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Light-activated controlled release of camptothecin by
engineering porous materials: the ship in a bottle concept in
drug delivery

A change in nanoparticle phototherapy is proposed by
shifting photoswitching activity from the vehicle to the

load. In this “ship in a bottle” concept, photoswitchable
camptothecin containing an azobenzene functionality was
loaded into porous silica nanoparticles with pores which limit
its release when in the trans form. Release of the prodrug
was accomplished by irradiation with UV light to convert
trans isomers back to cis. This cis-trans photoisomerization
allowed safe and precise delivery.
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Many systems for controlled drug release have been developed using different types of nanoparticles
modified with azobenzene moieties. In these systems, drug release is often triggered by UV irradiation
(either direct or using a near-infrared photosensitizer). These drug delivery systems often face challenges
to their use, such as their lack of stability in physiological environments and concerns about their toxicity
and bioavailability, that have hindered their translation from pre-clinical studies to clinical trials. Here, we
propose a conceptual change by shifting photoswitching activity from the vehicle (nanoparticle) to the
load (drug). In this “ship in a bottle” concept, the molecule to be delivered is trapped within a porous
nanoparticle and its release is accomplished through a photoisomerization process. Using molecular
dynamics, we designed and synthesized a photoswitchable prodrug of the antitumor drug camptothecin
that contains an azobenzene functionality, and we have prepared porous silica nanoparticles with pore
diameters designed to limit its release when in the trans form. Molecular modelling was used to show that
the cis isomer was smaller and better able to pass through the pores than the trans isomer, which was
confirmed by stochastic optical reconstruction microscopy (STORM). Thus, prodrug-loaded nanoparticles
were prepared by loading the cis prodrug and then using UV irradiation to convert cis to trans isomers,
trapping them, within the pores. Release of the prodrug was then accomplished by using a different UV
wavelength to convert trans isomers back to cis. In this way, prodrug encapsulation and release could be
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achieved “on demand” through controlled cis—trans photoisomerization, which allowed the prodrug to be
delivered safely and its release to be triggered precisely at the region of interest. Finally, the intracellular
release and cytotoxic activity of this novel drug delivery system has been validated in several human cell

rsc.li/nanoscale lines, confirming the ability of this system to accurately control the release of the camptothecin prodrug.

translation from bench to bedside, including concerns about
their stability in physiological media, selective accumulation in

Introduction

Although nanomedicines are sometimes considered the drugs
of the future, few of them have been used clinically in therapy
or diagnostics." They often face challenges that limit their
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the region of interest (ROI), accurate and timely drug release, and
elimination from the body.>” In terms of nanomedicines
designed to deliver chemotherapeutic drugs within tumors,
efficient nanoparticle penetration into the tumor is a major
issue. This is because insufficient blood supply, high-density
cells and extracellular matrix, and increasing of interstitial fluid
pressure can hinder the diffusion of the therapeutic load within
the tumor. To overcome these limitations, several strategies have
been proposed, including modulation of tumor microenvi-
ronment and optimization of nanoparticle physical properties.®’
In particular, improving the control of drug release is key to max-
imizing the performance of nanomedicines. To address this
need, stimuli-responsive systems (SRSs) have been developed that
provide accurate spatial and temporal control of molecular
release, limiting undesired effects on healthy tissue and maxi-
mizing therapeutic activity in the ROIs.*°

This journal is © The Royal Society of Chemistry 2023
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Controlled molecular release has been accomplished in a
variety of ways. For example, physical stimuli, such as magnet-
ism, ultrasound irradiation, or light irradiation, have been
used in SRSs to avoid any invasive effect over the surrounding
tissue.’®"" In particular, light-driven drug delivery systems
(DDSs) can provide excellent local temporal control of drug
release.”” They are usually categorized into three groups:
photothermal, photochemical, or photoisomerization-trig-
gered systems."® The last category presents the clear advantage
of reversibility, potentially allowing pulsed drug release, which
is highly desirable from a clinical perspective. Among the
light-driven DDSs, different chemical functional groups have
been used in the design of light-switchable supramolecular
structures, including spiropyran derivatives,'* ligands contain-
ing 1,2-diethienylethene,”® and azobenzene derivatives.'®
Indeed, azobenzene is the most frequently used photoisome-
rizable moiety for the development of DDSs due to its photo-
chemical properties and ease of molecular construction.
Azobenzene has two photoisomers, e.g., trans and cis isomers,
that can reversibly exchange by rotation across the -N=N-
bond. Conversion from trans to cis conformation takes place
under irradiation at wavelength of ~350 nm, while the conver-
sion of cis to trans occurs under irradiation at ~450 nm. Many
systems for controlled drug release have been developed using
different types of azobenzene-modified nanoparticles, includ-
ing polymers,'”'® liposomes,'® DNA,*® metal organic frame-
works (MOFs),>' covalent organic frameworks (COFs),** and
mesoporous silica.”*>> These systems used UV irradiation,
either of the azobenzene-containing substrate on its own or
combined with a near-infrared (NIR) photosensitizer. The
addition of a NIR component allows the use of tissue-penetrat-
ing NIR light in biological systems.

