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Abstract

The integration of synthetic nanocarriers with biologically derived membranes represents a promising 

strategy to engineer biomimetic systems for precision medicine. Here, we report a hybrid 

nanoplatform in which silk fibroin nanoparticles (SFNs) are coated with the vesicular fraction of a 

GMP-compliant lyosecretome (herein referred to as secretome-derived EVs), in a hierarchical carrier-

in-carrier architecture, enabling the combination of tunable material properties with intrinsic 

biological functionality. A key advancement of this work is the development of a microfluidic, GMP-

compatible assembly process that allows controlled and scalable production of secretome-derived 

EV-coated nanoparticles, addressing a major translational bottleneck in the field. The resulting hybrid 

nanostructures were characterized by nanoparticle tracking analysis and Förster resonance energy 

transfer, confirming nanoscale proximity between SFN surfaces and EV membranes consistent with 

EV membrane association. Using a model lipophilic compound, we demonstrate that EV-membrane 

association enhances colloidal stability, protects the payload from degradation, and enables sustained 

release profiles. Importantly, the biological identity of the secretome-derived EV membrane was 

found to modulate cellular interactions: EVs derived from mesenchymal stromal cells promoted 

preferential uptake in healthy cells, whereas tumor-derived EVs drove selective internalization in 

homologous cancer cells in vitro. These findings establish EV-coated SFNs as a versatile biomimetic 
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platform with programmable cell-type-specific uptake properties and scalable manufacturability, 

providing a foundation for the development of next-generation nanotherapeutics that integrate 

material design with biological specificity for precision oncology.
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Extracellular vesicles; silk fibroin nanoparticles; carrier-in-carrier drug delivery system; targeted 

drug delivery; microfluidics; precision oncology.
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1. Introduction

In recent years, the development of precision drug delivery systems has become a central focus in 

biomedical research, aiming to transport therapeutic molecules specifically to diseased tissues while 

minimizing off-target accumulation and systemic toxicity [1]. This is particularly crucial in diseases 

such as cancer, where highly cytotoxic drugs require precise targeting to mitigate side effects [2-4]. 

Precision oncology further emphasizes the need for advanced delivery platforms capable of 

selectively targeting tumor cells while sparing healthy tissues, a goal increasingly addressed by 

nanotechnology through nanocarriers exploiting active, passive, and physical targeting mechanisms 

[5,6]. Among these, extracellular vesicles (EVs) and protein-based nanoparticles have emerged as 

particularly promising systems. 

EVs are nanosized vesicles (30-1000 nm) secreted by all cell types and found in numerous body fluids 

[7,8]. Their natural composition allows intercellular communication, cargo delivery, and cell-specific 

recognition via membrane proteins, lipids, and glycans [9-12], making them attractive candidates for 

tumor-homing strategies [13,14], although the mechanisms governing that EV target specificity remain 

incompletely understood [15]. Moreover, EVs can evade phagocytosis, circulate longer, and 

potentially bypass endosomal degradation [16]. Despite these advantages, EVs have limitations, 

including low drug loading, challenging release kinetics, and sensitivity to environmental factors [17-

23]. Furthermore, hydrophilic cargoes encapsulated in EVs often leak during storage, compromising 

stability [24,25], and current loading methods are not compliant with Good Manufacturing Practice 

(GMP) standards, limiting clinical translation [26-28].

Silk fibroin nanoparticles (SFNs), on the other hand, offer high drug-loading capacity together with 

biocompatibility, biodegradability, and tunable release profiles [29-31]. Their surface chemistry, rich 

in reactive amino acid residues, also enables versatile functionalization for targeted delivery [32-34]. 

