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Introduction: Currently, conventional treatments of hepatocellular carcinoma (HCC) are not selective enough for tumor tissue and 
lead to multidrug resistance and drug toxicity. Although sorafenib (SOR) is the standard first-line systemic therapy approved for the 
clinical treatment of HCC, its poor aqueous solubility and rapid clearance result in low absorption efficiency and severely limit its use 
for local treatment.
Methods: Herein, we present the synthesis of biodegradable polymeric Poly (D, L-Lactide-co-glycolide) (PLGA) particles loaded 
with SOR (PS) by emulsion-solvent evaporation process. The particles are carefully characterized focusing on particle size, surface 
charge, morphology, drug loading content, encapsulation efficiency, in vitro stability, drug release behaviour and tested on HepG2 
cells. Additionally, PLGA particles have been coupled on side emitting optical fibers (seOF) integrated in a microfluidic device for 
light-triggered local release.
Results: PS have a size of 248 nm, tunable surface charge and a uniform and spherical shape without aggregation. PS shows encapsulation 
efficiency of 89.7% and the highest drug loading (8.9%) between the SOR-loaded PLGA formulations. Treating HepG2 cells with PS containing 
SOR at 7.5 µM their viability is dampened to 40%, 30% and 17% after 48, 129 and 168 hours of incubation, respectively.
Conclusion: The high PS stability, their sustained release profile and the rapid cellular uptake corroborate the enhanced cytotoxicity 
effect on HepG2. With the prospect of developing biomedical tools to control the spatial and temporal release of drugs, we 
successfully demonstrated the potentiality of seOF for light-triggered local release of the carriers. Our prototypical system paves 
the way to new devices integrating microfluidics, optical fibers, and advanced carriers capable to deliver minimally invasive 
locoregional cancer treatments.
Keywords: poly(lactic-co-glycolic acid), sorafenib, emulsion solvent evaporation technique, hepatocellular carcinoma, optical fiber, 
microfluidics

Introduction
Liver cancer is one of the most common cancers and the fourth leading cause of cancer death worldwide in 2020. Hepatocellular 
carcinomas account for approximately 90% of primary liver cancers.1–3 Currently, conventional antitumor drugs lack selectivity 
for tumor tissue,4–6 and the main barriers to chemotherapy are multidrug resistance (MDR) and drug toxicity.7

In the past few decades, various drug delivery systems,8,9 such as lipid-based nanostructures (liposomes,10,11 lipid 
carriers12,13) polymer-based nanostructures (dendrimers,14,15 micelles,16,17 polymerosomes,18 nanogels19,20), inorganic 
nanostructured systems21,22 (gold,23,24 silver25,26 and iron nanoparticles27), and non-metallic nanoparticles (carbon28,29 
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and silica-based30,31 nanoparticles, quantum dots32) have been developed to: (i) improve the solubility and stability of 
insoluble drugs; (ii) prevent nonspecific distribution and degradation in vivo, and (iii) increase drug concentration in 
tumor lesions through the effect of enhanced permeation and retention (EPR).33,34 Most drug delivery systems thus 
reduce the therapeutic dose by passively delivering the drug into tumor tissue. Similarly, through a sustained and 
controlled drug delivery, nanoparticles provide more effective tumor cell killing than drug alone.

Among the various polymer-based nanoparticles, those based on poly(lactic-co-glycolic acid) (PLGA) are the most 
safe and versatile for drug delivery applications. PLGA is a Food and Drug Administration (FDA)-approved biodegrad-
able polymer widely used in cancer nanotechnology. It is also suitable for encapsulation of lipophilic drugs due to its 
hydrophobicity.35 In addition, the range of applications and the drug loading capacity of PLGA can be expanded by 
optimizing its structure.36

Since 2007, according to EASL HCC guidelines,37 SOR is recommended as the gold standard first-line systemic 
therapy for patients with advanced HCC or who fail to respond to loco regional therapies.38–40 SOR is the only systemic 
therapy proven to extend overall survival when used as a first-line treatment, showing a gradual median improvement 
over time (from 10.7 months in the SHARP study (2005–2006),38 to 12.3 months in the REFLECT study (2015)41 and 
over 13 months in the IMbrave-150 study (2018–2019)).42

SOR is a dual aryl multi-kinase inhibitor that inhibits tumor cell proliferation blocking the cell signaling pathway 
mediated by Raf/MEK/ERK.43 It also indirectly inhibits tumor cell growth interfering with the tyrosine kinase activity of 
vascular endothelial growth factor receptors, of serine-threonine kinases Raf-1, B-Raf44,45 and platelet-derived growth 
factor receptor β (PDGFR-β).46,47 Administration of SOR is the most effective single-drug therapy and along with 
levantinib, among the few systemic treatments48 capable of prolonging overall patient survival and reducing tumor 
progression in HCC patients. However, its severe side effects49 including hand-foot skin reaction, decreased heart blood 
flow, heart attack, intestinal perforation, alteration of thyroid hormone levels, loss of appetite, diarrhoea, rash, often lead 
to treatment discontinuation. Furthermore, SOR is poorly water soluble and is rapidly cleared and metabolized, resulting 
in low absorption efficiency in tumor tissue50 which severely limit its use for local treatments.51 The high toxicity and 
low bioavailability of SOR thus result in a narrow therapeutic window.

All these drawbacks may be overcome using nanocarriers like PLGA nanoparticles and targeted nanocomposites52,53 

able to selectively deliver the drug to target tissues.54,55 Previous studies reported rather low SOR loading (1.4%) in 
PLGA nanoparticles using oil-in-water single emulsion solvent evaporation methods.56 Multiblock polymer nanoparticles 

Graphical Abstract

https://doi.org/10.2147/IJN.S415968                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2023:18 4122

Caputo et al                                                                                                                                                          Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

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


composed of (poly(lactic acid)-poly(ethylene glycol)-poly(L-lysine)-diethylenetriamine-pentaacetic acid and the pH- 
sensitive material poly(L-histidine)-poly(ethylene glycol)-biotin were able to encapsulate 2.4% SOR.57 The loading 
efficiency was improved (5.3%) by the nanoprecipitation dialysis technique using a block copolymer of dextran and poly 
(D,L-lactide-co-glycolide).58

Drug combinations that provide synergistic effects have also been loaded in nanocarriers.59 As an example, polyvinyl 
alcohol (PVA)-doxorubicin nanocore particles covered with a thin shell of HSA-loaded SOR reached a drug loading of 
2.4%. Also, lipid-polymer hybrid nanoparticles have been prepared for the co-delivery of doxorubicin and SOR to 
enhance efficacy of HCC therapy.60 However, despite the drug loading achieved in the above studies, cell viability (after 
in vitro treatment) still ranges from 75% to 50% (at 10 µM after 48 hours). Therefore, new biocompatible carriers with 
improved encapsulation and cytotoxic efficacy are continuously sought to improve drug bioavailability increasing their 
absorption in the target tissues and preventing quick degradation. To suppress the side effects of SOR as well as of other 
drugs,55,61,62 active tissue-specific targeting or controlled loco-regional delivery are the most attractive options that 
enable selective drug accumulation and minimise interaction with healthy cells. Controlled loco-regional delivery is an 
intriguing but challenging approach that requires stimuli responsive systems able to release drugs entrapped in suitable 
carriers following external triggers.