However, these DDSs are limited by the requirement to
modify the nanoparticles’ surfaces with specific functional-

“SHIP IN A BOTTLE”
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ities, resulting in complex supramolecular structures that lead
to nanoparticle aggregation in protein-containing physiologi-
cal environments. This in turn decreases photosensitizing
efficiency, leading to undesirable drug discharge, and ulti-
mately results in rapid plasma clearance.'’ In addition, from a
regulatory point of view, such hybrid materials face challenges
including toxicity, bioavailability, pharmacokinetics, and
others in translation from pre-clinical studies to -clinical
trials.”

One way to address these challenges is to shift the photo-
switching activity from the vehicle (nanoparticle) to the load
(drug). This strategy is especially well suited to a system using
a porous nanoparticle. By tailoring the nanoparticle’s pore dia-
meter, molecular encapsulation and release is achieved “on
demand” by activating and controlling cis-trans photoisomeri-
zation, provided that the stereoisomers have different mole-
cular diameters. This “ship in a bottle” strategy (Fig. 1)*° is a
concept widely used in heterogeneous catalysis®>” but has been
little used for drug delivery.”®°

In this work, we have extended the principle of “ship in a
bottle” to the intracellular delivery and photo-activated release
of an antitumor drug (camptothecin, CPT) by combining it
with an azobenzene group and adsorbing it within meso-
porous silica nanoparticles with tailored pore diameters. First,
the design of this pro-drug was optimized using molecular
dynamics, and the cis and trans isomers were adsorbed into
custom-made cavities of silica nanoparticles. Then, the uptake
of the isomers was examined by stochastic optical reconstruc-
tion microscopy (STORM), and their release was studied using
cis <« — trans isomerization under UV irradiation. Finally, the
intracellular release and cytotoxic activity of this novel DDS
was evaluated in several human cell lines to confirm that the
photoisomerization mechanism successfully controlled CPT
release.
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Fig. 1 Artistic scheme of the “ship in a bottle” concept and cis—trans photoisomerization as a drug-controlled release mechanism.
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Experimental section
Molecular dynamics

Molecules. Three sets of camptothecin (CPT) derivatives
were modelled that differed in the number of methylene (CH,)
groups inserted between the acetate and amide groups used to
link azobenzene to CPT (Fig. 2). Each set consisted of cis/trans
isomers.

A detailed description of the methods used for molecular
dynamics calculations is given in the ESI.{ Animations were
recorded and are also available.

Preparation of bis(camptothecin glycinate)-4,4'-
dicarboxylAzoBEnzene (CAABE)

The synthesis of camptothecin-20-O-glycinate was performed
according to published procedures.®’ To a mixture of azo-
benzene-4,4"-dicarbonyl dichloride (I: 125 mg, 0.41 mmol) in
anhydrous methylene chloride and dimethylformamide (48: 2,
50 mL), camptothecin-20-O-glycinate (II: 373 mg, 0.92 mmol)
and TEA (0.13 mL) were added. The reaction was stirred over-
night at room temperature under inert atmosphere. The result-
ing suspension was filtered and the supernatant was concen-
trated in a rotary evaporator to obtain an orange oil. This
residue was purified by two or three cycles of trituration with
ethyl acetate, methanol and ether (in various combinations) to
give CAABE (III) as an orange solid (yield: 32%). The CAABE
synthesis scheme and characterization protocols are shown in
the ESL.}

Preparation of large pore-mesoporous silica nanoparticles
(LSN)

Mesoporous silica nanoparticles with large pores (LSN) were
synthesized following the low temperature method previously
described by our group.**? Briefly, 0.25 g of F127 surfactant
and 0.70 g of FC4 surfactant were dissolved in 30 mL of and
aqueous solution of HCI (0.02 M). Then, 0.23 mL of 1,3,5-tri-
methylbenzene was added and the mixture was stirred at 10 °C
for 2 h. Tetraethyl orthosilicate (TEOS, 1.6 mL) was then added
to the solution and stirring was continued at 10 °C for 24 h.
The final molar ratio of the reactants TEOS/F127/TMB/FC4/
HCI/H,O was 1:0.0028:024:0.12:0.08:232. The reaction
mixture was then transferred to an autoclave and hydrother-

View Article Online

Nanoscale

mally treated at 135 °C (LSN-1) or 150 °C (LSN-2 and LSN-3) for
24 h. The resulting suspension was cooled, filtered, and
washed with water and ethanol. In the case of LSN-3, a second
hydrothermal treatment was performed. For this purpose,
0.50 g of LSN-3 was placed in an autoclave and hydrothermally
treated at 140° C for 48 h. Finally, the template was removed
by digestion in a microwave unit (microwave irradiation over
MARS-5 at 800 W, 2245 MHz, and 220 V).** Methods for
materials characterization are described at the ESL.}