However, unlike EVs, SFNs lack intrinsic biological specificity and cannot replicate the complex 

surface machinery responsible for cell recognition, making the identification of effective targeting 

ligands challenging. Many ligands are indeed overexpressed in tumors but still present in healthy 

tissues, leading to possible off-target interactions [35-38]. Moreover, receptor expression is often 

heterogeneous across tumor types, within the same tumor, and among patients due to genetic and 

microenvironmental variability [39-46]. Finally, targeting efficiency is also influenced by ligand 

density and affinity on the nanoparticle surface, which can affect tissue penetration and selective 

accumulation [47-50].

This complementarity motivates carrier-in-carrier systems – a hierarchical nanoarchitecture in which 

a nanoparticle (primary carrier) is associated with the membrane of a biological vesicle (secondary 

carrier), combining the pharmaceutical properties of the core with the biological functionality of the 
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vesicular shell. In this design, SFNs provide high drug encapsulation, protection, and controlled 

release, while EVs confer natural targeting and enhanced cellular uptake. EV-coated SFNs thus 

represent “smart” drug-delivery systems that align with the principles of precision oncology. This 

approach is particularly relevant in pleural mesothelioma, an aggressive malignancy with a poor 

prognosis, median survival below 15 months, and limited treatment options [51-53]. In this context, a 

drug delivery system capable of efficiently loading cytotoxic drugs, protecting them in circulation, 

and selectively targeting tumor cells could provide a transformative treatment advance.

Based on these premises, the objective of this study was threefold: (i) to develop a carrier-in-carrier 

based on SFNs associated with secretome-derived EVs, (ii) to implement a scalable GMP-compliant 

production method to support future clinical translation, and (iii) to validate the proof-of-concept of 

EV-coated SFNs as cell-specific nanocarriers. First, the effective formation of a carrier-in-carrier 

system was preliminarily evaluated by encapsulating SFNs (loaded with curcumin, a lipophilic drug 

model) within EVs by sonication, and its colloidal stability, protection of the encapsulated active, and 

drug release were assessed. Subsequently, a GMP-compliant microfluidic encapsulation approach 

was implemented for the preparation of the carrier-in-carrier systems. Under optimized microfluidic 

conditions, nanoparticle tracking analysis (NTA) and fluorescence resonance energy transfer (FRET) 

confirmed the successful formation of EV-coated SFNs. Finally, to assess the biological performance 

of the developed platform, fluorescent SFNs (made of silk fibroin covalently labeled with fluorescein 

isothiocyanate, FITC) were membrane-associated with secretome-derived EVs derived from either 

mesothelioma cells or mesenchymal stromal cells (MSCs) using the microfluidic method, and their 

uptake was evaluated in tumor versus healthy cell models by tracking fluorescence. Differential 

internalization confirmed the ability of tumor-derived EVs to favor selective cellular uptake.

2. Materials and methods

2.1 Materials

Silkworm cocoons of Bombyx mori were kindly donated by Nembi Industrie Tessili, Capriolo (BS), 

Italy. Bovine serum albumin (BSA), curcumin, phosphatidylcholine, lithium bromide (LiBr), 

mannitol, Nile red, sodium carbonate (Na2CO3), and sodium bicarbonate (NaHCO3) were purchased 

from Merck, Milan, Italy. Acetone and dimethyl sulfoxide (DMSO) were purchased from Carlo Erba 

Reagents, Milan, Italy. Dialysis membranes were purchased from Spectrum Laboratories, Milan, 

Italy, while easySTRAINER filters were purchased from VWR International, Milan, Italy. MSCs 

were isolated from adipose tissue according to the procedures reported in [54]. Human fibroblasts 

were donated by Dr. Marta Cecilia Tosca of the Tissue Bank and Tissue Therapy Unit at Niguarda 

Hospital, Milan. MISTO mesothelioma cells were donated by Prof. Pinton, Department of 
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Pharmaceutical Sciences, University of Eastern Piedmont. All reagents and consumables for cell 

cultures were purchased from Euroclone, Milan, Italy. 