Against this background, a new SOR formulation based on amino-PLGAs and synthesized by an optimized emulsion- 
solvent evaporation process is here presented. A careful investigation of the morphological, structural, and physico-
chemical properties of the SOR-loaded PLGA particles (PS) has been carried out, focusing on particle size, surface 
charge, drug loading content, encapsulation efficiency, in vitro stability, and drug release behaviour. PSs exhibit the 
highest drug loading (9%) and improved cytotoxicity compared to the most significant SOR-loaded PLGA particles 
already found in the literature. With a view towards the realization of mini-invasive tools for loco regional delivery of 
SOR-loaded PLGA particles, a feasibility study has been conducted to demonstrate a light triggered side emitting fiber- 
optic (seOF) tool for loco regional drug delivery. Our proof of concept relies on a new light-triggered drug delivery 
system based on side-emitting OF (seOF) integrated with PLGA particles using a specific UV photocleavable linker. The 
light-triggered release of our PLGA particles has been also tested in a microfluidic device that can be easily integrated 
into different needle models. This study paves the way to the development of a novel light-triggered drug delivery system 
for on-demand and site-specific release of drugs.

Material and Methods
Materials
Poly lactic-co-glycolic acid (PLGA) (Amino terminated, 50:50 lactide: glycolide, MW 5.000 Da), Coumarin 6, 
Tetrahydrofuran (THF), Ethyl acetate (EtOAc), Ethanol (EtOH), Coumarin 6 (C6), phosphate buffer saline (PBS) tablets 
were purchased from Sigma Aldrich. Sorafenib (SOR) was obtained by Toronto research Chemicals. Water, acetonitrile, 
Trifluoroacetic acid (TFA) were LC-MS grade (ROMIL Ltd, UK). Deionized water (18.2 MΩ.cm) was obtained from 
a Milli-Q Plus system (Millipore) with a total organic content (TOC) < 3 ppb.

PLGA Particles Synthesis
PLGA particles were prepared using an oil-in-water (O/W) emulsion. Briefly, PLGA was dissolved in various organic 
solvents (EtOAc, THF, THF/EtOH) at a concentration of 10 mg/mL. The SOR was added to the oil phase (1 mg, 100 µg, 
50 µg to obtain drug/polymer ratio of 0.1:1, 0.01:1, 0.005:1 (w/w) respectively). The oil phase (1 mL PLGA solution) 
was added dropwise to 10 mL of the water phase (2% (w/v) PVA solution). The emulsion was homogenized (ULTRA - 
TURRAX® IKA T 10, Germany) at maximum speed (30,000 rpm) for 60 seconds, followed by sonication (Branson 
Ultrasonics™ Sonifier™ SONIFIER SFX 150, USA) at 40% amplitude for 4 minutes on ice. The solution was then 
added dropwise to 10 mL of 0.5% (w/v) PVA and stirred overnight to allow the organic solvent to evaporate. Similarly, 
fluorescent PLGA particles were obtained by adding 0.5 mg of C6 to the oil phase, following the method described 
above. Finally, all the particles were recovered centrifuged (15,000 rpm, 30 min, 4°C, Heraeus Fresco 21, Thermo Fisher 
Scientific) and the pellet was washed three times with milliQ water.
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Dynamic Light Scattering (DLS) Measurement and Particles Stability
The hydrodynamic diameter and surface potential of the particles were measured using a dynamic light scattering system 
(DLS, Malvern Zetasizer Nano ZS, 633 nm laser, 173° scattering angle) equipped with a temperature controller. Particles 
were diluted at a concentration of 50 µg/mL in 700 µL of MilliQ water, and analyses were performed at a fixed 
temperature of 25°C with an equilibration time of 120 seconds for a total of 5 runs.

Particle stability studies were performed by incubating 1 mg/mL SOR-loaded particles in PBS or DMEM at 4°C and 
37°C. At specific times (0, 1, 2, 4, 7, 10, 14 days), the particle stock solutions were diluted and analysed as previously 
described. All experimental uncertainties represent the standard error of the mean of the replicate runs.

Morphological Analysis by Atomic Force Microscopy (AFM) and Transmission Electron 
Microscopy (TEM)
Morphological characterization of the PS particles by Atomic Force Microscopy (AFM) was performed directly on 
a glass slide using an Agilent 5420 AFM system (Agilent Technologies, Santa Clara, CA, USA). AFM images were 
obtained by scanning the particles in tapping mode to avoid their damage. Samples were prepared by drying a dilute drop 
of the PLGA dispersions on a 1 cm2 piece of glass slide at room temperature for 3 hours. Raw data collected by AFM 
were processed using Pico Image software (Keysight Technologies, Santa Rosa, CA, USA). In addition, the morphology 
of the particles was studied using transmission electron microscope (TEM). Samples were prepared by depositing 5 µL of 
the particle solution on special TEM copper grids with a carbon coated Formvar film. After evaporation of the solution, 
the grid was washed with deionized water, and analysis was performed using a TEM FEI Tecnai G2 Spirit TWIN.

Fourier Transform Infrared Spectroscopy (FTIR) Analysis
All PLGA particles (both naked and SOR-loaded) and the SOR were measured by using a Perkin-Elmer Spectrum 3 
infrared spectrometer (Perkin-Elmer, Waltham, MA, USA) equipped with an attenuated total reflectance (UATR) 
accessory. Spectra were acquired by 10 scans with a resolution of 4 cm−1 in the range 650–4000 cm−1, and a series of 
three replicates of each formulation was analysed.

LC-MS Analysis of SOR
SOR quantification was performed by liquid chromatography-mass spectrometry (LC-MS) using a Thermo LTQ XL 
mass spectrometer with a Dionex™ UltiMate™ 3000 UHPLC system consisting of a Dionex™ UltiMate™ LPG- 
3400SD Standard Quaternary Pump, a Dionex™ UltiMate™ Standard Well Plate Autosampler (WPS-3000), and 
a column oven (TCC-3000) (Thermo Scientific, San Jose, CA, USA). Separation was performed on a reversed-phase 
C18 BioBasic™ column, 50×2.1 mm ID, 5 μm, equilibrated at 0.2 mL/min and in a column oven at 37°C. The drug was 
eluted with a gradient from 30% to 80% solvent B (0.1% v/v TFA in acetonitrile) over solvent A (0.1% v/v TFA in water) 
in 15 min. Under these conditions, the retention time of SOR was 11 min. The mass spectrometer was operated in 
positive ionization mode. The conditions were set as follows: Capillary temperature 275°C, sheath gas 25 (arbitrary 
units), auxiliary and sweep gas 10 (arbitrary units), spray voltage 3.5 kV, capillary voltage 7 V, and tube lens 65 V. For 
the full scan experiments, the mass range was set between m/z 200 and 600, and the most intense ion was selected to 
obtain the MS2 product ions. The MS2 scan was performed at normal scan rate in a range between 125 and 500 m/z, the 
isolation width was ± 3.5 m/z of the parent ion, and the activation times, activation Q, and normalized collision energies 
were set to 30 ms, 0.25, and 20%, respectively.