Photoisomerization, drug loading and drug release

cis-trans photoswitching. The optical absorbance spectra of
CAABE derivatives were measured using a Photon Technology
International (PTI, Germany) LPS-220B spectrofluorometer
equipped with a 75 W xenon lamp and a monochromator in the
wavelength range 200-700 nm. Samples were irradiated in a 1 cm
path length quartz cuvette at 73 mW cm™> with agitation. To
study photoswitching, a solution of trans-CAABE (1 mg mL ™) in
a mixture DMSO: ethanol (1:4 v/v) was irradiated at 350 nm.
Absorption spectra were recorded immediately after irradiation in
a Cary 50 UV-Vis (Varian) spectrophotometer. When the trans —
cis photoswitching reached equilibrium, the solution was irra-
diated at 450 nm and the absorption spectra corresponding to
the cis — trans transformation were recorded immediately after
irradiation. The photoisomerization quantum yield (R, also
named photoisomerization degree at the photostationary state)
was determined using eqn (1):

R = Ao — Adl/JAo — Axo| x 100 (1)

where 4, is the initial absorbance at 0, A, is the absorbance at
time ¢, and A, is the absorbance at equilibrium.

Drug loading. To adsorb trans-CAABE into LSN, a solution of
trans-CAABE (1 mg mL™") in a mixture DMSO : ethanol (1:4
v/v) was incubated in a 1.5 mL Eppendorf tube with 5 mg of
LSN (RT, 1500 rpm, 24 hours). Subsequently, the reaction
mixture was centrifuged (16 100g, 12 min) and the supernatant
decanted. The remaining pellet was washed with 1 mL of
methanol and 1 mL of water. Adsorption of c¢is-CAABE into
LSN took place in full darkness. A solution of cis-CAABE (1 mg
mL™") in a mixture DMSO : ethanol (1: 4 v/v) was irradiated at
350 nm for two hours to insure the complete conversion of
trans to cis isomer prior to adsorption. This mixture was sub-

Fig. 2 Trans (left) and cis (right)-CAABE derivatives (n = 0, 1, or 2). The results of 3D Conolly molecular simulations using the CAABE derivative with

n =1 are shown as insets. The abbreviation CAABE is defined below.
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sequently incubated in a 1.5 mL Eppendorf tube with 5 mg of
LSN (RT, 1500 rpm, 24 hours). Then, the mixture was centri-
fuged (16100g, 12 min) and the supernatant decanted. The
remaining pellet was washed with 1 mL of methanol and 1 mL
of water.

Drug release. To study the photo-triggered release of CAABE,
LSN-1 nanoparticles loaded with cis-CAABE (5 mg) were sus-
pended in 1 mL of Milli-Q water and irradiated at 450 nm for
one hour to convert cis- to trans-CAABE. Then, the suspension
was centrifuged (16 100g, 12 min) and the supernatant was dis-
carded. The solid was then re-suspended in 1 mL of Milli-Q
water and incubated at 37 °C for various times. The aliquots
from the incubations were centrifuged (16 100g, 15 min) and
the supernatants were discarded. Pellets were then incubated
in a NaOH solution (0.05 N) and shaken at 1500 rpm for
3 hours at 37 °C. After decanting the supernatant, the remain-
ing pellet was freeze-dried and then reconstituted with 1 mL of
a mixture MeOH : HC1 95: 5 (v/v). Free CPT in the solution was
quantified by Reverse-Phase High Performance Liquid
Chromatography (RP-HPLC). For comparison, the release of
cis-CAABE was also studied, again in full darkness. cis-CAABE/
LSN-1 nanoparticles (5 mg) were suspended in 1 mL of Milli-Q
water and irradiated at 350 nm for two hours to insure all trans
isomer was converted to cis-CAABE. The same procedure
described above was then followed. RP-HPLC methods for CPT
quantification are described in the ESL.}

Internal diffusion of CAABE cis/trans isomers studied by
STORM

A study by Stochastic Optical Reconstruction Microscopy
(STORM) was performed using LSN-1 nanoparticles after
adsorption of cis-CAABE or trans-CAABE molecules. Drug
loading was performed using the protocols described above.
LSN-1 particles loaded with either cis or trans CAABE were
excited using a 405 nm laser, and a minimum of 7500 frames
were collected for each run. All molecules with a minimum
peak height greater than 300 were considered for further ana-
lysis in NIS-Elements. For the data analysis and reconstruction
several ROIs were created to isolate data specific to individual
spheres, from which Cartesian coordinates of the detected
molecules were extracted to .txt files for data reconstruction.

Penetration depths of each molecule into the sphere were
determined by calculating the difference between the distance
of each molecule from the sphere center and the calculated
radius of the sphere. Averaging the penetration depths for each
respective sphere yielded the mean penetration depth. The
total number of molecules within a sphere was found by
counting the number of Cartesian coordinates detected by
STORM. Using the transformed Cartesian coordinates of each
molecule and the sphere of best fit, a 3D model of each sphere
was reconstructed using Blender modeling software. A Python
code was written to import the molecule coordinates and con-
struct a wire-frame sphere to reflect what was imaged via
STORM. Movies showing a full 360° view of each sphere were
exported as .mp4 files. Additional details on the STORM
methods are provided in the ESI.}

This journal is © The Royal Society of Chemistry 2023
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Biological validation

