolysis of
acetyl-L-lysine side chains in the N-terminal region of core histones [2].
In this context, histone deacetylase inhibitors (HDACi) are considered
promising therapeutic drugs as an alternative to chemotherapeutics [3]
and are essential for homeostasis since they catalyse histone deacety-
lation [4].

ITF2357 (Givinostat), for instance, is an example of a second-
generation synthetic pan-HDACI that belongs to the hydroxamic acids
family and is active on most of the zinc-dependent HDAC family mem-
bers with cytotoxic and pro-apoptotic effects [5,6]. Moreover, this
pan-HDAC inhibitor has already been successfully incorporated into
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liposomes to improve its pharmacokinetics profile and brain delivery
[71, with limitations that include a high clearance rate, lack of selec-
tivity, and high toxicity compared to other selective inhibitors [7,8].
Also, HDACi were proven effective in some solid tumors [9-14], evi-
dence that is also found for selective inhibitors [15-17].

A member of the class IIb HDACs is HDAC6, an a-tubulin and cor-
tactin deacetylase involved in controlling microtubule and actin-
dependent cell motility [18,19]. It is also involved in the clearance of
misfolded proteins via aggresome formation and autophagy [20].
Furthermore, HDACS6 is highly expressed in various cancer types, such as
glioblastoma [20], malignant melanoma, and lung cancer [18]. These
features make HDAC6 a putative target for cancer treatment and
neurodegenerative diseases.

Vergani et al., 2019 described the design and synthesis of a new class
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of potent and selective HDAC6 inhibitors (HDAC6i) bearing a pentahe-
terocyclic central core. Among them, ITF3756, a compound that showed
remarkably low off-target toxicity both in vitro and in vivo, was able to
increase regulatory T cell function at well-tolerated concentrations, thus
suggesting a potential clinical use for the treatment of degenerative,
autoimmune diseases and organ transplantation [21].

In a study by Ripamonti et al., 2019, the specific HDAC6 inhibitor
ITF3756 showed in vivo and in vitro mechanisms whereby the drug in-
creases the immune response, thus constituting a basis for the rational
use of selective HDAC6 inhibitors for cancer immunotherapy [22].
Furthermore, ITF3756 resulted in specific HDAC6 inhibition by elevated
tubulin acetylation with a 10-fold increase and low histone H3 acety-
lation with about a 3-fold increase after 60 min, providing evidence for
in vivo selectivity of ITF3756 [12,21]. However, although ITF3756 offers
promising pharmacological activities, its poor water solubility makes it
challenging to incorporate into some nanoparticulate systems, such as
liposomes. However, incorporating this HDAC6i into nanoparticles
provides a tool to improve drug bioavailability, as previously reported
with Givinostat [7]. Among the different approaches for improving the
ITF3756 formulation, we propose an optimized ITF3756-NLC using the
design of experiments (DOE) and RSM approaches.

NLCs are based on incorporating a drug into a mixture of solid and
liquid lipids, thus providing a less or no crystalline matrix [23,24]. These
nanostructures are considered a better alternative to other nano-
structures, like solid lipid nanoparticles (SLN) [25-28], displaying a
higher loading capacity for poorly water-soluble drugs than SLN [23].
Therefore, despite the mixture of a liquid and solid lipid, the higher
amount of the latter enables the formation of nanoparticles [24], and
properties such as size, PDI, and stability can be refined by changing the
solid-lipid ratio in the formulation [29,30].

This study focused on optimizing a nanocarrier to deliver poorly
water-soluble HDACi. The optimization produced a high-quality drug
formulation without compromising the product’s safety and effective-
ness profile. Full Factorial Design and RSM were used to understand how
input factors affect the final formulation (responses). As a result, opti-
mized ITF3756-NLC with size and charge of 51.1 + 0.3 nm and 8.85 +
4.71 mV, respectively, showed the highest entrapment efficiency (EE%)
and were stable for 60 days. In addition, the ability of ITF3756 to in-
crease the a-tubulin acetylation was maintained, or at least improved,
when embedded in NLC, as shown in A375, A549, and Gli36AEGFR-2
cell lines from melanoma, lung, and brain, respectively.

2. Materials and methods
2.1. Chemicals and materials

ITF3756 was synthesized and characterized by Italfarmaco S.p.A
(purity >95 %). Precirol® ATO 5, Plurol Oleique® CC 497, Transcutol
HP®, Peceol, Labrafil® M 2125, Labrafil® M 1944 CS, and Labrafac®
Lipophile WL 1349 were kindly donated by Gattefosse (Lyon, France).
Poloxamer (P407) was supplied by Sigma Aldrich. Gli36AEGFR-2, A375
and A549 cell lines were used as in vitro models of glioblastoma (GBM),
melanoma and lung adenocarcinoma. Gli36AEGFR-2 were cultured as
already been described [7]. A375 were kindly provided by Dr Domenico
Mallardo (Istituto Nazionale per lo Studio e la Cura dei Tumori "Fon-
dazione Giovanni Pascale), and A549 were purchased from American
Type Culture Collection (ATCC).

2.2. Formulation of ITF3756-NLC

2.2.1. Determination of ITF3756 solubility in the lipid matrix

The solubility of ITF3756 in the solid and liquid excipients was
checked by an established method [31,32]. Briefly, 10 mg of ITF3756
was mixed with the liquid excipients and agitated at 500 rpm to dissolve
the drug. Then, an additional liquid lipid was added in parts to dissolve
the ITF3756 to obtain a clear solution. Finally, suspensions were left at
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65 °C for 24 h, and solubility was visually checked.

2.2.2. Preparation of ITF3756-NLC

The aqueous phase (AP) composed of P407 in PBS buffer and an
ITF3756 stock solution in Transcutol HP® (8.1 mg/g) were previously
prepared. An oil-in-water (O/W) emulsion was prepared by dispersing
the pre-heated AP in the oily phase (OP), composed of solid lipid Pre-
cirol® ATO 5 (100 mg), liquid lipid Transcutol® HP (50 mg), and
ITF3756 following the ratio drug-to-lipid (D/L) using ultrasonic irradi-
ation (Vibra-Cell™ ultrasonic processor, 13 mm probe), in a one-step
emulsification method followed by cooling the formulation in an ice
bath.