2.2 Preparation and characterization of silk fibroin nanoparticles 

2.2.1 Extraction and solubilization of silk fibroin 

For the extraction of silk fibroin from Bombyx mori cocoons, 5 g of cocoons were cut into small 

pieces (1 × 1 cm), washed under running water, and first degummed by boiling in 2 L of 0.02 M 

aqueous Na2CO3 solution for 30 minutes, with occasional stirring. The fibroin was then washed with 

distilled water to remove residual salts and sericin, and dried at room temperature. Once completely 

dry, fibroin was solubilized in aqueous LiBr solution (100% w/v) at 65 °C for 4 hours; the solution 

was stirred every 30 minutes to improve solubilization (protein conformational transition from Silk 

II to Silk I). The resulting solution was filtered through an easySTRAINER (70 µm) to remove solid 

residues, transferred into a dialysis membrane (molecular cut-off: 3.5 kDa), and dialyzed against 

distilled water for 72 hours at room temperature. The final fibroin concentration was determined 

gravimetrically after complete water evaporation, and was typically between 6-9% w/v.

2.2.2 Fibroin labeling with FITC 

Fibroin in solution was labeled with FITC to allow the preparation of fluorescent SFNs. Briefly, the 

theoretical number of available lysines was first determined, and fibroin was labeled with FITC at a 

1:10 fibroin:FITC molar ratio, to target 10% of the available lysine residues. For the conjugation 

reaction, fibroin was diluted in carbonate/bicarbonate buffer (0.1 M, pH 9) to a final concentration of 

1.67% w/v, then supplemented with FITC stock solution (9.8 × 10-3 M) in DMSO to reach the 1:2 

fibroin:FITC molar ratio. The reaction was allowed to proceed overnight at room temperature, 

protected from light. 

2.2.3 Preparation of curcumin-loaded and fluorescent SFNs 

To prepare curcumin-loaded SFNs, the aqueous fibroin solution (not labeled with FITC) was diluted 

to reach a concentration of 1.5% w/v and then added dropwise to acetone, in which curcumin had 

previously been solubilized at a concentration of 0.08 mg/mL. For the preparation of FITC-SFNs, the 

aqueous solution of labeled fibroin was diluted with deionized water to a final concentration of 1.5% 

w/v and then added dropwise to acetone under magnetic stirring, at a fibroin:acetone ratio of 1:5. In 

both cases, the nanoparticle suspension obtained was dialyzed against distilled water at room 

temperature for 72 hours using cellulose dialysis tubes with a 3.5 kDa molecular weight cut-off 

Page 5 of 39 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



6

(MWCO). The suspension was then lyophilized (Christ Epsilon 2-16D LSCplus) at 8 × 10-1 mbar and 

-50 °C and stored at room temperature until use.

2.2.4 Technological characterization of SFNs 

2.2.4.1 Yield, encapsulation efficiency, and drug loading

The percentage yield was calculated according to the equation:

𝑌𝑖𝑒𝑙𝑑 (%) =
𝑔 𝑜𝑓 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑔 𝑜𝑓 𝑓𝑖𝑏𝑟𝑜𝑖𝑛 + 𝑔 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 × 100

The quantification of curcumin in SFNs (drug loading) was assessed by spectrophotometric analysis 

at 425 nm. Briefly, 1 mg of lyophilized SFNs was dispersed in 10 mL of 96% v/v ethanol and stirred 

for 72 hours. Subsequently, the SFNs were centrifuged at 4000×g for 15 minutes, and the supernatants 

were collected. The absorbance was then measured using a spectrophotometer (Beckman Coulter, 

DU 730). The curcumin concentration was determined by extrapolating a calibration curve 

constructed from the absorbance measurements of curcumin solutions in ethanol (a series of dilutions) 

over the concentration range of 0.5 µg/mL to 20 µg/mL, with a correlation coefficient (R2) of 0.998. 

A 96% v/v ethanol solution was used as the blank. All measurements were performed in triplicate. 

The amount of loaded curcumin (% w/w) was calculated as the ratio between the total curcumin 

content (extrapolated from the calibration curve) and the concentration of the analyzed nanoparticles.