The calibration line, prepared in triplicate, was obtained by integrating the area of the MS2 peak at 425.19 m/z with 
respect to the concentration of the compound in a range between 31 ng/mL and 500 ng/mL.

Determination of the Encapsulation Efficiency and Drug Loading
Encapsulation efficiency (EE) and drug loading (DL) were quantified using LC-MS. Specifically, a given amount of 
particles was dissolved in DMSO (10 mg/mL) and the solution was centrifuged at 14,000 rcf (Fresco™ 21, Thermo 
Scientific™) for 20 minutes. The supernatant was then collected and 5 µL of the solution was injected for quantification. 
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EE was calculated as the ratio between the amount of SOR contained in the particles and the theoretical drug content 
according to the following Equation (1):

where Ci is the theoretical concentration of the added SOR and Cf is the concentration of the drug recovered in the 
supernatant after centrifugation of the particles.

DL was calculated according to the following Equation (2):

where We is the weight of the SOR encapsulated and Wp is the weight of particles used.

In vitro Drug Release Profile
In vitro drug release was evaluated by dialysis bag method. Briefly, 0.1 mg PLGA particles were mixed in 100 µL PBS 
and placed in a dialysis microfilter (3.5 K MWCO, Thermo Scientific™ Pierce™). The microfilter was immersed in 1 mL 
of PBS at 37°C and after a predetermined time interval (1.5, 2.5, 5.5, 7.5, 24, 72, 144, 216 hours) the solution was 
completely recovered and replaced with 1 mL of fresh solution. Finally, the particle solution was recovered from the 
microfilter, centrifuged to remove the supernatant, and the collected particles were dissolved in DMSO. All recovered 
aliquots were analysed by LC-MS.

In vitro Cytotoxic Effect by MTT Assay
The human HepG2 hepatocellular cell line (ATCC, HB-8065 -) was cultured in DMEM medium containing 10% heat- 
inactivated FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin (Invitrogen, Carlsbad, CA) at 37°C in an incubator 
humidified with 5% CO2. SOR was previously dissolved at a concentration of 100 mM in DMSO and then immediately 
before use in 150 µL of DMEM culture medium supplemented with 10% FBS for all dilution points.

HepG2 cells were plated out in 96-well plates at a density of 6000 cells/well in 100 μL of the appropriate complete 
medium and incubated overnight for adherence. At time 0, cells were treated with increasing doses of SOR (1 µM; 2.5 
µM; 5 µM; 7.5 µM; 10 µM). Subsequently, the cells were incubated with each of the drug concentrations for 24 or 48 
hours. After the specified time, the medium was removed and the viability of the cells was evaluated by MTT viability 
assay using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. Specifically, a 10% MTT solution (12 mM) 
was added to the cells at 37°C for 4 hours. The solution was removed and 50 μL DMSO was added to the cells for 10 
minutes. The plate was read at 595 nm using an ELISA reader.

The cytotoxic effect induced by PLGA particles was evaluated in HepG2 cell line with the drug encapsulated in. 
Specifically, 6×103 HepG2 cells were plated in 96 multiwells and incubated overnight. Cells were treated for 48 hours 
with an increasing concentration of naked particles (PN) corresponding to the particle amount required for loading with 
SOR of 500 nM, 1 µM, 2.5 µM, 5 µM, and 7.5 µM. Similarly, drug loaded particles (PS) and free drug (SOR) (1 µM and 
7.5 µM) were incubated with HepG2 for 48, 120 and 168 hours. After incubation, the medium was removed and cell 
viability was assessed using the MTT viability assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) as 
previously described.

The percentage of viable cells was calculated using the equation below, with untreated cells considered as the control 
with 100% cell viability.

The results were expressed as mean values ± standard deviation of three independent measurements.
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Statistical Analysis
Comparisons between individual data points were performed with the two-sided Student’s t-test and ANOVA, as appropriate. 
Normally distributed data were represented as mean ± S.E.M. Two-way ANOVA and Bonferroni post-hoc analysis were used to 
examine the significance of differences among groups. All P values were two tailed and considered significant if less than 0.05.

Cellular Uptake Analysis
HepG2 cells (2 x 104/sample) were seeded on glass coverslips and cultured for 24 hours in growth medium containing 
coumarin-6-loaded PLGA particles (PC6). Two PC6 concentrations corresponding to 1 μM and 7.5 μM SOR when 
encapsulated in the particles (PS) were used for this analysis. Internalization was assessed at different time points (1, 3, 6, 
18, 24, and 48 hours). At each time point, slides were washed with PBS and fixed with 2.5% formaldehyde in PBS for 10 
minutes at 4°C. Nuclear staining was performed with 4-6-diamidino-2-phenylindole dye (DAPI). Images were acquired 
using confocal laser scan microscopy (STELLARIS 8 -Leica Microsystems). A white light laser tunable between 440 and 
790 nm was used for excitation and the samples were focused with a HC PL APO CS2 40x/1.10 water immersion 
objective. Emission signals were acquired using Power HyD detectors. The system was controlled using Leica 
Application Suite (LAS) X v4.3 software. The excitation wavelength and detection window for each fluorophore are 
given in parentheses: DAPI (405 nm; 425–499 nm); C6 (464 nm; 480–550 nm). All samples were acquired in triplicate.

For Z-stack analysis, cells were fixed with 2.5% formaldehyde to visualize the cytoskeleton, permeabilized with 0.1% Triton 
X-100 for 10 minutes at 4°C, and incubated with 0.1 μg/mL rhodamine-conjugated phalloidin (Sigma-Aldrich) for 40 minutes. In 
all cases, coverslips were mounted with 20% (w/v) Mowiol and visualized with the Axiovert 200 M inverted fluorescence 
microscope connected to a video camera or with the 510 confocal microscope META-LSM (Carl Zeiss).

Proof of Concept: “Towards Light Activated Drug Delivery Systems for Locoregional 
Drug Delivery”
This section described the main steps required to develop engineered OF to obtain light triggered drug delivery systems.

Fabrication and Characterization of the seOF Probe
To fabricate the seOF probes, a 3 cm trunk of a commercially available side-emitting fiber (Corning Fibrance 170) is 
spliced to a multimode fiber used as the launch fiber.