2.2.3. Box-Behnken design (BBD) and ITF3756-NLC formulation
optimization

ITF3756-NLC were developed and optimized according to a DOE
strategy, and the BBD was performed with Design Expert Statistical
Software (Stat-Ease version 22.3). The adopted independent variables
were surfactant amount (A), D/L (B), sonication time (C), and formu-
lation volume (D), and the dependent variables (responses) were parti-
cle size (Y1), PDI (Y2), charge (z-pot) (Y3), and EE% (Y4) (Table 1). The
ITF3756-NLC were optimized according to the constraints of dependent
variables: particle size and PDI in a range, z-pot as maximum (modulus),
and the maximum EE%. Optimized ITF3756-NLC formulation was ob-
tained after analyzing each response separately, establishing a model for
each response using the same procedure with numerical and graphical
optimization methods employing the desirability function technique to
gather the responses (overlay graph and design space).

2.3. Characterization of ITF3756-NLC

2.3.1. Determination of particle size, polydispersity, z-pot, and NLC
concentration

Particle size (hydrodynamic diameter, D) and PDI were determined
by dynamic light scattering (DLS), and z-pot by electrophoretic mobility
in an interferometric Doppler velocimeter (Brookhaven Instruments
Corporation, Holtsville, NY, USA, equipped with ZetaPALS device) at
RT, with a 652 nm laser beam and fixed angle of 90°. Samples were
diluted in deionized water [33]. Purification and removal of unencap-
sulated ITF3756 were performed by ultrafiltration using an Amicon
Ultra-15 10 kDa molecular weight cut-off (MWCO) (Millipore, Bedford,
MA, USA) 4000xg for 30 min, and the drug EE% was determined by
ultrafiltration using an Amicon Ultra - 0.5 10 kDa MWCO (Millipore,
Bedford, MA, USA).

The free drug concentration in the concentrate collection tube was
determined at OD270 using a NanoDrop™One UV-Vis Spectropho-
tometer (ThermoFisher Scientific™). The drug EE% in the nanoparticles
was calculated according to Equation (1). The calibration curve for
ITF3756 was obtained using PBS:DMSO 7.5 % (v/v) solutions in the
concentration range 0.625-20 pg/mL (R? = 0.99945). The nanoparticle

Table 1
Independent and dependent factors of BBD of ITF3756-NLC.

Factors Factor code  Level and range
(coded)
-1 0 1
Independent ~ Amount of P407 (mg) A 60 120 180
D/L (1g/150 mg) B 0.9 1.8 2.7
Sonication time (minutes) C 3 10 17
Formulation volume (mL) D 10 20 30
constraints
Dependent Particle size (nm) Y1 range
PDI Y2 range
z-pot (mV) Y3 maximum
EE (%) Y4 maximum
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concentration of the optimized formulation was determined using a
NanoSight NS300 (Malvern) after sample dilution in MilliQ® water.

ITF37560ta — ITF3756rc,
ITF3756 .0

EE% =100 x Equation 1

2.3.2. ITF3756-NLC morphology via cryogenic electron microscopy (cryo-
EM)

The morphology of the NLC and ITF3756-NLC was characterized by
Cryo-EM as follows: An aliquot of 3 pL of the aqueous solution was
applied to a holey carbon supporting TEM grid (Plano, Wetzlar, Ger-
many, type S147-4), blotted for 2 s and plunge-frozen in liquid ethane
using a Gatan (Pleasanton, CA, USA) CP3. A Gatan model 914 cryo-EM
holder was used to transfer the grids to a JEOL (Tokyo, Japan) JEM-
2100 LaB6 microscope. The cryo-EM micrographs were acquired at
200 kV accelerating voltage using a Gatan Orius SC1000 CCD camera
operating under low-dose conditions.

2.3.3. Calorimetry

NLCs were also characterized by differential scanning calorimetry
(DSC) using a DSC1 instrument from Mettler-Toledo equipped with a
liquid nitrogen cooling unit and calibrated with indium metal standard.
Aliquots of around 7 mg of each lyophilized formulation were freeze-
dried to remove residual water and solvents while retaining the NLC
shape and put into 40 pL aluminium pans. All measurements were
performed using 80 mL/min nitrogen purge gas. Data analysis was
performed with Stare software, v11.

2.3.4. ITF3756 release assay

The release studies were carried out using an inverse dialysis
approach [34]. Briefly, 2.5 mL of ITF3756-NLC was added directly into a
60 mL dissolution medium (PBS pH 6.0 or 7.3). Then, a dialysis tube
(Spectra-Por® Float-A-Lyzer® G2, 1500 pL, 20 kDa MWCO, previously
activated in the vehicle) containing 1.5 mL of dissolution medium was
immersed in the dissolution medium with 1 % w/v DMSO to maintain
the sink conditions [35]. Then, at definite time intervals, a 100 pL
sample was withdrawn from the dialysis tube and replaced with a fresh
dissolution medium to maintain constant volume (1500 pL). Finally, the
ITF3756 in the filtrate was quantified by UV-vis Nanodrop™ One.

2.3.5. Stability study of ITF3756-NLC

Stability studies of ITF3756-NLC and its unloaded NLC formulation
without the drug were carried out to evaluate the size, charge changes,
drug leakage during storage, and aggregation behavior. 3 mL of for-
mulations were kept in closed vials and subjected to stability studies
according to the International Council for Harmonisation (ICH) stability
guidelines. The storage conditions were 4 °C, 25 °C, and 40 °C, and vials
containing the formulations were sealed during the study. At different
time intervals up to 60 days, the samples were withdrawn, visually
examined, and analyzed in terms of particle size, PDI, and z-pot.

2.4. Invitro studies on cellular models

2.4.1. Cell lines

Gli36AEGFR-2 and A549 were maintained in Dulbecco’s Modified
Eagle Medium (DMEM), namely High Glucose without sodium pyruvate
(ECMO0101L, Euroclone, Milan, Italy) supplemented with 10 % (v/v)
fetal bovine serum (FBS, ECS0180L, Euroclone, Milan, Italy), 4 mM L-
glutamine (ECB3000D, Euroclone, Milan, Italy), and 1 % (v/v) peni-
cillin/streptomycin (P/S) (ECB3001B, Euroclone, Milan, Italy). In
addition, the A375 cell line was maintained in the same medium with
added sodium pyruvate. All cell lines were maintained at 37 °C with 5 %
CO; and saturated humidity.

2.4.2. Cell viability assay
The impact of empty NLC, free ITF3756, or ITF3756-NLC was
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evaluated through the MTT assay. In 96-well plates, 20,000 cells per
well were seeded. Concentrations of NLC, ranging from 7.5 E10 to 150
E10 NP/mL, or ITF3756, from O to 10 pM, were introduced into the
culture medium for 24 h. Following the manufacturer’s protocol, the
assay was conducted, and absorbance was measured at 570 nm using a
microplate reader (SPECTROstar Nano, BMG LABTECH, Ortenberg,
Germany). The results, representing the mean of three independent
experiments + SD, are expressed with untreated cells considered to have
100 % cell viability.