The encapsulation efficiency (EE%) was determined as the percentage ratio of curcumin effectively 

entrapped to the curcumin dissolved in acetone during nanoparticle preparation.

2.2.4.2 Particle size analysis 

The size distribution of lyophilized SFNs was determined by NTA using a NanoSight NS300 

(Malvern Instruments, Malvern, UK) equipped with a 405 nm laser. Nanoparticles were dispersed in 

ultrapure water at 1 mg/mL and further diluted 1:100 or 1:1000 according to instrument feedback. 

For each sample, five 60-second measurements were performed; analyses were carried out at 25 °C 

with a 90° detection angle. Data were processed using NTA 3.0 software and exported to Excel. In 

addition to size distribution, the average number of nanoparticles per mg of powder was determined; 

this value was later used for the carrier-in-carrier preparation, as described in Section 2.4. 

2.2.4.3 Morphological analysis

The nanoparticles were analyzed morphologically using a Field Emission Scanning Electron 

Microscope (GeminiSEM-360, Carl Zeiss S.p.A., Milan, Italy). Lyophilized samples were previously 
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Pt-sputter-coated (thickness: 4 nm) under argon. The samples were imaged at 5 kV, using the InLens 

SE detector and working distances between around 1.8-2.0 mm.

2.2.4.4 Physicochemical characterization

Infrared spectra were recorded using an Alpha II (Bruker, Rosenheim, Germany) FT-IR spectrometer 

equipped with an ATR (Attenuated Total Reflection) accessory with a monolithic diamond crystal 

and a DTGS (Deuterated Triglycine Sulfate) detector. Measurements were performed on multiple 

samples: SFNs, curcumin, and curcumin-loaded SFNs. ATR FT-IR spectra were measured in the 

4000-450 cm-1 range, at a resolution of 4 cm-1. Data were processed using Opus 8.7 software. 

Fluorescence spectra were measured on an FP8500 instrument by Jasco (Jasco Europe, Cremella, 

Italy) working at a speed of 10000 nm minutes-1 and a data interval of 0.5 nm. Suprasil Quartz® cells 

with an optical path of 1 cm were used.

2.3 Preparation and characterization of secretome-derived EVs

2.3.1 Isolation and lyophilization of MSC- and mesothelioma-secretome-derived EVs

The secretome (containing EVs) was isolated from MSCs and MISTO mesothelioma cells as reported 

in [54]. Adipose-derived MSCs were seeded in flasks (10,000 cells/cm2) and cultured at 37 °C, 5% 

CO2 in DMEM F12 medium supplemented with 10% v/v fetal bovine serum, 1% v/v 

penicillin/streptomycin, and 1% v/v amphotericin. MISTO mesothelioma cells were cultured in 

complete RPMI 1640 medium, supplemented with 10% v/v fetal bovine serum, 1% v/v 

penicillin/streptomycin, and 1% v/v amphotericin. For both cell types, secretome (and thus EV) 

release was induced by culturing cells in serum-free medium for 48 hours. Conditioned media were 

collected, centrifuged at 3500× g for 10 minutes to remove cell debris and apoptotic bodies, and 

subsequently ultrafiltered using a tangential flow filtration system (KrosFlo® Research 2i, Spectrum 

Laboratories, Milan, Italy). A filtration module with a 5 kDa molecular cut-off was used to retain 

both soluble proteins and EVs. The concentration process was stopped once a standard protein 

concentration of 115 µg/mL was reached [55]; samples were then diafiltered with sterile deionized 

water. Mannitol was added to the concentrated and purified secretome to a final concentration of 

0.5% w/v; the solution was then lyophilized (Christ Epsilon 2-16D LSCplus) at 8 × 10-1 mbar and -

50 °C for 72 hours. The lyophilized product, called lyosecretome, was stored at -20 °C until use (for 

up to 24 months). 