The side-emitting fiber has a core diameter of about 170 µm and a removable polymer cladding of 230 µm. The selected 
multimode fiber, on the other hand, has a core diameter of 200 µm and a cladding diameter of 220 µm (Thorlabs FC200UEA), 
which match the core of the side-emitting fiber. First, the OF were stripped from the coatings in the case of the launch fiber and 
from the cladding in the case of the side-emitting fiber, and then rinsed with isopropyl alcohol. In the second step, the multimode 
fiber and the side-emitting fiber were spliced (Figure 1a) using an arc fusion splicer (Fujikura FSM-100P+) capable of handling 
OF with cladding diameters larger than the usual 125 µm. In the final step, the side-emitting fiber was cleaved with an optical fiber 
cleaver (Fujikura CT −104) at a distance of 3 cm from the splicing point.

To obtain an optimized device and achieve the lowest possible power loss, the stripping, cutting, and splicing of the 
side-emitting fibers were optimized because the fibers are completely different from the standard single/multimode fiber 
in terms of both size and materials.

The fabricated seOF were optically characterized to determine the power density on the probe side surface and the 
scattering efficiency. Measurements were performed using an integrated sphere (Thorlabs S140C) in conjunction with an 
optical power meter (Thorlabs PM100D).

Based on:

1. the output power of the launch fiber, measured before splicing the side-emitting fiber and labelled Pin in 
Figure 1b;

2. the powers measured at the output of the probe after the fabrication process, indicated by Ptip and Ptot in 
Figure 1b, indicating the powers emanating from the tip only and the total power emanating from the entire probe, 
respectively;
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the power scattered at the probe Pscatt was calculated as the difference Ptot - Ptip, and the scattering efficiency was then 
evaluated as the ratio between Pscatt and Pin.

SeOF Functionalization
The functionalization strategy used for anchoring the carriers (PC6) to the seOF surface involves four main steps: i) hydroxylation, 
ii) silanization, iii) photocleavable linker anchoring, and iv) covalent binding of the carriers. For the hydroxylation step, the seOF 
was first incubated in the piranha solution (H2O2:H2SO4 30:70) for 30 minutes at 25°C, then immersed in 12 M HCl for 1 hr at 
25°C and 0.1 M NaOH for 1 hr at 50°C. Finally, the hydroxylated fiber was washed with pure ethanol. Silanization was performed 
by incubating the seOF in 3-azidopropyltriethoxysilane (AZTES) 67 mM, previously dissolved in pure ethanol, overnight at 4°C. 
The photocleavable linker was anchored by strain-promoted azide-alkyne cycloaddition (SPAAC) reaction between the azide 
molecules on the seOF and the dibenzocyclooctyne (DBCO) of the photocleavable DBCO-PC-NHS ester reagent (PC DBCO- 
NHS Ester I, Click chemistry tools, Cat# 1160). The latter was concentrated 0.5 mM in DMSO and incubated with the seOF 
overnight at 25°C. Finally, in the fourth step, the seOF was immersed in the amino PC6 solution (2.5% w/v in borate buffer 50 mM 
pH 8) through a dip coater (KSV NIMA KN4001, Biolin Scientific Oy, Espoo, Finland – speed 1 mm/min, speed 0.5 mm/min) for 
30 minutes. The seOF was carefully rinsed three times with milliQ water and analysed using CLSM and an optical microscope 
(Olympus BXFM upright).

Particle Release Mediated by Photocleavage in Batch and in Microfluidic Chip
Particle release was tested by both batch and microfluidic methods. For batch testing, the PC6-functionalized seOF was 
connected to a fibre-coupled high-power light source (Mightex FCS −0365-201) emitting UV radiation with a wavelength 
of 365 nm and a maximum radiant flux of 200 mW inside a fiber with 1 mm core diameter and 0.22 NA. Then, the seOF 
was directly immersed in a quartz cuvette (10 mm low-volume quartz - 400 µL) and the laser source was activated (at 
maximum power) to allow photocleavage of the linker and release of PC6. At specific time points, the laser was turned 
off, and the solution was collected and replaced with fresh medium. All aliquots were analysed using a fluorometer 
(Fluoromax-Plus -Horiba Scientific). Fluorescence emission spectra were recorded in the spectral range from 475 to 600 
nm with an integration time of 0.1 s and a step size of 1 nm at an excitation wavelength of 464 nm. All spectra were 
recorded with a slit width of 5 nm bandpass in both the excitation and emission.

The 3D-printed microfluidic device (SanChip S.r.l, Italy) consists of two inlets and one outlet. The main channel is 
used to integrate the seOF into the chip and the side channel for the buffer solution. The main channel is 4 cm long, 3 mm 
in diameter, and has an inlet with a plug that has a single (or multiple) hole (250 µm diameter) to allow central 
positioning of the fiber in the chip. The buffer solution flowing through the side channel is used to ensure hydration of the 
polymer carriers present on the surface of the seOF probe and to expel them through the outlet once the seOF is activated. 
In short, the seOF functionalized with the carriers remains hydrated in the central channel for a certain time, and once the 
photocleavage is activated the solution containing the carriers is collected at the outlet and analysed, as described for the 
batch procedure.

The outlet is equipped with an adapter for a needle (or catheter) to deliver the vectors to the site of interest. The entire 
device is 6.5 cm long, 3 cm wide and 1 cm high.

Figure 1 Image of seOF splicing process (a) and schematics of the characterization setup (b).
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Results
Synthesis, Characterization and Drug Release Profiles of PLGA Particles
PLGA particles were synthesized by oil-in-water (O/W) emulsion method. The PLGA used for particle synthesis is 
characterized by low molecular weight (MW 5000 Da) with a 50:50 ratio of lactic and glycolic acid. Additionally, the 
copolymer is terminated with a primary amine for further functionalization. In order to obtain monodisperse particles 
with high encapsulation efficiency, the synthetic parameters were carefully selected, especially the best solvents, the 
presence of co-solvents, the concentration of surfactant, the ratio between the oil/water phases and between polymer/drug 
concentration.

As shown in Figure 2a, two organic solvents were used as oil phase: PSs prepared using EtOAc have a diameter of 
300 ± 9 nm, while the particles prepared with THF have a size of 267 ± 13 nm. The addition of ETOH as co-solvent 
further reduces the particle diameter to 248 ± 6 nm. The ratio between the drug and the polymer influences the amount of 
SOR loaded in the particles, as shown in Figure 2b. The more SOR is contained in the oil phase, the more drug is 
introduced into the core of the particles, resulting in encapsulation efficiencies (EE) of 89.7 ± 13.5%, 70.8 ± 4.8%, 48.4 ± 
1%, and drug loading (DL) of 8.9 ± 1.3%, 0.7 ± 0.05%, 0.2 ± 0.01% for the formulations prepared with SOR:PLGA ratio 
of 0.1:1, 0.01:1, and 0.005:1, respectively. Once ultimate the emulsion formulation, all particles were analysed by 
Dynamic Light Scattering (DLS) to check their size, homogeneity, surface charge and stability (Figure 3 and Table 1).