2.4.3. Immunoblot analysis

300,000 cells per well were seeded in a 6-well plate and treated with
ITF3756-NLC (2.5 pM of ITF3756) for 24 h. Whole-cell lysates were
obtained by washing cells twice in cold PBS and harvesting in 80 pL of
radioimmunoprecipitation assay (RIPA) buffer (cat. no. 89901, Ther-
moFisher) supplemented with 1 % (v/v) of protease and phosphatase
inhibitor cocktail (cat. no. 78446, ThermoFisher). Whole-cell lysates
were quantified using a BCA Protein Assay Kit (cat. No. 23227, Ther-
moFisher) and separated by electrophoresis through precast gels
(NuPAGETM 4-12 % Bis-Tris, 1.0 mm, Mini Protein Gel 15-wells, cat.
No. NP0323, ThermoFisher). Proteins were transferred to nitrocellulose
membranes using iBlotTM Transfer Stack (cat. No. IB301002, Thermo-
Fisher), and membranes were blocked in 5 % (v/v) milk in TBS with 0.1
% (v/v) Tween-20 (TBST) for 1 h. Membranes were then incubated
overnight at 4 °C with the following primary antibodies: Acetyl-
o-Tubulin (5335, 1:1000) and a-Tubulin (2144, 1:1000), purchased
from CST; and a-Actin (MA5-15739, 1:5000), purchased from Thermo-
Fisher. Membranes were incubated with a secondary anti-rabbit anti-
body (A0545, 1:5000, Merck) or anti-mouse antibody (G21040,
1:20,000, Invitrogen) for 1 h at RT. Bands were detected using Immo-
bilion ECL Ultra Western HRP Substrate (WBULS0100, Merck) under
chemiluminescence using an Amersham Imager 600 (Cytiva, Marl-
borough MA, USA). Quantifications were made using ImageLab Soft-
ware Version 6.1 (Bio-Rad).

2.5. Statistical analysis

All experiments were performed in triplicate. In the case of ITF3756-
NLC optimization, data were analyzed with Design Expert software
(Stat-Ease, Inc.) version 22.0.3. The analysis of variance was performed
by one-way ANOVA. For biological tests, statistical analysis was per-
formed with OriginLab using a t-test. Experimental data were expressed
as mean + SD, and statistical significance was considered at p < 0.05.

3. Results and discussion
3.1. Formulation ITF3756-NLC

ITF3756 is a promising drug candidate for cancer immunotherapy
[20]. However, its poor water solubility makes it challenging to incor-
porate it into nanoparticulate systems to improve bioavailability and
pharmacokinetics. Accordingly, the aim was to produce an NLC
formulation to deliver ITF3756.

3.1.1. Determination of ITF3756 solubility in the lipid matrix

Drug solubility in lipid excipients is a critical factor for the EE% of a
molecule in NLC. Therefore, determining ITF3756 solubility in lipid
excipients was the first step to identifying suitable lipids to encapsulate
the drug. Furthermore, the drug EE% can be controlled by changing the
solid-lipid ratio and considering the molecule’s solubility in the core
matrix [29].

Plenty of solid lipids are available to form NLC, including tri-
glycerides, mono and diglycerides, waxes, fatty acids, and alcohols [36].
Precirol® ATO 5 (glycerol palmitostearate) was used as a core matrix for
the NLC formulations as it has a melting point of 50-60 °C (here
established at 57.2 °C on first melting, Fig. 8S), lower than Compritol®
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ATO (glyceryl dibehenate), a glyceride with a high melting point
(65-77 °C). Integrating solid and liquid lipids in forming NLC reduces
the matrix crystallinity, thus increasing the EE% and improving stability
[36]. ITF3756 solubility was tested in some liquid excipients (data not
shown). As Precirol® ATO 5 alone cannot solubilize the HDACS6i,
Transcutol® HP was chosen as it showed the highest solubilization ca-
pacity and 1.2 g of Transcutol® HP was required to solubilize 10 mg of
the drug (8.3 mg/g final concentration). Moreover, Transcutol® HP has
high solvent properties and purity [37], it is approved by the U.S. Food
and Drug Administration (FDA) for topical and transdermal routes, and
is recommended by the manufacturer for a parenteral route, working as
an enhancer of solubility [38].

3.1.2. Preparation of ITF3756-NLC

The Box-Behnken Design (BBD) provides a systematic and effective
means for researchers to explore variable effects, identify critical factors,
and attain desired properties in a streamlined fashion. Its efficiency lies
in exploring three variable levels — low, medium, and high — enabling a
comprehensive understanding of the response surface for identifying
optimal conditions with fewer experimental runs compared to full
factorial designs [39].

3.1.3. Box—Behnken design (BBD) and ITF3756-NLC formulation
optimization

Designing pharmaceutical formulations, especially nanoparticle de-
livery systems, can be time-consuming and expensive. Several strategies
based on process optimizations can be adopted to make this process
faster, more accurate, and statistically explanatory. RSM are one of the
most used methods to optimize preparation processes and understand
the influences of variables on desired responses. One type of response
surface model is the BBD, which provides an understanding of the in-
fluences of each factor and their linear, quadratic, and bidirectional
interactions between factors. As well as this, quadratic results and the
polynomial equation were used to optimize the nanoparticle system
following pre-established goals [39]. Table 2 shows the formulation runs
obtained by the BBD for the ITF3756-NLC with the independent and

Table 2
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dependent factors (responses).

Some quadratic, linear, and two-factor models were applied, and the
R-squared (R?) was determined (Table 3). For an optimal design, the
mixture of polynomials was reduced before the point selection, thus
reducing the number of model points required by changing the selection
criterion and selecting or clearing any term from the model. A reduced
quadratic model was established to be the best-fitted model for the
response Y1 size and Y2 PDI, with an R? of 0.9513 and 0.7956,
respectively. Here, the predicted R? for both responses Y1 and Y2 were
in reasonable agreement with the adjusted R?, i.e., the difference is less
than 0.2. Table 4 summarizes the ANOVA results for the response sizes
(Y1) and PDI (Y2).

For the Y1 response size, the lack of fit (LOF) was significant due to
the slight variation in the center points, being in the experimental runs
where the independent factor is set halfway between, and in the center
of the low and high settings. The presence of the center points to the
design increases the probability of detecting significant factors and
estimating the variability (or pure error). Although the predicted
factorial model fits the model points well (providing a significant model
fit), the differences between the actual data points are substantially
more significant than the differences between the center points, thus
providing a significant LOF statistic.