2.3.2 Technological characterization of secretome-derived EVs 
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In addition to physicochemical properties (see Section 2.2.4.4), the secretome-derived EVs were 

characterized as reported below.

2.3.2.1 Protein and lipid content 

The lyosecretomes obtained were characterized for protein and lipid content using, respectively, the 

BCA Protein Assay Kit (Thermo Fisher Scientific, Milan, Italy) and the Nile red assay, as reported 

in [54]. For protein quantification, the absorbance/concentration calibration curve was generated using 

BSA standards; the reagent was added to each sample and standard at a 1:1 ratio and incubated at 37 

°C for 2 hours before measuring absorbance at 562 nm with a microplate reader (Victor Nivo, 

PerkinElmer, Waltham, MA, USA). Protein concentrations were determined by extrapolating a 

concentration-absorbance plot of the standards using a third-order polynomial equation (R² = 0.99). 

Each sample was tested in triplicate, and results are reported as µg of protein per mg of lyosecretome. 

For lipid quantification, Nile red powder was dissolved in acetone (3.14 M) and stored at 4 °C, 

protected from light. The stock solution was diluted 100× in deionized water before use. A volume 

of 90 µL of lyosecretome dispersed in deionized water at a known concentration was incubated with 

10 µL of diluted Nile red solution for 5 minutes, and fluorescence was measured using a microplate 

reader (Victor, PerkinElmer, Waltham, MA, USA; excitation 530/25 nm, emission 645/40 nm). The 

fluorescence/concentration calibration curve was generated using phosphatidylcholine standards (R2 

= 0.99). Each sample was analyzed in triplicate, and results are reported as µg of lipids per mg of 

lyosecretome. 

2.3.2.2 Particle size analysis 

The size distribution of EVs contained in the lyosecretome was analyzed using the method described 

in Section 2.2.4.2. In this case, the lyophilized sample was resuspended in ultrapure water at 5 mg/mL 

and diluted 1:100 or 1:1000, as needed, based on instrument feedback. The analysis enabled the 

determination of both the size distribution and the average number of EVs per milligram of 

lyosecretome; this value was subsequently used for the carrier-in-carrier preparation, as described in 

Section 2.4. 

2.4 Preparation and characterization of the carrier-in-carrier systems by sonication 

2.4.1 Preparation of the carrier-in-carrier systems by sonication

Carrier-in-carrier systems were at first prepared using a sonication-based method. Briefly, lyophilized 

SFNs were resuspended in deionized water and sonicated (15 minutes) on ice to disrupt aggregates; 

lyophilized secretome-derived EVs (lyosecretome) were then added at nanoparticle:EV ratios (in 

Page 8 of 39Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



9

particle number, see Sections 2.2.4.2 and 2.3.2.2) of 1:1, 1:2, and 1:3. For the characterization, the 

carrier-in-carrier systems were assembled with MSC-secretome-derived EVs, while for the in vitro 

uptake tests (see Section 2.5) they were also assembled with mesothelioma-secretome-derived EVs. 

To promote carrier-in-carrier formation, the SFN-EV dispersion was subjected to sonication using an 

ultrasonic probe equipped with a 0.25” iron tip at 20% amplitude (Q125 sonicator, QSonica L.L.C, 

Newtown, CT, USA). The procedure consisted of six cycles, each comprising 30 seconds of 

sonication followed by 30 seconds of rest, repeated for 3 minutes, with a 2-minute cooling period on 

ice between cycles. 

2.4.2 Characterization of the carrier-in-carrier systems 

In addition to particle size (see Section 2.2.4.2) and physicochemical properties (see Section 2.2.4.4), 

the carrier-in-carrier systems were characterized as reported below.

2.4.2.1 Confocal microscopy analysis

A total of 90 μL of the carrier-in-carrier system was taken and incubated with 10 μL of Nile red 

solution (prepared as described in section 2.3.2.1) for 5 minutes. Samples were placed on a 

microscope slide and observed using a two-photon confocal microscope (Leica Microsystem, 

Wetzlar, Germany), using different excitation/emission filters to detect silk (Ex 488 nm; Em 500-550 

nm) and the EV lipids labeled with Nile red as described in section 3.3.2 (Ex 543 nm; Em 580-660 

nm).