In particular, particles not loaded with the drug (PN-naked or simply PN) have a diameter of 233 ± 5 nm and 
a polydispersion index (PDI) of 0.1. The surface charge of PN particles in milliQ water is −14.90 ± 0.04 mV, while in an 
acidic medium (pH 4) the protonation of the primary amines causes an increase in the surface charge to + 4.98 ± 0.67 mV 
(Δ = + 19.88). Compared to PN, PS particles are characterized by a larger size (248 ± 6 nm) and a lower surface charge 
(−17.30 ± 0.90) as further indication of drug encapsulation. The surface charge of PS changes from −17.30 ± 0.90 mV in 
milliQ water to +1.48 ± 0.2 mV in acidic medium. Finally, particles loaded with the dye coumarin 6 (PC6), synthesized 
with the aim of studying the particle’s kinetics of internalization in cells, have a diameter of 230 ± 2 nm, a polydispersion 
index (PDI) of 0.07, and a surface charge of −21 ± 0.07 mV.

The particle stability was studied in different media (DMEM and PBS) and at different temperatures (4°C and 
37°C). As shown in Figure 3f, the PS particles remain stable in both buffers and at both temperatures for 6 days at 
least in terms of overall size. Then, those incubated in DMEM (4°C/37°C) and in PBS (4°C) gradually decrease in 
size, undergoing a diameter reduction of 5.26%, 6.88% and 4.05%, respectively, after 14 days. Conversely, particles 
solubilized in PBS at 37°C show a slight increase in their size with a maximum diameter of 259 ± 6 nm after 14 
days of analysis.

Figure 2 (a) Solvent effect on the particle size; (b) encapsulation efficiency (EE) and drug loading (DL) measured for different SOR: PLGA ratio.
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The PS particles were imaged using Atomic Force Microscopy (AFM) (Figure 4a). The strong interaction between 
PLGA and glass allowed the AFM analysis on dried nanoparticles, as already reported in previous studies.63 The 
morphological studies show uniform and spherical shaped discrete particles without aggregation and smooth in surface 

Figure 3 PLGA particles analysis by DLS: (a) PN, (b) PS, (c) PC6 Particle diameter measurements; (d) PN, (e) PS surface charge quantification and (f) PS stability in DMEM 
and PBS at different temperatures and over time.
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morphology. The AFM height profiles (Figure 4b) reveal the spherical shape as well as the low polydispersity. 
A comparison of AFM imaging technique to DLS measurements shows that the particle diameters obtained from 
AFM (≈ 420 nm) are slightly different compared to those measured by DLS (≈ 250 nm). This effect can be mainly 
attributed to the fact that the AFM measurements were performed against air at room temperature and in dried state 
where different effects like interactions with the substrate, the stiffness of the nanoparticles can occur; instead, DLS 
measurements were performed in buffered solutions and at constant temperatures.64

Moreover, Transmission Electron Microscope (TEM) images (Figure 4c) show PLGA particles spherical and 
homogeneous in their morphology without superficial fractures or superficial anomalies. In this case, the particle 
diameter is consistent with the one previously evaluated by DLS.

The successful synthesis of the particles and encapsulation of the drug were also confirmed by Fourier Transform Infrared 
Spectroscopy (FTIR) measurements. In Figure 5a are reported the infrared spectra of PN and PS particles and of the pure SOR. 
As predictable in an FTIR spectrum, there are many peaks in the range between 1600 and 600 cm−1 due to the stretching and 
bending vibrations of C-C and C-O bonds. The FTIR spectrum of the free SOR (Figure 5 - green line) shows two characteristic 
bands at 3335 and 3299 cm−1 that are due to the N-H stretching (Figure 5b). In addition, there is a band at 3079 cm−1 related to 
the C-H stretching and one at 1706 cm−1 accounting for the amide C=O group. Several additional bands between 1643, 1553, 
1505, 1481 and 1330 cm−1 are visible and are related to C=C, N-H, C-N stretching, respectively (Figure 5c). All these bands 

Table 1 DLS Measurements of PLGA Particles

Sample Size (Dh nm) PDI Zpotential (mV)

PN 233±5 0.10±0.03 −14.90±0.04 (H2O) 
+4.98±0.67 (pH4)

PS 248±6 0.18±0.03 −17.30±0.90 (H2O) 
+1.48±0.20 (pH4)

PC6 230±2 0.07±0.03 −21±0.07

Figure 4 (a) AFM analyses of PLGA particles deposited on a gold surface. (b) Height profiles of the selected PLGA particles (white dot lines in the topographic images) 
obtained from AFM measurements in tapping mode. (c) Transmission Electron Microscope images of PLGA particles (scale bar 200 nm and 500 nm).
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are also found in the spectrum of PS particles (see Figure 5c - red line). The black line (PN) and the red line (PS) have 
a common large peak at about 1750 cm−1 corresponding to the stretching vibrations of the ester C=O bond, which is very 
abundant in the PLGA structure.

An appropriate LC-MS/MS method has been set up to quantify the amount of SOR released from PS by monitoring the 
drug fragment at 425.19 m/z. The in vitro release profile is shown in Figure 6. The main graph shows that 100 µg of particles 
PS (SOR:PLGA 0.1:1) dissolved in 1 mL of medium can release about 90 ng/mL (193.4 nM) in the first 1.5 hours and 272 
ng/mL (585.2 nM) after 24 hours. In the following days, the drug release is slow and characterized by a constant release of 
25 ng/mL drug per day up to 72 hours. After 9 days, the total amount of drug released is 342 ng/mL (735.8 nM, Figure 6) 
corresponding to about 3.8% of the total encapsulated SOR (8.9 µg). In the inset of Figure 6 the cumulative time-dependent 
release of SOR normalized to the drug loading is also reported and compared to other two PS preparations differing in the 
drug/polymer ratio (SOR:PLGA 0.01:1 and 0.005:1). These data show that, although the absolute amount of SOR 
cumulatively released is similar for the three preparations (around 0.3 µg/mL; see also Table S1), the values normalized 
to the drug loading vary from 3.8% for SOR:PLGA 0.1:1, to about 40% for SOR:PLGA 0.01:1 and to 100% for SOR:PLGA 
0.005:1. The overall data show that, using SOR:PLGA 0.1:1, only a very small amount of drug is lost through passive 
diffusion, while approximately 96% is retained in the particles after 220 hours and can therefore function as a stable reserve 
to be released by alternative and more controlled methods, such as the one proposed in this paper (see below). On the basis 
of these considerations, the formulation PS (SOR:PLGA 0.1:1) (hereafter abbreviated with only PS) was selected for further 
studies on the SOR-sensitive HCC cell line.