Table 3
R-squared (R?) and other statistics after the ANOVA for the response particle size
(Y]) and PDI (Yz)

response particle size (Y;)

Std. Dev. 5.05 R? 0.9513
Mean 81.22 Adjusted R? 0.9333
C.V. % 6.22 Predicted R? 0.8494
Adeq Precision 24.8022
response PDI (Y5)
Std. Dev. 0.0258 R? 0.7956
Mean 0.1662 Adjusted R? 0.7585
CV. % 15.51 Predicted R* 0.6373
Adeq Precision 15.9464

Box-Behnken experimental design for the ITF3756-NLC formulation selection. Independent factors are surfactant amount (A), in mg; (D/L) (B); sonication time (C), in
min; formulation volume (D), in mL. Dependent factors (responses) are size (Y1) in nm, PDI (Y2), z-pot (Y3), mV, and EE% (Y4).

Formulations Independent factors (X) Dependent Factors (Y)

A B [¢ D Y, Y, Y; Y,
1 60 0.9 10 20 110.4 0.134 -0.86 40.12
2 120 0.9 10 30 69.2 0.137 10 52.28
3 120 2.7 3 20 71.4 0.145 -8.21 8.95
4 60 2.7 10 20 103.3 0.149 —4.69 29.7
5 180 1.8 10 10 97.9 0.3 -3.18 50.97
6 120 0.9 17 20 72.5 0.182 -7.99 17.72
7 120 1.8 10 20 70.4 0.131 -16.91 17.67
8 60 1.8 3 20 103 0.138 -9.36 24.12
9 60 1.8 17 20 106.6 0.155 -12.89 7.42
10 120 1.8 10 20 71.4 0.134 -8 17.78
11 120 0.9 10 10 98.6 0.286 —1.46 35.8
12 180 1.8 17 20 67 0.158 —~7.88 44.26
13 180 1.8 3 20 57.6 0.152 —28.68 15.48
14 120 1.8 10 20 69.08 0.147 -16 15
15 120 2.7 10 10 76.4 0.164 -4.31 19.59
16 180 2.7 10 20 57.5 0.16 -12.41 30.74
17 180 0.9 10 20 55.3 0.142 —12.98 57.38
18 60 1.8 10 10 123 0.212 -7.98 12
19 120 2.7 10 30 66.3 0.151 —~7.46 30.11
20 120 1.8 17 10 100.8 0.265 —8.53 28.96
21 120 1.8 3 10 99.5 0.256 —13.06 41.11
22 120 2.7 17 20 68.9 0.113 —5.33 28.97
23 120 0.9 3 20 69.7 0.134 —15.99 18.84
24 120 1.8 17 30 72 0.188 —19.97 34.78
25 120 1.8 3 30 68.7 0.134 -9.93 39.92
26 180 1.8 10 30 60.9 0.114 -5.73 44.42
27 60 1.8 10 30 105.5 0.106 -9.3 21.89
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Table 4
ANOVA for reduced quadratic models. Response particle size (Y1) and PDI
(Y2). p-values less than 0.0500 indicate that model terms are significant.

Source Sum of df Mean F- p-value
Squares Square value
Response particle size (Y1)
Model 9462.99 7 1351.86 52.97 <0.0001  significant
A-P407 5444.28 1 5444.28 213.34  <0.0001
B-D/L 84.80 1 84.80 3.32 0.0841
D- 1966.08 1 1966.08 77.04 <0.0001
volume
AD 95.06 1 95.06 3.73 0.0687
BD 93.12 1 93.12 3.65 0.0713
A? 1161.65 1 1161.65 45.52 <0.0001
D? 971.80 1 971.80 38.08 <0.0001
Residual 484.86 19  25.52
Lack of Fit ~ 482.15 17 28.36 20.94 0.0465 significant
Pure 2.71 2 1.35
Error
Cor Total =~ 9947.85 26
Response PDI (Y3)
Model 0.0569 0.0142 21.41 <0.0001  significant
B-D/L 0.0015 1 0.0015 2.22 0.1504
D- 0.0355 1 0.0355 53.51 <0.0001
volume
BD 0.0046 1 0.0046 6.96 0.0150
D? 0.0152 1 0.0152 22.95 <0.0001
Residual 0.0146 22 0.0007
Lack of Fit 0.0145 20 0.0007 10.00 0.0947 not
significant
Pure 0.0001 2 0.0001
Error
Cor Total  0.0715 26

Fig. 1S and 2S (Supplementary Information) show the diagnostic
plots with internally studentized residuals for the responses Y1 size and
Y2 PDI. The normal probability plot indicates a normal distribution of
the residuals, thus following a straight line. Also, a random scatter in the
residuals versus predicted responses checks for lurking variables that
may have influenced the responses during the experiment. To detect a
value that is not easily predicted by the model, the plot predicted versus
actual responses was provided.

particle size (nm)

60

120

D: volume (mL) 25 150 A: P407 (mg)

30 180

particle size (nm)
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3.1.3.1. Effect of independent variables on the particle size of ITF3756-
NLC. ITF3756-NLC size was highly influenced by the surfactant amount
and the formulation volume (Fig. 1). Smaller particles were obtained
with the highest surfactant concentration, as seen in Fig. 1a. An inter-
action between the factor surfactant (A) and formulation volume (D)
(Fig. 1b) was observed (0.05 < p < 0.1) supported by the effect plots in a
normal plot of residuals between the normal probability (%) and the
internally studentized residuals, and the residuals versus predicted
diagnostic plot for the response Y1 size (Fig. 1S, Supplementary Infor-
mation), thus suggesting that the surfactant concentration impacts the
NLC size and the volume.

For instance, the formulations with the same surfactant concentra-
tion, i.e., 60 mg surfactant in a final volume of 10 mL and 180 mg of
surfactant in 30 mL volume (final concentration of 6 mg/mL), had
different size profiles. The smallest NLC sizes were obtained with 180
mg of surfactant in 30 mL. AA and DD interactions were significant, i.e.,
quadratic effects of surfactant amount and volume, respectively (p <
0.05). Agrawal et al., 2019 reported that an increase in surfactant con-
centration initially resulted in a considerable decrease in the nano-
particle size due to a reduction in the interfacial tension and created
steric hindrance on the NLC surface [40,41]. In our study, the presence
of the surfactant created steric hindrance on the particle surface, which
protected the minor particles from coalescence into larger particles, but
the size was strongly influenced by the volume. It is possible that the
lipid molecules of the NLC might re-arrange and reassemble to form
smaller nanoparticles under suitable probe-sonication conditions
because of NLC fluidity [42]. As the formulation volume changed but the
surfactant was maintained, the ratio between sonication power and
volume was not constant, and this provided nanoparticles with different
size profiles [43,44]. Equation (2) provides the impact of independent
factors and their interactions on the response Y1 size and was used to
generate the 3D response surface graphs, which use ANOVA graphics to
elucidate variable influences on the response. Table 1S (Supplementary
Information) shows the coefficients in terms of coded factors for the
response Y1 size.