2.4.2.2 Evaluation of curcumin stability

The stability of free curcumin and curcumin encapsulated in different formulations (SFNs and carrier-

in-carrier) was evaluated over 8 days in deionized water at room temperature as previously reported 

[56]. Briefly, free curcumin, curcumin-loaded SFNs, and carrier-in-carrier systems were dispersed in 

deionized water to achieve a final curcumin concentration of 0.006 mg/mL, and the dispersions were 

incubated at room temperature in the dark. At predetermined time points (0, 1, 2, 3, 6, and 8 days), 

the absorbance of each sample was measured at 420 nm using a spectrophotometer (Beckman Coulter, 

DU 730). Data are reported as the percentage of residual absorbance normalized to the initial value 

(time 0). All experiments were performed in triplicate.

2.4.2.3. In vitro release test

For each batch, the samples (SFNs and the carrier-in-carriers) were dispersed in deionized water and 

placed inside a dialysis membrane with a molecular weight cut-off of 3-5 kDa. The membrane was 
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then immersed in a 50% (v/v) ethanol-water mixture and stirred gently at 37 °C for 3 days. At 

predetermined time intervals, specific aliquots of the release medium were withdrawn, analyzed using 

a spectrophotometer (Beckman Coulter, DU 730), and replaced with fresh medium to maintain sink 

conditions. The curcumin concentration was determined by extrapolating a calibration curve 

constructed from the absorbance measurements of curcumin solutions in 50% (v/v) ethanol in the 

concentration range of 0.5 µg/mL to 20 µg/mL, with a correlation coefficient (R2) of 0.997. The 

cumulative percentage of drug released was calculated based on the total amount of drug initially 

encapsulated in SFNs. All formulations (SFNs-CUR, CC1:1, and CC1:2) were tested simultaneously 

in parallel within the same experimental sessions, under identical conditions and using the same batch 

of release medium; all measurements were performed in triplicate, and the results are reported as 

mean values. 

2.4.2.4. Drug release kinetic study

The mechanism and kinetics of drug release were characterized by fitting in vitro drug release data 

to various kinetic models. 

Higuchi

F(t) = k×t0.5

F(t) = 100×(1-C×exp (-k×t))

where F(t) is the amount of drug released at time t, and k is the release constant. Equation 5 is equation 

2.12 from [57].

Peppas-Sahlin

F(t) = k1×tm + k2×t(2×m)

where F(t) is the amount of drug released at time t, k1  and k2 are, respectively, the diffusion and 

erosion constants, and m is the diffusional exponent indicative of the drug release mechanism. 

Ritger-Peppas

F(t) = k×tn

where F(t) is the amount of drug released at time t, k is the release constant, and n is the release 

exponent, indicative of the drug release mechanism. 

Zero-order 

F(t) = k×t

where F(t) is the amount of drug released at time t, and k is the release constant.

Korsmeyer-Peppas 

F(t) = kKP×tn×Q0
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where F(t) is the amount of drug released at time t, kKP is the release constant, n is the release exponent 

indicative of the drug release mechanism, and Q0 is the initial amount of drug.

2.5 Development of a microfluidic method for the preparation of the carrier-in-carrier systems 

2.5.1 Preparation of the carrier-in-carrier systems by microfluidics 

A microfluidic method for the carrier-in-carrier preparation was developed using a GMP-compliant 

system (Sunshine microfluidic system, Unchained Labs, 4747 Willow Rd, Pleasanton, CA 94588). 