In vitro Cytotoxic Effect of Free SOR on HCC Cell Line
The HCC cell line HepG2 was used to investigate the sensitivity of HCC cells to SOR. Cells were treated with a gradient 
of SOR concentrations at different time points and then cell growth inhibition was determined using the MTT assay. SOR 
is capable of inducing cell death in a dose- and time-dependent manner (Figure 7a). In particular, the EC50 value is 
reached at 7.5 µM after 48 hours (Figure 7b). The EC50 value observed at 48 hours is fully consistent with a previous 
study conducted by Wei et al.65 Considering the cytotoxic concentration range analysed for the free SOR, the lower value 

Figure 5 FTIR-ATR analysis of PLGA particles and pure SOR (a). The insets show a spectrum zoom between 3500–3200 (b) cm−1 and 2000–1230 cm−1 (c).
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tested (1 µM) and the one corresponding to the EC50 value (7.5 µM) were used to further evaluate the particle cellular 
uptake and cytotoxicity.

PLGA Particles Uptake in Human HCC Cell Line by Confocal Laser Scan Microscopy 
(CLSM)
In order to demonstrate the ability of PLGA particles to enter cells and thus carry the drug within them, the intracellular 
distribution of fluorescent PLGA particles (PC6) was assessed by CLSM in HepG2 cells. Fluorescence microscopy 

Figure 6 SOR cumulative release in PBS at 37°C measured for the PS formulation with highest drug loading (SOR: PLGA 0.1:1). In the inset are reported the cumulative 
release expressed as percentage for all the formulations studied in this work.

Figure 7 SOR EC50 determination. (a) Free SOR cytotoxic effect at different times (24h and 48h) with different drug concentrations, (b) “Dose – response curve” of the 
cells treated with different concentrations of SOR after 48h. 100% represents the viability of untreated cells.
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analysis revealed that PC6s show time- and concentration-dependent internalization, as indicated by the appearance of 
a green fluorescent signal that progressively pervades the entire cytoplasm. Significant internalization of PC6 at a particle 
concentration corresponding to PS 7.5 μM (Figure 8a) is already observed after only one hour of incubation.

Massive internalization is observed during the first 6 hours at a concentration of 7.5 μM. The time-dependent 
internalization of PC6 by HepG2 exposed to 1 μM (Figure 8b) and 7.5 μM PC6 for 1 hour and 6 hours was further 
confirmed by z-stack analysis of confocal images acquired at 0.1 μm intervals through the cell (Figure 9 and Supporting 
Information SI 1. Figure S1). Internalization of 7.5 μM PC6 occurs after only 1 hour (Figure 9b). After 6 hours, the cells 
exhibit diffused intra-cytoplasmic fluorescence, as shown in the 3D projections (Figure 9d). In contrast, the images 
collected after 1 hour of incubation with 1 μM PC6 show a slower internalization of the particles, which takes about 6 
hours to invade the cytoplasm (Figure 8b) as also observed in the 3D projections (Figure 9a–c).

In vitro Cytotoxic Effect of PLGA Particles on HCC Cell Line
To investigate the safety of PNs and the capability of PSs to enhance SOR toxicity, the cytotoxic effect of PLGA particles 
on the HepG2 cell line was evaluated. For this purpose, cells were treated for 48, 120 and 168 hours with particles at 
concentrations corresponding to 1 µM and 7.5 µM of free SOR.

Although PNs have a minimal effect on cell viability at the highest concentration tested (88%) (Figure 10a), PS 
particles induce a significant increase in cytotoxic effect at both concentrations tested. Compared to cells treated with free 
SOR, those exposed to the PS formulation at 1 µM undergo a more extensive reduction of cell viability after 48 hours 
(46% vs 70% of cell viability). After 168 hours of treatment, PS at 1 µM, cell viability was reduced to 53.7% compared 
to 89% attained with free SOR (Figure 10b). Moreover, PSs at 7.5 µM cause cell death overtime and reach 17.4% of cell 
viability after 168 hours of treatment, while free SOR at the same concentration reduces viability at only 50%. 
Altogether, the data suggest the strengthened ability of the particle to efficiently protect the SOR inside its hydrophobic 
core and stably deliver the drug into cells (Figure 10b).

Proof of Concept: “Towards Light Activated Drug Delivery Systems for Loco-Regional 
Drug Delivery”
Light is a promising release stimulus because of its tunable features (wavelength and power density). However, the lack 
of reliable procedures to use light as triggering mechanism for drug release limits its use for loco regional drug delivery 
platforms in clinically relevant scenarios.

Among light waveguides, optical fibers (OF) represent an attractive option to guide light and trigger drug release. 
They benefit from their size, biocompatibility, and the capability to be easily integrated into needles, catheters, and 
nanoendoscopes.66 Moreover, OFs can be easily integrated into microfluidic devices, providing a solid basis for the 
development of mini-invasive smart platforms for light-activated loco-regional drug delivery.67,68

Although OF tip was used as an intrinsically light coupled platform for light mediated drug delivery, the reduced 
payload poses severe limitation for its practical use in clinically relevant scenarios.69,70 A larger payload can be achieved 
by immobilizing carriers on the cylindrical surface of optical fibers (larger surface area compared to the optical fiber tip), 
but special light coupling mechanisms are required to efficiently spread light from the fiber core to the cladding and 
activate the carrier release. Different coupling methods were developed, including core offset, Fiber Bragg Gratings 
(FBG) with tapers, Long Period Gratings (LPG), tilted FBGs, etc.71–79

Here, we propose, for the first time, the use of seOFs as a coupling method to efficiently scatter light towards the outer surface 
of the optical fiber and activate PLGA particles through a suitable photocleavable linker, as schematically shown in Figure 11.

The seOFs are characterized by the presence of scatterers inside the core, which promote the dispersion of the 
transmitted radiation from the core through the lateral surface enabling the light-mediated release of our particles. Due to 
the intrinsic capability of seOF to scatter guided light through the fiber towards the surroundings, we designed the overall 
fiber architecture to achieve the required optical power density at the fiber surface to activate the cleavage of a spacer arm 
containing a photocleavable moiety. In this way, carriers linked by amine-reactive crosslinker chemistry can be efficiently 
photoreleased using low-intensity UV light (at 365 nm, 1–5 mW/cm2 from product datasheet).
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Figure 8 Cellular Uptake analysis of PC6 by HepG2 at 7.5 µM (a) and 1 µM (b) particles concentration for different time points (1h to 48h).
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Figure 9 Z-series images of PC6 Particle internalization by HepG2 at 1µM (a–c) and 7.5 µM (b–d) after 1h and 6h of treatment.

Figure 10 In vitro cytotoxicity studies: (a) Viability of HepG2 cells cultured with: (a) empty PN without SOR after 48 hours, and (b) various concentrations of PS and free 
SOR after 48, 120 and 168 hours. NT correspond to not treated cells.
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To achieve this goal, a careful design was required to take into account all the parameters involved, followed by 
a careful validation and optimization phase.