140 D: volume (mL) b
120 —
100 —
80—
60—
40—

I T I I T

60 90 120 150 180
A: P407 (mg)

Fig. 1. Effect of surfactant amount and formulation volume on particle size. 3D surface plot representations (a) of the response particle size (Y1) plotted against
combinations of the numeric factors A (surfactant, mg) and D (formulation volume, mL). The numeric factor B (drug-to-lipid ratio) was kept at 0.18. Particle size
response Y1 varies from blue to red, 55.3-123 nm, respectively. Interaction graphs (b) of factors A (surfactant, mg) versus D (formulation volume, mL) in the level (0)
corresponding to D/L 0.9 for the numeric factor B (drug-to-lipid ratio). Particle size is represented by the gray area around the black square symbol (formulation
volume 10 mL) and the reddish area around the red triangle symbol (formulation volume 30 mL). Round black and red symbols represent the design points. Green
symbols represent the central points. Dashed lines represent the 95 % confidence interval (CI) bands. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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Fig. 2. Effect of D/L ratio and formulation volume on particle PDI. 3D surface plot representation (a) of the response PDI (Y2) plotted against combinations of
numeric factors X2 (drug-to-lipid ratio) and D (formulation volume, mL). The numeric factor A (surfactant, mg) was kept at 180 mg. PDI response Y1 varies from blue
to red, 0.106 to 0.3, respectively. Interaction graphs (b) of factors A (surfactant, mg) versus D (formulation volume, mL) in the levels (—1), (0), and (+1) of the
numeric factor B (drug-to-lipid ratio), (d) 0.9, (e) 2.7, and (f) respectively. PDI is represented by the gray area around the black square symbol (formulation volume
10 mL) and the reddish area around the red triangle symbol (formulation volume 30 mL). Round black and red symbols represent the design points, and green
symbols represent the central points. Dashed lines represent the 95 % CI bands. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

Y1(size) = 69.75 — 21.30A — 2.66B — 12.80D — 4.88AD + 4.82 BD
+13.47A% 4+ 12.32D?
Equation 2

3.1.3.2. Effect of independent variables on the PDI of ITF3756-NLC. For
the response PDI (Y2) (Fig. 2a), the formulation volume (D) had a sig-
nificant effect on the response, in which the highest level of D provided
the lowest PDI values. It can also be observed that the lipid phase
influenced the PDI, as the total lipid concentration (Precirol® plus
Transcutol® HP) changes from the lowest level of D (15 mg/mL) to the
highest D level (5 mg/mL). PDI increases as the lipid phase concentra-
tion increases (Fig. 2b). A significant interaction between the factor D/L
(B) and formulation volume (D) was also found (p-value 0.0150), even
though the factor B alone was not significant (p-value 0.1504). It can be
speculated that the higher the amount of the drug in the formulation, the
lower the PDI, thus resulting in a more stable nanostructure. DD inter-
action, i.e., quadratic effects of volume, was significant (p < 0.05).

Pimentel-Moral et al. [45] showed that surfactant and lipid phase
concentrations impact particle size and PDI, the latter associated with
long-term stability when PDI indicates a narrow distribution ~ 0.1.
Formulation volume as a factor was included in this study to evaluate
the formation of the NLC by changing the concentration of all compo-
nents. However, the concentration of surfactant and lipids from the core
matrix and the drug were not kept with the changes in volume. There-
fore, the impact of volume on NLC formulations and the power density
(sonication parameter) as a factor deserve further study.

The factor D volume influences the response Y2 PDI and is associated
with an interaction with the factor B D/L, even though the response Y2
was not significant for B (p-value 0.1504) (Table 4). For the 10 mL
formulation, higher PDI values were found for the D/L 0.9 compared to
the 30 mL formulation volume. This difference at D/L 2.7 is lower for
both formulation volumes and, as mentioned before, the formulation
volume significantly influenced the response Y1 size, supported by the
effect plots in a normal plot of residuals between the normal probability
(%) and the internally studentized residuals, and the residuals versus
predicted diagnostic plot for the response Y2 PDI (Fig. 2S, Supplemen-
tary Information). Equation (3) provides the impact of independent
factors and their interactions on the response Y2 PDI and was used to

generate the 3D response surface graphs and contour plots (Fig. 3A),
which utilize ANOVA graphics to elucidate variable influences on the
response. Table 1S (Supplementary Information) shows the coefficients
in terms of coded factors for the response Y2 PDI.

Y2(PDI) = 0.1449 — 0.0111B — 0.0544D + 0.0340BD -+ 0.0478D?
Equation 3

3.1.3.3. Effect of independent variables on z-pot and EE% of ITF3756-
NLC. Tables 2S and 3S (Supplementary Information) summarize the
ANOVA results, R-squared (R?), and the coded factor coefficients for the
response charge (Y3) and EE% (Y4). Even though a model can be ob-
tained for the response charge Y3 (p < 0.05), the predicted R? 0f 0.0701
was not as close to the adjusted R? of 0.3702 as normally expected, i.e.
the difference is more than 0.2. Consequently, this response was not
used in further optimization during this study, as it may indicate a large
block effect. In the case of the response EE% Y4, a significant model was
obtained, and the factor A surfactant amount was significant (p < 0.05).
Also, the predicted R? of 0.2030 was in reasonable agreement with the
adjusted R? of 0.3949 (the difference between them is less than 0.2), but
the R? for both models (Y3 and Y4) was lower than 0.6, and conse-
quently, these models were not used to navigate in the overlay plot
(optimization of ITF3756-NLC).