In vitro assays. The effect of CAABE/LSN-1 nanoparticles on
cell metabolic activity was evaluated by using the 3-(4,5-di-
methylthiazol-2-y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophe-
nyl)-2H-tetrazolium (MTS) colorimetric assay. The cytotoxicity
of CAABE (ICs, value) has previously been determined and
compared to that of free CPT (see ESIT). For the experiments
performed as part of the current study, cells were seeded in
96-well plate at a density of 4500 (HeLa) or 8000 (U251,
SH-SY5Y) cells per well and incubated in 5% CO, at 37 °C for
24 h. Then, cells were exposed for 24 h to CAABE/LSN-1 nano-
particles at two different prodrug concentrations: 0.16 and
0.48 ug mL™", which correspond to 0.10 and 0.32 pg mL™" of
CPT. All dilutions were prepared in cell culture medium. The
96-well plate was then placed in a hand-crafted camera and
irradiated at 350 nm (2.2 mW cm™>) for 30 or 60 min. A
scheme and picture of the irradiation camera are shown in
Fig. 3, and full description and additional images of this
device are shown in the ESI (Video SV-17). After irradiation,
cells were incubated for an additional 72 h. Then, 10 pL of
MTS solution (5 mg mL™") in cell culture medium was added
to each well and incubation was continued for 4 h. The super-
natant in each well was then carefully removed and 150 pL of
isopropanol was added to dissolve formazan crystals.
Absorbance was measured with a PerkinElmer Wallac 1420
VICTOR2 Multilabel HTS Counter (Northwolk, CT, US) at the
wavelength of 570 nm. Six independent experiments were per-
formed at each drug concentration (n = 6), and each experi-
ment was carried out in biological triplicate. Controls with no
nanoparticles and no irradiation were also performed.
Absorbance values were normalized with respect to the con-
trols, and expressed as percentage by using eqn (2):

ODso5 test sample

Relative cell viability = OD-e control
595

x 100.  (2)

Finally, additional control experiments testing the biocom-
patibility of CAABE-free nanoparticles, with and without
irradiation, were also performed. Details of these experiments
are in the ESL.{

Statistics

Cell viability mean and corresponding standard error of the
mean (SEM) values were determined for each experiment, and
results were presented as the mean + SEM. Data were com-
pared by the unpaired Student’s ¢-test. Significant differences
among the groups were calculated at p < 0.05 or less. All the
analysis and graphs were carried out by using GraphPad Prism
6 software (GraphPad Software, San Diego, CA, USA).

Results and discussion
Molecular dynamics

Analysis of the structures obtained after 300 ps molecular
dynamics simulations (Fig. 4) allowed us to plot the histo-
grams of C-N=N-C dihedrals, to determine whether the iso-
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85.5 mm

Fig. 3 Hand-crafted irradiation camera used in the in vitro photoisomerization experiments. (a) Scheme of functional components (front view); (b)

real experimental device with a 96-well plate.
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cular dynamics simulation. (b) Histograms of the maximum distance between pairs of atoms in the three sets of isomers. This maximum distance has
been defined to account for molecular size. (c) Maximum distance during the simulation between pairs of atoms in the isomers.

meric configurations were retained during the simulation.
While the trans isomer is considerably more stable and should
remain structurally intact during simulation, one could expect
the cis isomer to isomerize because experimental data showed
that it is only stable upon irradiation. Simulation of the cis
isomer was performed largely by increasing the dihedral con-
stant to prevent relaxation to the trans isomer. Fig. 4a confirms
that the isomer type was retained throughout the simulation.
For the trans isomer, the C-N=N-C dihedral angle showed
maxima at 180° and —180°, +30°. However, the cis isomer did
not have the anticipated maximum at a dihedral angle of 0°,
due to short-range repulsions between molecule moieties at
either side of the C-N=N-C dihedral. Instead, maxima at
~15° and —15° are found with symmetric distributions for
each cis-molecule.

Considerable folding was observed for each molecule
during the 300 ps of simulation time. A large number of con-
figurations are possible, most of them allowed by the small
energetic penalty associated with many of the dihedral angles
present in the molecule. This strongly influenced the effective
size of the molecule which, in turn, limited its ability to enter
the pores of LSN. To study the effective molecular size, several
interatomic distances were defined in each molecule using a
program to identify the two most distant pairs of atoms in the

12510 | Nanoscale, 2023, 15, 12506-12517

molecule during the molecular dynamics simulation (Fig. S1,
ESI}). The corresponding histograms of maximum distances
are shown in Fig. 4b. For all sets of dimers studied (that is, 0,
1, or 2 CH, groups in the CPT-azobenzene link), the effective
molecular size was larger in the trans isomer than in the
corresponding cis isomer, and the size difference between
isomers became smaller in the series (CH,), as n increased
from 0 to 2. This was due to the fact that the larger molecules,
with more degrees of freedom, have a larger capability to fold,
so the larger initial size of the ¢rans isomer can be reduced by
rotation around an increasing number of dihedrals. When con-
sidering molecular design parameters for the ship-in-a-bottle
concept, the absolute molecular sizes of the isomers and the
difference in size are both important. Fig. 4b shows that the
average molecular sizes and differences (in A), respectively for
cis/trans are: 18.6/28.7, A = 10.1 (n = 0); 15.8/20.5, A = 4.7 (n =
1), and 15.5/18.2, 4 = 2.7 (n = 2).