Fabrication and Characterization of the seOF Probe
The seOF fabricated and used for the tests were characterized in terms of scattering efficiencies (Figure 1b). The samples 
used for the batch tests show an average efficiency (and power density) of 32 ± 1.8% (6 ± 1.5 mW/cm2) for the light- 
activated controls and 29.8 ± 6.3% (4.5 ±1.2 mW/cm2) for the non-light-activated controls. These values are highly 
reproducible for all prepared seOFs. Similarly, the optical fibers used for the microfluidic experiment reported in 
Figure 1f achieve average efficiencies and power densities of 29.5 ± 4.7% (5.5 ± 1.8 mW/cm2) and 31.2 ± 3.4% (4.7 
± 0.8 mW/cm2) for the light-activated and non-activated fibers, respectively.

These efficiencies were obtained using the standard splicing technique (Figure 1a) described in the Methods section. 
In Figure 12c, a spotlight can be seen near the splicing point. This spotlight can be attributed to the scattering losses that 
occur at the interface between the multimode optical fiber used to launch UV light and the side-emitting fiber. Further 
improvements can be achieved by optimizing the light coupling between the multimode fiber and the side-emitting one. 
Indeed, these optical fibers have different core diameters (see Methods section for details) and require advanced splicing 
procedures to taper the diameter of the multimode fiber from 220 µm to 170 µm, which is the diameter of the side- 
emitting fiber responsible for the light-activated release of carriers.

Using this method, a taper with a length of 7 mm was realized, resulting in an increase of the scattering efficiency to 
about 47% with a power density at the surface of the fiber of about 9 mW/cm2.

SeOF Functionalization with Particles
The protocol required for fiber functionalization resulted from a careful study, first performed on planar surface (see 
Supporting SI 2 and Figure S2) and then successfully transferred to the seOF surface. To monitor the first two steps of 
functionalization (hydroxylation and silanization), the wettability of the glass surface was evaluated using the water 
contact angle (WCA). The analyses indicate that the optimised protocol increases the hydrophilicity after the hydro-
xylation step (WCA of 17°) and the hydrophobicity after silanization (WCA 70°) compared to the other tested conditions 
(Figure S3). Silanization is further confirmed both by ELISA assay (Figure S4) and the distinctive N3 band at 2100 cm−1 

detected by FTIR measurements (Figure S5). The PC DBCO-NHS ester reagent was selected to act as a linker between 
the fiber and the particles, as envisaged in the third step. It contains a dibenzocyclooctyne (DBCO) moiety that reacts 
with the azide (N3) group of the 3-Azidopropyltriethoxysilane (AZTES) by a strain-promoted azide-alkyne cycloaddition 
(SPAAC) reaction, and a reactive amine group connected through a spacer arm containing a photocleavable moiety. The 

Figure 11 Scheme of the light activated drug delivery systems for loco-regional drug delivery.
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FTIR spectra (Figure S5) collected after the SPAAC reaction show, as expected, a decrease in the intensity of the 
characteristic N3 band, due to the formation of the stable triazoles. The last step consists in the integration of the 
fluorescent amino-PLGA particles – PC6. After 30 minutes of incubation, successful integration of PLGA carriers was 
confirmed both on the planar surface by AFM and fluorescence analysis (Figure S6), and on seOF by CLSM and optical 
microscopy images (Figure 12a–b).

The particle release was assessed by quantifying the fluorescence emission of PC6 after each run of activation. Assays 
with the PC6 functionalized seOFs prove that light activation results in the release of 2.67 ± 0.38 µg/mL of particles 
compared to the 0.9 ± 0.12 µg/mL observed with the not activated control in batch (Figure S7). The results observed with 
the not activated sample can be explained considering two aspects: i) a small amount of dye can be released from the 
bound particles during the incubation due to polymer hydrolysis in aqueous phosphate buffer, and ii) some particles that 
are not covalently bound can be detached from the seOF surface.

The seOF was then integrated into a microfluidic device (Figure S8) designed to precisely position the seOF in its 
main channel (Figure 12d). The seOF was inserted in the chip through a first inlet, appropriately modified to ensure 
tightness of the fiber and avoid fluid leakage, while the buffer solution was perfused through a second inlet at a flow rate 
of 50 µL/min using a peristaltic pump (403U/VM2 10 RPM - Watson-Marlow). The outlet of the device features an 
integrated adapter to which the needle can be hooked. This integrated seOF- microfluidic system allowed to control the 
light mediated carrier release and their delivery to the site of interest thanks to the modified outlet. Thanks to its 
optimized design, the device was able to accommodate multiple seOFs (up to 5) in its main channel, allowing for 
customizable carrier release.

Remarkably, the results of the release experiments performed in microfluidics are in full agreement with those of the 
batch experiments. Light activation leads to higher particle release (2.6 ± 0.27 µg/mL) compared to the amount obtained 
without activation (1.04 ± 0.1 µg/mL) (Figure 12d).

Discussion
In this work, polymeric biodegradable PLGA-based particles with improved drug loading and rapid cell internalisation were 
synthesised and tested in vitro to enhance the therapeutic effect of SOR on HepG2 cells of hepatocellular carcinoma. Among 

Figure 12 Development of particle loaded seOF-microfluidic integrated systems for light triggered locoregional drug delivery: (a) CLSM and (b) optical microscope image of 
seOF after PC6 immobilization; (c) image of the assembled seOF; (d) particle loaded seOF microfluidic device integrated with seOF and correspondent particle release profile.
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the various available techniques, PLGA particles were prepared by emulsion solvent evaporation. The choice of the technique 
is critical as it impacts on particle stability, shape, size, and encapsulation efficiency.80,81 DLS measurements proved that the 
presence of the co-solvent plays an important role in the particle size and polydispersion index, leading to smaller and 
monodisperse particles compared to those obtained with the other solvents tested (Figure 2a). Among the possible co-solvents, 
EtOH was chosen because of its high solubilizing capacity for SOR, as evidenced by its wide application in the preparation of 
different types of SOR-encapsulated particle formulations. The ratio between the amount of drug and polymer was also 
optimized to obtain particles with improved encapsulation efficiency (EE) and drug loading (DL). The formulation here 
presented indeed shows 9% of DL, which to the best of our knowledge, is the highest ever observed for SOR-loaded PLGA 
particles (typically below 5%.)56–60 (See also SI 5 Table S2).

Particle size, EE, DL, degradation rate, and surface charge all depend on the physico-chemical characteristics of the 
polymer. Commonly, PLGA particles are anionic, but for our formulation, a polymer with low molecular weight and 
amino-terminated groups was opportunely selected to obtain tunable and smart biodegradable particles. At physiological 
pH, these particles are indeed negatively charged and stable over 14 days (Figure 3f), whereas under acidic conditions – 
a condition close to that found in the tumour microenvironment – the amino groups are readily protonated and lead to an 
overall positive surface charge (Figure 3d–e). It should be remarked that particle surface charge has a major impact on 
cellular interaction and uptake, since cancer cells are usually negatively charged, therefore positively charged surfaces 
are desirable to maximise particle–cell interactions. To impart these features, several authors have strived in recent years 
to conjugate the particles with cationic molecules82 (ie, polymers, biomaterials, proteins, small molecules), whereas in 
our formulation, the positive charges are integrated in the particle structure thus not requiring any additional component 
or modification step to favourably match the acidic tumour site. Interestingly, the amino groups in our PLGA particles, in 
a not-so-long-term vision, can be easily used as anchor sites for specific ligands for enabling active targeting.