3.1.3.4. Optimization of ITF3756-NLC. Fig. 3A represents the overlay
plot indicating a bright yellow region as the design space with the
flagged point as the optimum ITF3756-NLC formulation with its
composition and responses. The bright yellow on the plot shows where
the entire range intervals meet the criteria, and the dark gold corre-
sponds to where the point estimate meets the criteria requirements. An
estimation interval was added to the graphical overlay plot to help un-
derstand the impact of uncertainty on achieving size and PDI goals. In
the search for the optimized formulation and validation of the experi-
mental design, the optimum ITF3756-NLC formulation was determined
with the assistance of the numerical optimization method employing the
desirability function technique (Fig. 3B), gathering the response size Y1
and PDI Y2, in which the goals were the range of particle sizes between
55.3 and 80 nm, and PDI in the range of 0.106 and 0.2, with an interval
of confidence (one-sided) of a 0.05. For this goal, a desirability of 1 was
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Fig. 3. Overlay of contour plots (a) from the response particle size (Y1) and PDI (Y2) and desirability (b). The numeric factors displayed are A (surfactant, mg) and D
(formulation volume, mL). The numeric factors B (D/L) and C (time) were kept at 1.8 and 3 min, respectively. The bright yellow on the plot shows where the entire
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location” where the specifications are achieved. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

achieved.

The four independent factors A to D were set at 180 mg for the
amount of P407 used as a surfactant in the formulation, a D/L of 0.9
(135 pg of ITF3756 in 150 mg of total lipid composition), 3 min of
sonication, and 25 mL of formulation volume. To prepare the optimized
ITF3756-NLC, a simple emulsification method followed by probe soni-
cation was used. Confirmation runs were needed and carried out
(Table 5) to validate the experimental results and the significant lack of
fit (LOF). These additional runs were conducted at the optimal settings,
and the average of the runs was compared to the prediction interval (PI).
The PI generated from similar experiments contained the average of the
future sample. The final coefficients regarding coded factors Y1 size and
Y2 PDI are presented in Table 1S (Supplementary Information) and
confirmation runs were performed to validate the experimental results
and the LOF (Table 5). These additional runs were conducted at the
optimal settings, and the average of the runs was compared to the pre-
diction interval (PI). The PI generated from similar experiments con-
tained the average of the future sample.

3.2. Characterization of ITF3756-NLC

3.2.1. Determination of particle size, polydispersity, z-pot and NLC
concentration

The physicochemical features of the ITF3756-NLC and unloaded NLC
are presented in Table 6. They showed a mean particle size lower than
60 nm with a PDI <0.2, thus indicating the low-medium dispersity of the
nanoparticles, and the EE% was higher than 50 %. The final formulation
volume after purification was 6.9 mL, thus providing a 10.3 mg/mL (34
puM) ITF3756 concentration, suitable for in vitro and in vivo assays. The

Table 5

Table 6
Physicochemical properties of optimized ITF3756-NLC and plain NLC.
Dy, nm PDI (SD) {, mV + EE % + NP mL~! + SD
+ SD SD SD
NLC 52.1 + 0.16 + -8.85+ NA 4.82 x 102 +
0.5 0.005 4.71 0.85 x 10°
ITF3756- 50.1 £ 0.14 + -17.7 + 52.38 + 5.24 x 102 +
NLC 0.3 0.012 4.71 2.7 1.1 x 10°

incorporation of ITF3756 did not significantly affect the physicochem-
ical features of NLC, at least not immediately after preparation.

3.2.2. ITF3756-NLC morphology via cryogenic electron microscopy (cryo-
EM)

The morphology of optimized ITF3756-NLC and unloaded NLC was
investigated via Cryo-EM. This technique enabled the visualization of
the NLC morphology dispersed in water (Fig. 4), resulting in images of
complex 3D structures with different orientations. In this study,
ITF3756-NLC and unloaded NLC shapes appear discoid from the top
view and elliptic-like or rodlike shape from the side view, they appear
more electron-dense, and a similar morphology to what has been pre-
viously reported [46]. As observed in other studies, the nanoparticle
sizes and thickness are between 10 and 40 nm [47], and the nanoparticle
thickness was generally between ~5 and 40 nm, a challenging mea-
surement due to the tilt of the particles. In our study, unloaded NLC and
ITF3756-NLC showed a discoidal morphology and an elliptic shape, with
there being no significant difference between the unloaded NLC and the
drug-loaded nanoparticles. Similar morphology was observed for NLC in

Confirmation run conducted at the optimal settings. Two-sided, confidence = 95 %. The table reports predicted values with their SD, N, SE (standard deviation
associated with the prediction of a mean value), and 95 % confidence intervals. Data Mean are values deriving from sample preparations.

Predicted Mean SD N SE Pred 95 % PI low Data Mean 95 % PI high
Dy 56.4148 5.05162 3 4.31685 47.3795 50.1333 65.4501
PDI 0.123762 0.0257691 3 0.0189838 0.0843926 0.14 0.163132




M. Kravicz et al.

NLC

ITF3756-NLC

Journal of Drug Delivery Science and Technology 101 (2024) 106238

Fig. 4. Cryo-EM images of NLC and ITF3756-NLC. Scale Bar corresponds to 500, 200, and 100 nm.

previously published studies [48].

3.2.3. Calorimetry

DSC is a technique that offers a close look at the melting and crys-
tallization behaviour of crystalline material, such as lipid nanoparticles,
so as to characterize the physical and also chemical changes in their
enthalpy. Here, the heat capacity of the lipid DSC was used to explore
the particle morphology and stability of ITF3756-NLC and its phase
transitions. Samples were heated from 20 °C up to 85 °C and kept for 15
min at 85 °C, then cooled down to 20 °C, and kept at 20 °C for 15 min,
and finally heated up to 150 °C and cooled down to 20 °C. All dynamic
steps were performed at 5 °C/min. As expected for complex nano-
particles, the thermogram is quite rich and differs from the simple linear
combination of the components. Full thermograms are provided in the
Supplementary Information (Figs. 6S-10S), and Fig. 5 highlights the
most relevant difference between the ITF3756-NLC and unloaded NLC,
namely the endothermal events associated with the first heating ramp.

ITF3756-NLC are dominated by a single endothermal event near
51 °C, consistent with nanoparticles composed mainly of Precirol, whose

melting point (56.7 °C) is lowered by being mixed with Transcutol, a
liquid at RT (Fig. 6S, Supplementary Information. A contribution from
P407 is also possible since it has a melting point of around 57.4 °C
(Fig. 7S, Supplementary Information). The presence of Transcutol is also
reflected by a decrease in melting enthalpy, displayed in Table 7.
Instead, the NLC particles have two separate peaks, one at 45 °C the
other closer to 55 °C.