Movies of molecular structure changes during the simu-
lations (Videos SV2-SV7, ESIt) showed that the molecules were
partially unfolded only during the initial stages of the simu-
lations. As the simulations progressed, the conformational
energy can be reduced through van der Waals interactions,
and folding occurred. Folding was always more effective for
the cis isomers, although at n = 2 the difference between cis

This journal is © The Royal Society of Chemistry 2023
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and trans isomers was almost negligible. As a consequence,
the effective molecular size of the cis isomers was always
smaller than the trans isomers. Fig. 4c highlights this con-
clusion, where the molecular size at each conformation was
plotted during the simulation time.

Preparation of CAABE and photoisomerization

The key parameters in the selection of the CAABE derivative to
be used in our drug delivery system are molecular size and
degrees of freedom. In this context, the derivative with (CH,),
where n = 0 appeared to be the best candidate to perform the
photoisomerization and loading/release assays with nano-
particles. Unfortunately, all attempts to synthesize the n = 0
CAABE derivative were fruitless, as this compound is quite
sterically hindered. However, synthesis of CAABE with n = 1
and n = 2 was successful. The synthetic steps and chemical
structure of the n = 1 compound are shown in Fig. S2.f CPT
was substituted at 20-OH position with glycine through an
ester bond,” and the resulting molecule was covalently
attached to diazobenzene through amide bond formation
between the glycine and acid chlorides on the diazobenzene.
The "H-NMR spectrum of trans-CAABE (Fig. S3f) shows the
protons of the diazobenzene group as a multiplet along with
CPT protons around 7.94 and 8.16 ppm. Peaks in the *C-NMR
spectrum at 167.05 and 165.85 ppm (Fig. S41) were assigned,
respectively, to the ester bond between the glycine and the CPT
hydroxyl and to the amide bond between CPT and diazoben-
zene (Fig. S21). In the 2D-COSY spectra (Fig. S5t), CAABE was
identified by the signal of the glycine methylene protons
between 4.14 and 4.47 ppm and their correlation with the
proton of the amide group at 9.32 ppm. On the other hand,
CAABE HSQC spectrum (Fig. S6t) allowed the chemical shift of
each proton to be directly correlated to the chemical displace-
ment of its corresponding carbon. Finally, the molecular weight
of CAABE was confirmed by high resolution mass spectrometry
(HRMS, Fig. S71). In addition, for the purpose of comparison,
the most relevant structural features of the n = 2 derivative
(CAABE-2) are shown at the revised ESI (Fig. S8-5107).
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The photoswitching property of diazobenzenes between cis
and trans isomers is well known.>*® In these experiments,
the photoisomerization of CAABE was confirmed by UV-Vis
spectroscopic studies in solution. The spectrum of trans-
CAABE before irradiation (Fig. 5a) featured a band at 347 nm
(n—n* transition) and a weak band at 444 nm (n-n* transition).
Upon UV light irradiation (350 nm), the absorption band at
344 nm gradually decreased while a band at 450 nm increased,
indicating CAABE trans — cis photoisomerization. These spec-
tral changes could be reversed by irradiation at 450 nm, indi-
cating CAABE cis — trans photoisomerization (Fig. 5b) and
reversibility. In the isomerization under UV light there were
two isosbestic points at 347 and 394 nm, while in the process
under visible light the only isosbestic point emerged at
394 nm.”’

The photoisomerization quantum yield (R) of the photoi-
somerization process was determined by irradiating CAABE for
various lengths of time and performing the calculation shown
in eqn (3). Upon irradiation at 350 nm, the equilibrium absor-
bance (4,) corresponding to completion of photoswitching
was reached at 116 min; when 450 nm light was used, photo-
switching was completed at 10 min (Fig. S11, ESIf). This can
be explained by the faster kinetics of cis — trans compared to
the trans — cis transformation, which is consistent with the
greater stability of the trans isomer.

Preparation of LSN materials, drug loading and drug release

LSN with tailored pore entrances and internal cavities were
obtained by a low temperature method and using a dual sur-
factant system (Pluronic F127 and FC4).****% The most signifi-
cant physico-chemical properties of these materials are sum-
marized in Table 1.

N, physisorption measurements showed type IV adsorp-
tion-desorption isotherms with an H2-type hysteresis loop in
LSN-1 and LSN-2. LSN-3 showed an H3-type hysteresis loop as
a consequence of the dramatic enlargement of the entrance
size (Fig. S12%). As expected, BET surface area decreased with
the enlargement of pore diameter. Transmission electron
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Fig. 5 UV-Vis spectra of CAABE after irradiation. (a) Irradiation at 350 nm for the trans — cis photoisomerization. (b) Irradiation at 450 nm for the cis
— trans conversion. The insets detail the absorbance spectra changes with irradiation time.
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Table 1 Physico-chemical properties of as-synthesized materials

Sample Particle size® (nm) Cavity size” (nm) Entrance size (nm) Sger (m* g™) Vp (em® g™
LSN-1 149.6 + 46.7 15.5 4.2 616.9 0.85

LSN-2 171.4 £ 61.4 13.6 7.2 429.2 0.80

LSN-3 160.6 + 75.9 13.8 12.0 292.6 0.81

“ Determined from TEM measurements over a minimum of 100 particles. ? Calculated from the adsorption curve of the N, sorption isotherm,
based on the BJH method. ¢ Calculated from the desorption curve of the N, sorption isotherm, based on the BJH method.

|155nm 4.2 nm.