For pharmaceutical purposes, characterization of particles is essential to fully understand their properties. Particle size and 
shape can influence the efficacy of the therapeutic agent in terms of release profile, cellular uptake, and tissue penetration.83 The 
deep morphological analysis carried out in this study proves that our PLGA particles exhibit a highly homogeneous spherical 
shape with a narrow size distribution, characteristics that, as shown in a recent review on the role of particle shape in drug 
delivery, are well suited to the purpose of hepatic drug delivery.84 Indeed, it is well known that spherical particles in the range of 
50 to 250 nm accumulate in the liver by a mechanism called “Enhanced Permeability and Retention” (EPR). Also, the particle 
spherical shape promotes escape from the Reticuloendothelial System (RES) and Kupffer cells, which are responsible for rapid 
elimination of particles from the bloodstream and phagocytosis, respectively.84 We find that in our formulation, the release rate 
(Figure 6) is strongly influenced by the drug/polymer ratio. Particles with higher drug encapsulation level exhibit slower release 
rates with a lower percentage of drug released in buffer. As a matter of fact, the PS having SOR:PLGA 0.01:1 and PS with SOR: 
PLGA 0.005:1 show a sharp release kinetics in the first 9 hours, with a final percentage of drug released of 40% and 100%, 
respectively. In contrast, for the optimal formulation with PS having SOR:PLGA 0.1:1, after the initial boost observed during the 
first 24 hours, a small and sustained drug release is observed over 220 hours in buffer, with a total drug release percentage of 
3.4%. This value is remarkably lower compared to the release percentages of all PLGA-based preparations listed in Table S2, 
which are never below 20%. It is worth to note that the reported DexbLG nanoparticles58 follow a similar trend of release as drug 
loading increases. This phenomenon could be due to the hydrophobic interaction in the core of the nanoparticles, which is 
especially favoured at higher drug contents.85,86 Under these conditions, the hydrophobic drug likely crystallizes in the core of the 
nanoparticles and may remain stably entrapped.85 Accordingly, our PS formulation prevents the release of the drug into the 
medium and preserves the SOR in the hydrophobic core for a longer time interval. This hypothesis is supported by the cellular 
uptake analysis carried out by CLSM on HepG2 cells treated with particles loaded with coumarin 6 (PC6). In our experiments, 
the kinetics of internalization is not only time-dependent, but also exhibits a concentration-dependency, as evidenced by the lower 
signal recorded with PC6 1 µM at 1 hour compared with that at 7.5 µM.

Due to the fast cellular internalization, PS particles may continuously release the SOR inside the cell, avoiding the 
extracellular drug degradation and unwanted interactions, thus increasing drug efficacy at a given dose. This favourable 
mechanism may explain the higher cytotoxicity observed with PS on HepG2 cells compared to those described in other 
works where SOR-loaded PLGA particles used at 10 µM for 48 hours reduce cell viability in a range comprised between 
75% and 50% (see SI 5 Table S3).56–58
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Other authors investigated co-delivery strategies to enhance the cytotoxic effect of SOR-Doxorubicin (Dox) core- 
shell particles.59,60 They measured a cell viability of 80% with 5 µM SOR in the absence of Dox and achieved 40% in the 
presence of Dox. Interestingly, compared with free SOR, our PS shows significant antiproliferating activity at both 1 and 
7.5 µM for 48 to 168 hours, demonstrating the enhancement of drug stability by encapsulation. After 48 hours, PSs at 1 
µM and 7.5 µM reduce cell viability at 46% and 40%, respectively. Moreover, treatment at 7.5 µM causes a continuous 
toxic effect for 168 hours (viability 17%), while viability at the lowest concentration reaches an almost constant value of 
50% (Figure 10b). Overall, these results strongly demonstrate that our amino PLGA-based carriers are suitable for the 
transport and release of SOR and have an enhanced toxic effect on HepG2 cells.

Starting from the high potential of PS carriers, a step ahead toward the development of a new system for light 
triggered drug delivery based on seOFs was demonstrated. The goal of the study was to demonstrate the possibility of 
controlling the spatial and temporal release of carriers by a miniaturized light-driven device. Particle release from the 
seOFs is controlled by modifying the fiber surface through the insertion of a heterobifunctional UV-cleavable linker, 
which is responsible for anchoring the particles to the seOF surface. Upon activation, the light guided by the seOF is 
scattered through the cladding toward the outer surface of the seOF, enabling the cleavage of the linker and releasing the 
particles. This system is integrated into a microfluidic device to control the transport of the particles to the site of interest. 
The results show that the integrated seOF microfluidic system achieves the same particle release efficiency as the batch 
process (Figure 12d). It should be noted that the amount of particles released, and consequently the concentration of drug 
administered, relates to only a single seOF, yet due to the versatility of both seOF and microfluidics, it is possible to 
design an upgraded device to make an array of carrier-loaded seOF, one for any intended application. In addition, thanks 
to the custom adapter at the outlet, it is possible to connect a needle or a catheter to improve the delivery of the carriers to 
the desired site of interest.

Conclusion
Sorafenib is the standard first-line molecule-targeted drug approved for clinical treatment of HCC; however, its high 
toxicity and low bioavailability results in a narrow therapeutic window. To overcome these drawbacks, it is necessary to 
develop appropriate particle formulations able to successfully improve the SOR loading, internalization and its sustained 
release, thus achieving an enhanced therapeutic efficacy while mitigating the side effects.

To this aim, we have developed biodegradable and biocompatible amino-PLGA particles through an optimized emulsion 
solvent evaporation process for SOR delivery in HCC cell line. The particles size of 250 nm, combined with the spherical 
shape, the tunable surface charge and the good stability in culture medium make them a promising carrier for the hydrophobic 
SOR delivery. In particular, the PS particles exhibit a drug loading of 9% – that is the highest value reached compared to the 
most SOR loaded PLGA particles present in literature – a sustained release profile over 220 hours and a fast cellular uptake 
(1 hour). The particle stability and the rapid cell internalization led to a significant increase of toxicity against the 
hepatocellular carcinoma cells (cell viability of 17% over 168 hours at 7.5 µM), suggesting our PSs as a useful carrier to 
improve the SOR cytotoxic effect. Finally, as proof of concept, we demonstrated a light triggered fiber optic platform for loco- 
regional drug delivery, relying on particles loaded seOFs enabling advanced platforms to be easily integrated into needles and 
nanoendoscopes featuring highly localized drug release triggered by light.

In perspective, such drug release systems might provide new insight for the design of minimally invasive cancer- 
selective nanoplatforms and open a new scenario in clinical practice by reducing adverse effects and increasing the 
therapeutic efficiency compared with standard administration.
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