The second heating ramp is remarkably similar for both samples
(Fig. 8S and 9S, Supplementary Information). This second ramp de-
scribes the fusion of components that have been melted and recrystal-
lized in the DSC in the same condition and is more responsive to
differences in composition. Since the second and subsequent ramps are
similar, differences in the first ramp can be attributed to the structure of
both ITF3756-NLC and unloaded NLC, not to their composition. A
possible explanation is that, while the particles have the same shape
regardless of the presence of the drug, the unloaded NLC displays a local
nanophase separation, resulting in the formation of domains richer in
Transcutol and others closer to a pure Precirol/P407 mixture. The
presence of domains with a lower melting point also explains the
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Fig. 5. DSC trace of the first heating ramp spanning from 25 °C to 85 °C and in the same range as the second. The baseline is shifted for comparison. Differences in

the first heating ramp are evident but are much reduced during the second.
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Fig. 6. Release profile of ITF3756 over time, using a dialysis method (dialysis
membrane 20 kDa MWCO). The drug release was measured at 37 °C in PBS
Buffer at two different pH values, 6 and 7.3. ITF3756 was quantified by UV-vis.

reduced temporal stability of the unloaded NLC at 25 °C: those regions
are so close to Tm that they can promote particle aggregation upon
collision. The onset of the endothermal events displayed by NLC is lower
than 40 °C. Particles stored at that temperature endure an annealing
process that extends their lifetime.

The structural difference cannot be attributed to the contribution of
the drug, which has a melting point of around 75 °C (Fig. 10S, Supple-
mentary Information). With around 1 % w/w in the formulation, the
direct contribution of ITF3756 to the endothermal events is negligible,
especially considering that its melting enthalpy is around 1.4 J/g,
compared with the values of the solid components, which are over 100
J/g. Indirect effects are instead possible: the formation process of NPs is

65 A 65
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very delicate since the possible structures are often energetically similar
from a thermodynamics point of view. As such, small amounts of
selected nucleating agents [49,50], or even residual solvents, can direct
a crystallization or self-assembly towards the desired form. Here, the
drug’s presence helps obtain an intimate mixing of the components, thus
increasing the particle viability. ITF3756-NLC have some regions with a
melting temperature closer to RT, possibly softer and even sticky re-
gions, thus favoring aggregation processes whenever particles collide
due to their random motion in the dispersion. Instead, with a single
melting peak at higher temperatures, the particles loaded with the drug
tend to bounce from each other, at least at RT.

3.2.4. ITF3756-NLC release assay

As the release behaviour depends on the drug solubility in the lipid
phase [51], the in vitro release of ITF3756 from NLC was evaluated
(Fig. 6). Optimized ITF3756-NLCs were tested in PBS pH 6 and 7.3 to
mimic the acidic pH of tumor microenvironments and physiological pH,
respectively. A rapid release of ITF3756 over the first hour was observed
with 25.6 + 3.78 % and 13.9 + 2.7 % for pH 6 and 7.3, respectively, in
48 h. As a free drug, ITF3756 diffuses across the dialysis membrane
(Fig. 4S, Supplementary Information), although a co-solvent such as
DMSO is needed in the dissolution medium to maintain the sink con-
ditions followed by sustained release up to 25.6 &+ 3.78 % and 13.9 +
2.7 % for pH 6 and 7.3, respectively, in 48 h. This result demonstrates
that the ITF3756-NLC exhibited an initial fast release followed by a
sustained release phase, as observed in other NLC-based studies [46,47].
Such a fast release may significantly change the therapeutic outcome in
vivo in future studies employing the cell models proposed in our study, as
observed by a recent study [52].

Even though the drug is loaded into the NLC, it is not always uni-
formly solubilized in the lipid matrix and is localized in various parts of
the nanoparticle [53]. Starting from our previous studies of Givinostat
[71, we tried to incorporate ITF3756 in a liposome formulation (Fig. 3S,
Supplementary Information) without success. Even with a high EE%, a
fast drug release of ITF3756 from liposomes (Fig. 5S, Supplementary
Information) was observed in 4 h, which limited the applicability of
ITF3756-liposomes. The release results obtained with ITF3756-NLC
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Fig. 7. NLC and ITF3756-NLC stability at (A) 4 °C, (B) 25 °C, and (C) 40 °C for 30 days. Nanoparticle size (Dh) and PDI are shown. Black symbols represent NLC
without ITF3756, and red symbols are ITF3756-NLC. After 60 days, the size and PDI of the ITF3756-NLC at 4 °C and RT did not change (size 52-55 nm and PDI <0.2).
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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agree with the already reported higher NLC loading capacity and sta-
bility [54] compared to liposomes. ITF3756 NLC released about 25 % in
48 h, while the remaining amount of ITF3756 is supposed to be incor-
porated into the NLC, especially in the liquid phase inside the NLC,
stabilizing the particles, as shown by the DSC results.

Generally, drug release studies of nanoparticles of poorly water-
soluble drugs are performed in suboptimal conditions [55], in which,
for instance, the nanoparticles are not sufficiently diluted. Thus, drug
release from the carrier is potentially underestimated and leads to
inaccurate predictions [49], even when using small-pore-sized mem-
branes that can solve one of the major limitations of other in vitro drug
release techniques [56]. As ITF3756 cannot exert a therapeutic effect
while encapsulated, the ITF3756-NLC should hold the HDAC6i stable
until it reaches the target location and promptly releases its drug cargo
to achieve a therapeutic concentration [57].

3.2.5. Stability study of ITF3756-NLC

Temperature is considered one of the factors involved in nano-
particle stability [58], which can be evaluated by following the changes
in the nanoparticle size, dispersion, and zeta potential for unloaded NLC
and ITF3756-NL. Fig. 7 shows the size and PDI of unloaded NLC and

10

ITF3756-NLC at 4 °C, 25 °C, and 40 °C. Optimized ITF3756-NLC and
unloaded NLC stored at 4 °C (Fig. 7A) had comparable size and PDI
during 30 days of storage. However, unloaded NLC after 15 days had a
higher charge than ITF3756-NLC, thus suggesting a destabilization of
the formulation (Fig. 8A). Absolute charge values present the degree of
repulsion between nanoparticles in the formulation, resulting in the
prevention of particle aggregation during storage [59], and samples
with a zeta potential of —15 mV or higher tend to show gelation phe-
nomena [59,60].

At 40 °C, both unloaded NLC and ITF3756-NLC were stable for 30
days, thus showing that the drug did not affect the nanocarriers’ stability
at this temperature (Fig. 8C). However, at 25 °C (Fig. 7B), unloaded NLC
kept their size and PDI similar to the ITF3756-NLC until 15 days of
storage. As previously reported, this difference in the stability behavior
between the ITF3756-NLC and unloaded NLC can be explained by the
nanostructure core liquid lipid inhibiting polymorphic phase changes
[61].