113.5 nm 12.0 nm

Fig. 6 TEM images of large pore mesoporous silica nanoparticles with different pore diameter shown in the insets. (a) LSN-1. (b) LSN-2. (c) LSN-3.

microscopy (TEM) images of LSN materials showed in all cases
highly monodisperse nanoparticles (Fig. 6).* Particle size dis-
tribution ranged from 70 to 300 nm, with a similar mean size
in the three samples (149-171 nm). The particle diameters
measured by dynamic light scattering (DLS) were slightly
larger than those observed by TEM, indicating the presence of
some particle dimers and oligomers in the suspension (see
ESI and Fig. S137).

Drug loading is a key step in the development of novel
nanomedicines, as it determines both the intrinsic activity of
the drug delivery system and its ability to deliver its payload to
the target cells while avoiding nonspecific release.” In the case
of porous materials, synthetic control of the pore diameter is
crucial to optimizing the loading and release rates of the deli-
vered drug, as has been previously reported for mesoporous
silica.®® This is extremely important in the case of CPT, as a
variety of negative effects (low water solubility, pronounced
loss of activity from lactone-ring hydrolysis, and severe tox-
icity), strongly limit its clinical use.’® In this study we have
designed LSN materials to enhance CAABE loading by modify-
ing the pore entrances of mesoporous silica nanoparticles. As
described above, according to molecular dynamics calculations
the average molecular size ratio of the cis/trans isomers of
CAABE ((CH,),, n = 1) was 15.8/20.5 (A). On this basis, both
isomers could be expected to diffuse within the internal cav-
ities of the LSN, where the pore diameter was 13 to 15 A.
However, pore entrances should impose a bottleneck (dia-
meters 4-7 nm for LSN-1 and —2, Table 1) that could be used
to discriminate cis and trans isomers based on their rates of
diffusion. Here, LSN were incubated with a solution of either
cis or trans CAABE with (CH,); and the amount of adsorbed
compound was determined by elemental analysis. The results
(Table 2) show that LSN-1, with the smallest pore entrance,
adsorbed nearly 7 times as much of the cis isomer as the trans

12512 | Nanoscale, 2023, 15, 12506-12517

Table 2 Incorporation of n = 1 CAABE cis—trans isomers into LSN
materials®

Pore/cavity cis-CAABE trans-CAABE cis-trans
Sample size’ (nm) (Wt%) (Wt%) ratio
LSN-1 4.2/15.5 2.0 0.3 6.7
LSN-2 7.2/13.6 2.2 1.1 2.0
LSN-3 12.0/13.8 0.5 0.7 0.7

“Determined by elemental analysis. ®Determined by the BET-BJH
method from the N, adsorption-desorption isotherms.

isomer. In contrast, LSN-2 and -3, with larger pore entrances,
allowed more diffusion of the trans isomer leading to equal or
nearly equal adsorption of both isomers. The smaller mass of
both CAABE isomers adsorbed by LSN-3 is related to the lower
surface area of this material.

The ability of LSN-1 particles to adsorb more of the cis-
CAABE isomer with (CH,), (z = 1) was also confirmed by sto-
chastic optical reconstruction microscopy (STORM). In this
technique, photoswitchable fluorophores are manipulated to
stochastically turn on and off, and the STORM instrument
records these “blinks” through numerous cycles. Because the
position information of each fluorophore is collected in a data-
base, reconstruction of the image and calculations based on
the position information are possible. We recently demon-
strated the utility of STORM in addressing questions about
molecular adsorption in porous materials. In that work, we
used STORM to compare the penetration depth of fluores-
cently labelled proteins with different sizes within silica nano-
particles that had pores with the same diameter. Here, we
apply STORM to investigate the penetration depth of the cis/
trans-CAABE isomers within LSN-1 particles.

This journal is © The Royal Society of Chemistry 2023
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LSN-1 particles were loaded with CAABE isomers by stirring
the particles in a solution containing 1 mg mL™" CAABE and
5 mg mL~' LSN-1 nanoparticles. Upon excitation at 405 nm in
the STORM instrument, emission of the isomers was observed
and collected. Several particles were selected for analysis and
fluorophore information associated with the particles were
extracted as Cartesian coordinates. This information was used
to calculate the sphere of best fit in each case, by minimizing
the function shown in eqn (SE3) in the ESL{ This allowed us
to identify the relative locations of each CAABE molecule
within the particle. With this information, reconstructed
images were produced from the STORM shown in Fig. 7a (cis)
and Fig. 7b (trans). It is qualitatively apparent from these
images that a larger amount of the cis CAABE isomer was
present in the LSN-1 particles than the trans isomer. Another
view of the information (Fig. 7c and d) was created by taking