Batches were prepared by flowing an SFN suspension (1 mg/mL) against an aqueous dispersion of 

secretome-derived EVs at two different final lipid concentrations (10 or 100 µg/mL) using the Sunny 

490 Trident T microfluidic chip (Figure S1). Specifically, the nanoparticle suspension was introduced 

into the channel marked by the green arrow to be “wrapped” by the secretome-derived EVs introduced 

in the channel marked by the red arrow. The instrument allows setting the total flow rate (the sum of 

SFN and EV flows) and the flow ratio, expressed as both volumetric and flow ratios. In this study, 

the total flow rate was modulated while maintaining the EV flow rate at or near the maximum allowed 

(10,000 µL/min), and the SFN flow rate was varied according to the ratios reported in Table 1. The 

total flow rate uniquely identifies each experimental condition, since each value corresponds to a 

specific volumetric and flow ratio between SFNs and secretome-derived EVs. 

Table 1. Flow conditions used for the preparation of the carrier-in-carriers with microfluidics. 

Ratio 
Total flow rate 

(µL/min) SFNs EVs

Nanoparticle 

flow rate 

(µL/min)

EV flow rate 

(µL/min)

20,000 1 10,000 10,000

15,000 2 5000 10,000

13,000 3 3250 9750

12,500 4 2500 10,000

12,000 5 2000 10,000

11,000

1

10 1000 10,000

Overall, five experimental groups were prepared (Table 2): two carrier-in-carrier formulations 

containing SFNs (1 mg/mL) embedded in secretome-derived EVs at 10 or 100 µg/mL (CC10 and 

CC100); as controls, secretome-derived EVs were fluxed alone at 10 or 100 µg/mL (EVs 10 and EVs 

100), and SFNs at 1 mg/mL. All samples were prepared or processed under the flow conditions 

described in Table 1. For each condition, three batches were prepared.
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Table 2. Experimental groups and their compositional characteristics. 

Group SFNs EVs
SFN 

concentration

EV 

concentration
Description

CC10 10 µg/mL

CC100
Yes Yes

1 

mg/mL 100 µg/mL

Carrier-in-carrier with 

SFNs and secretome-

derived EVs at 10 or 100 

µg/mL 

EVs 10 10 µg/mL

EVs 

100

No Yes 0
100 µg/mL

Secretome-derived EV-

only control (10 or 100 

µg/mL), no NP

SFNs Yes No
1

mg/mL
0

SFN-only control (1 

mg/mL), no secretome-

derived EV 

2.5.2 Evaluation of effective carrier-in-carrier formation 

The effective formation of carrier-in-carrier systems via microfluidics was confirmed by analyzing 

particle size for each experimental group (Table 2), prepared under the flow conditions indicated in 

Table 1, and by FRET analysis, as detailed below. Each analysis was conducted on three different 

batches.

2.5.2.1 Particle size analysis 

The size distribution of carrier-in-carrier systems was analyzed as described in Section 2.2.4.1. In this 

case, each diluted sample was analyzed either as it is (non-sonicated) or after 5 minutes of sonication 

using an ultrasonic probe with a 0.25” iron tip at 20% amplitude (Q125 sonicator, QSonica L.L.C, 

Newtown, CT, USA). 

2.5.2.2 Fluorescence Resonance Energy Transfer (FRET) 

The experiment was carried out using FRET between SFNs prepared with FITC-labeled fibroin 

(donor, see Section 2.2.3) and Nile red-labeled EVs (acceptor, see Section 2.3.2.1). Fluorescence was 

recorded upon excitation at 478 nm (exc FITC), monitoring emission at 515 nm (FITC) and 620 nm 

(Nile red). Samples were prepared under the flow conditions listed in Table 1 and analyzed as 

summarized in Figure S2. Besides FRET-responsive carrier-in-carrier systems (FITC-SFNs and Nile 

red-labeled EVs), the following control samples were measured under the same conditions: (i) 

secretome-derived EVs alone and carrier-in-carrier systems with non-fluorescent SFNs, with or 
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without Nile red labeling, to establish baseline fluorescence and confirm that direct excitation of Nile 

red at 478 nm was negligible; (ii) FITC-SFNs physically mixed with unlabeled secretome-derived 