These phase changes may be combined with the presence of the
ITF3756 in the NLC core, thus increasing the inhibition of the poly-
morphism changes and drug extrusion. After 60 days, the size, PDI, and
charge of the ITF3756-NLC at 4 °C and 25 °C did not change (size 52-55
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nm, PDI <0.2, and z-pot between —10 and —15mV), even though the
lower temperature might lead to polymorphism transition of lipid ma-
trix then recrystallization [62]. This explains the charge values lower
than —10mV at 25 °C, which provide a more stable NLC with the pres-
ence of the drug in the ITF3756-NLC formulations at the two tempera-

tures for up to 60 days.

Moreover, the electric charge on the particle surface may be

maintained with enough repulsive interaction to sustain the system’s
stability [62,63], after which, the size and PDI of the unloaded NLC
increase. Interestingly, this event did not occur for ITF3756-NLC, sug-
gesting that the drug may stabilize the formulation, attenuating the ef-
fect of temperature change on NLC. As observed in previous studies,

small differences in the lipid composition might considerably impact the

11

zeta potential and, consequently, the quality of the nanoparticles [60].
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Table 7

Thermal Properties ITF3756-NLC and plain NLC, including the melting tem-
perature (Tm) of all the peaks during heating and the associated enthalpy AH.
When more than one peak is present, they are so close that the AH is integrated
into all of them. A prediction is also formulated considering NLC comprises only
a 2:1 proportion of Precirol and Transcutol. Crystallization temperatures during
cooling (Tc) are also shown but discussed to a lesser extent since kinetic factors
influence them more.

T, °C AH, Tc, °C Tp, °C AH,
J/g J/g
Precirol 56.7 + 0.2 160 53.4 +0.2 50.1; 56.8 143
+5 +5
NLC 46.0 £ 0.2; 127 54.6 + 0.2; 50.0 £ 0.2; 77 £
55.1 + 0.2 +5 33.0+0.2 58.3 +£0.2 5
ITF3756- 51.1 + 0.2 102 55.7 + 0.2; 51.1 £ 0.2; 81+
NLC +5 343+0.2 57.9 £0.2 5
prediction 56.7 £ 0.2 107 53.4+0.2 50.1 +0.2; 95 +
+5 56.8 £ 0.2 5

In the case of ITF3756-NLC, the DSC thermogram indicated the exis-
tence of a single polymorphic form of the solid lipid in the molecular
dispersion of the drug in the NLC matrix.

3.3. In vitro studies on cellular models

A375, A549, and Gli36 AEGFR-2 cell lines from melanoma, lung, and
brain, respectively, were used to evaluate the cellular viability of the
unloaded NLC and the ITF3756-NLC. Also, the ability of ITF3756-NLC to
increase the a-tubulin acetylation was studied using the same cell lines.

3.3.1. Cell viability assay

The impact of NLC on cellular viability was determined by using an
MTT assay to evaluate the applicability of these optimized carriers in a
biological environment. Fig. 9a shows the effect of increasing NLC
concentration along with the three cell lines A375, A549 and Gli36-
AEGFR-2.

NLC doses up to 40E10 NP/mL seem well tolerated by all the cell
lines tested since the cell viability was >50 %. On the other hand, NLC
doses >150E10 induced a substantial reduction in cell viability for A549
and Gli36 AEGFR-2 and are non-toxic for A375 cells up to 80E10 NP/mL.
It is essential to highlight that the different cell types used showed
different responses to the NLC treatment (i.e. when treated with 80E10
NP/mL). Therefore, cell responsiveness to the carrier must be considered
in the design of nanoparticles for drug delivery. The 40E10 NP/mL
concentration was used as a reference in the experiments to evaluate if
ITF3756 retains its pharmacological activity after loading in NLC.

As ITF3756 as a free drug has no effect on the cellular viability in all
three cell lines (Fig. 11S, Supplementary Information), we cannot use
the MTT assay to access the biological activity of the drug, i.e., if the
drug conserved its biological activity. For that, the determination of
a-tubulin acetylation levels by Western Blot (WB) was carried out to
evaluate the target engagement of the HDAC6i. The chosen ITF3756
concentration considered as free or loaded in the NLC was 2.5 pM
(Fig. 9b), a concentration in which 40E10 NP/mL of NLC (cell viability
higher than 50 %) provided cell viability for the ITF3756-NLC also
higher than 50 %, even though previous studies with other cell lines
showed HDACG6 selective inhibitors display cytotoxicity above 1 pM
[11].

3.3.2. Immunoblot analysis

The in vitro ability of ITF3756 to increase the a-tubulin acetylation
after incorporation in NLC was checked in three cancer cell lines. Fig. 10
shows that the acetylation levels of a-tubulin increased in every cell line
treated with free ITF3756 (see Fig. 12S, Supplementary Information, for
the original blots). HDAC6 can be mainly found in the cytoplasm, where
it deacetylases non-histonic targets like tubulin. Here, when HDAC is
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inhibited, acetylation increases, which is mediated by the enzymatic
counterparts (histone acetyltransferases). The acetylation of a -tubulin is
used to assess the target efficacy due to the inhibition of HDAC6 that
determines an increase of a-tubulin acetylation and a consequent signal
cascade that eventually mediates the anti-tumor effect. The total
a-tubulin was used as a normalization protein to adjust the quantity of
acetylated tubulin over the total and assess how much it increased after
the treatment without a particular ratio to achieve; generally, the more
it is increased, the more HDACS6 is inhibited.

The pharmacological activity of ITF3756 was also maintained after
NCL loading, as shown by the increase of the acetylation levels of
a-tubulin in all cell lines treated with ITF3756-NLC. More interestingly,
the ITF3756 effect was enhanced when entrapped in NLC, thus showing
that the NLC could promote a better HDAC inhibitor delivery.

4. Conclusions

DOE and RSM were used to design NLC to facilitate the delivery of a
poorly soluble HDAC inhibitor — a promising drug candidate for cancer
immunotherapy. The designed ITF3756-NLC exhibited favorable phys-
icochemical properties and long-term stability. The presence of ITF3756
in the NLC does not destabilize the assembly and instead helps obtain an
intimate mixing of components, thus increasing the particle viability at
RT. The formulation volume played an essential role in the PDI, thus
being a crucial factor for a future scale-up of this NLC formulation.
Additionally, the ITF3756-NLC demonstrated excellent biocompatibility
and preserved the pharmacological properties of the encapsulated drug,
further enhancing its potential for therapeutic application.
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