View Article Online

Paper

an optical slice through the data set, and flattening the infor-
mation into one layer by plotting as a function of x and y. Both
views confirm that significantly more of the cis isomer was
found within the nanoparticle than the trans isomer.
Quantitative analysis, summarized in Table 3, was also per-
formed by summing the number of molecules identified in
the STORM analysis within the calculated perimeter of the

Table 3 Fluorophore count within LSN-1 particles loaded with CAABE
isomers, determined by STORM

trans-CAABE loaded in
LSN-1

cis-CAABE loaded in
LSN-1

984 194

Fluorophore
count

Fig. 7 Representative STORM images of CAABE isomers after adsorption within LSN-1 particles. cis molecules are shown in (a) and (c), and trans
molecules are shown in (b) and (d). Top row: a mesh outline of a particle was created from the position information of the molecules within a particle
in each sample, and then molecular positions were plotted as a function of their (x,y.z) coordinates. Lighter tones indicate deeper penetration within
the particle. Bottom row: an optical slice was taken through the data, and then the information was “flattened” by plotting in the (x,y) plane as a
function of fluorescence intensity. In this plot, lighter tones indicate stronger fluorescence. Bar = 200 nm.

This journal is © The Royal Society of Chemistry 2023
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sphere. Five times as many fluorophores were identified in
LSN-1 particles loaded with the cis isomer compared to the
trans isomer. Additional movies showing this fact are provided
at the ESI (Videos SV8-SV117). These results are similar to our
previous experiments using proteins of various sizes to
examine adsorption within porous silica nanoparticles.*' We
found a close relationship between the pore diameters of the
nanoparticles and the sizes of the proteins found in their
adsorbed protein coronas. In these studies, the smaller dia-
meter of the cis isomer allows it to penetrate deeper into the
LSN-1 particles.

Using drug loading and internal diffusion data from
elemental analysis and STORM, we then investigated the con-
trolled release of CAABE from LSN-1 in water, triggered by
UV-Visible light irradiation. For these studies, drug-loaded
LSN-1 were irradiated at either 350 nm for two hours (for
release of the cis isomer) or 450 nm for one hour (for release
of the trans isomer), and CPT concentration in solution was
measured by RP-HPLC.

Fig. 8 highlights the impact of the LSN-1 pore structure on
the diffusion of cis vs. trans CAABE isomers. From the start of
the experiment, trans isomer is clearly released at a slower rate
than the cis isomer, and the maximum amount that can be
released is nearly complete after only one hour. In contrast,
the cis isomer showed a faster initial release rate than the trans
isomer, and the amount released continued to increase for
more than six hours. The total amount of CAABE released was
approximately three times higher for the cis isomer. According
to STORM data, the release of the cis isomer is expected to
occur from the whole mesoporous silica matrix, whereas trans-
CAABE should diffuse outside the particle only from the most
external layers, with the majority of the drug loading remain-
ing at the core (Fig. 8). This highlights the effectiveness of the
“ship in a bottle” mechanism in establishing control over
release of the CAABE dimer through photoisomerization,
leading to the potential application of this system in biological
medium. A former approach to the loading of topotecan into a
mesoporous structure by a “ship in a bottle” mechanism was
carried out in MIL-100 nanoMOFs, although in this case drug
liberation was not subjected to specific stimuli.*® To the best

trans-CAABE

Released CPT/uM
<

0-r T

T T T T T T
0 60 180 240 300 360 420 480

Time/min

T
120
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of our knowledge, this is first description of a DDS linking
“ship in a bottle” drug loading and cis < — trans photoisome-
rization-driven release.

The release patterns of the cis and trans CAABE diastereo-
isomers from LSN-1 fit very well into Higuchi’s square root
model shown in eqn (3) (Table 4, and Fig. S147).

(3)

In this equation, X, ¢, and ky are, respectively, the fraction
of discharged drug, release time, and the kinetic constant.***?
Here, the comparison of ky values for the cis- and ¢rans-CAABE
showed the same ratio observed at the end of liberation
process (kgcis ~ 3 fold kigrans)- This means that diffusion plays
the dominant role in defining the release rate, with very little
contribution from material degradation. This is consistent
with the low water solubility of CAABE and the stability of the
silica matrix in aqueous conditions.**

Biological validation

The potential therapeutic use of the photo-activated DDS
described above was evaluated using three commercial cancer
cell lines (SH-SY5Y, U251, HeLa) with similar growth rates
(doubling times of 25-30 h),"**” to avoid inconsistencies
related with the overgrowth of an specific cell line after
irradiation. CAABE and CPT cytotoxicity was validated using
the MTS assay in HeLa cells (Fig. S157), showing similar ICs,
values, which confirms full hydrolysis of the prodrug into the
cytosol through enzymatic activity.’® The biocompatibility of

Table 4 Kinetic parameters of Higuchi's kinetic model for the cis/
trans-CAABE release in LSN-1 material after photoisomerization with
UV-Vis light in water, at 37 °C*?

Drug loading Interval
Sample (Wt%) (min) ky® (h'?) I
trans-CAABE 2.0 0-15 36.90 0.9961
cis-CAABE 2.0 0-15 90.93 0.9941

“Higuchi’s release constant. ” Regression coefficient.

—— ‘

/
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60 120 180 240 360 420 480

Time/min

Fig. 8 Cumulative release profiles of trans-CAABE (a) and cis-CAABE (b) isomers from LSN-1 nanoparticles after photoisomerization by UV-Vis light
in water, at 37 °C. The insets at the middle are artistic representations of the liberation process through the mesoporous silica matrix.
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Fig. 9 In vitro cytotoxicity assay using SH-SY5Y, U251 and Hela cells incubated 24 h with CAABE/LSN-1 nanoparticles at two different prodrug
equivalent concentrations (0.16 or 0.48 pg mL™?) (n = 6). Photoexcitation was performed with UV light (350 nm, 2.2 mW cm™2) for 30 or 60 min and
followed by incubation for additional 72 h. Controls correspond to cells with CAABE-free nanoparticles (no drug), and/or cells that were not irra-
diated. Experiments were performed in triplicate, and the results are shown as the mean + SEM. Statistical differences were determined by employ-
ing the unpaired Student's t-test between the obtained data (e.g. 30 min/0.16 pg mL™Y) and the corresponding control (e.g., 0 min/0.16 ug mL™).
Significant differences among the groups were calculated at p < 0.05 (*) or at p < 0.01 (**).

LSN-1 was tested in all cell lines in a wide range of concen-
trations (Fig. S167), with no significant cytotoxicity observed
under our experimental conditions. We also confirmed that
CAABE-loaded LSN-1 is not cytotoxic during the first 24 h incu-
bation step (i.e., prior to irradiation) by repeating the MTS
assay in each cell line and using CAABE/LSN-1 concentrations
up to the maximum amount used in the irradiation experi-
ments (0.48 pg mL~" prodrug equivalent concentration). No
significant decrease in cell viability was observed in these
control experiments (Fig. S177). This is because trans-CAABE is
trapped within LSN prior to UV irradiation (Fig. 8). Moreover,
we previously showed that CPT-loaded silica nanoparticles
induce cell cycle arrest in G2/M phase in response to DNA
damage comparable to that observed with the naked drug.
This cytotoxicity mechanism requires a longer incubation time
(about 48-72 h) to initiate cell apoptosis.*® In addition, some
long-term in vivo studies have shown that silica nanoparticles
may lead to chronic toxicity, mostly liver inflammation.*® Even
in those studies, however, mesoporous silica nanoparticles
showed a safer toxicological profile than solid, Stober-like,
silica nanoparticles due to their higher hydrolytic suscepti-
bility and faster plasma clearance. Our data confirmed their
potential use in clinical translation as drug delivery vehicles.

Fig. 9 shows quantitative measurements of cell viability
using the MTS assay after 24 h incubation with CAABE-loaded
LSN-1 at two different prodrug equivalent concentrations (0.16
or 0.48 pg mL™"), illumination at 350 nm (2.2 mW cm™>) for 30
or 60 min, and a subsequent rest in the incubator for an
additional 72 h.

The neuroblastoma SH-SY5Y cell line showed a significant
drop in cell viability at all conditions, consistent with its high
sensitivity to CPT cytotoxicity. SH-SY5Y is a noradrenergic cell
line and CPT-induced DNA damage is dramatically high; it
also exhibits severe repair deficiency.’® Irradiation with UV
light activated CAABE trans — cis photoswitching, promoting
prodrug release and increasing CPT release within cells, but in

This journal is © The Royal Society of Chemistry 2023

SH-SY5Y cells only a long exposure time (60 min) and high
prodrug loading (0.48 ug mL™") showed a statistically signifi-
cant effect. Conversely, in the case of U251 and HeLa cells, cell
death induced by photocontrolled release of CAABE was dra-
matic, and statistically a significant decrease in cell survival
was observed after 30 min of photoexcitation even at a low
prodrug concentration (0.16 ug mL™"). In the most noticeable
case, HeLa cells exposed to CAABE-loaded LSN-1 at a prodrug
dose of 0.48 pg mL™" showed reduced viability of approxi-
mately 50% after 60 min of irradiation, with a final cell survi-
val of ~30%.

Conclusion

In this study, we have applied the “ship in a bottle” principle to a
drug delivery system. By synthesizing photoswitchable prodrugs
and precisely tailoring the pore structures of mesoporous silica
nanoparticles, drug loading and release was controlled through
photoisomerization. This proof-of-concept study was developed
in three stages: (i) molecular design and synthesis of a CPT
prodrug; (ii) tailoring the pore structure of porous silica nano-
particles for controlled prodrug loading and release; and (iii)
in vitro validation of the DDS in cancer cells. The azobenzene
moiety requires the use of UV light, with lower penetration in
tissue efficiency, which has potential at in vivo applications over
skin cancer. However, irradiation in the UVA-I spectrum has a
good safety profile, and it may be possible to treat internal
tumors using an endoscope particularly considering the high
degree of specificity for this method.
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