EVs (not assembled into carrier-in-carrier systems) to exclude EV-induced quenching of FITC 

fluorescence independent of FRET, such as inner filter effects or collisional quenching; and (iii) 

FITC-SFNs physically mixed with Nile red-labeled secretome-derived EVs (not assembled into 

carrier-in-carrier systems) to exclude FRET unrelated to carrier-in-carrier architecture. For FRET-

responsive samples, FRET efficiency (E) was calculated as follows: 

𝐸 = 1 ―
𝐹𝐷𝐴

𝐹𝐷
× 100

where FD represents the donor fluorescence intensity in the absence of acceptor, and FDA the donor 

fluorescence intensity in the presence of acceptor. FRET efficiency values were also used as a semi-

quantitative proxy for coating completeness, as described in the Results and Discussion section.

2.6 Cellular uptake assay to evaluate cell-specific targeting of the carrier-in-carrier systems 

The cellular uptake of carrier-in-carrier systems produced by the microfluidic method was evaluated 

in healthy (MSC and fibroblasts) and tumor (MISTO mesothelioma) cell lines. In particular, uptake 

studies were performed on selected microfluidic formulations corresponding to SFN/EV ratios of 1:1, 

1:2, and 1:3, prepared at total flow rates of 20,000, 15,000, and 13,000 µL/min, respectively, using 

secretome-derived EVs at 100 µg/mL. These conditions were chosen based on FRET analysis, which 

demonstrated efficient carrier-in-carrier formation under these parameters. Both MSC-derived EVs 

and mesothelioma-derived EVs were employed to generate the corresponding carrier-in-carrier 

systems. In each well of a 96-well plate, 250 µL of cell suspension containing 7500 cells were seeded, 

using cell-specific complete culture media (for MSCs and mesothelioma cells, see Section 2.3.1; for 

fibroblasts: DMEM HG supplemented with 10% v/v fetal bovine serum, 1% v/v 

penicillin/streptomycin, and 1% v/v amphotericin). Cells were incubated at 37 °C and 5% CO2 for 4 

days; thereafter, the culture medium was replaced with serum-free, phenol-red-free medium 

containing SFNs or carrier-in-carrier systems. Samples were dispersed at final SFN component 

concentrations of 0.2 and 0.4 mg/mL and incubated for 30, 60, and 120 minutes. At the end of 

incubation, the media were removed, cells were washed three times with PBS, and cellular 

fluorescence (FITC-labeled fibroin) was measured with a plate reader (Victor Nivo, PerkinElmer, 

Waltham, MA, USA; excitation at 480 nm, emission at 530 nm). Untreated cells were used as 

controls. 

2.7 Statistical analysis 
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Raw data were processed using STATGRAPHICS XVII (Statpoint Technologies, Inc., Warrenton, 

Virginia, USA) or GraphPad Prism (version 10.0.0, GraphPad Software, Boston, MA, USA). 

Statistical analysis was performed using multifactorial analysis of variance (ANOVA) followed by 

the Least Significant Difference (LSD) post hoc test for multiple comparisons. Differences were 

considered statistically significant at p < 0.05.

3. Results and discussion

In recent years, the need to develop and produce drug delivery systems that combine transport and 

selective targeting has become increasingly evident, aiming to minimize side effects while enhancing 

therapeutic efficacy. This challenge is particularly relevant in the framework of precision oncology, 

where treatments are designed to selectively act on tumor cells while sparing healthy tissues. In this 

context, this work focused on a carrier-in-carrier system in which SFNs are coated with the EV 

fraction of a GMP-compliant lyosecretome, aiming to combine the strengths of both nanoparticles 

while overcoming their limitations – for instance, by increasing drug efficacy, reducing off-target 

effects, and enabling advanced tumor-homing strategies for cancer therapy. Specifically, secretome-

derived EVs enable biological recognition and intrinsic targeting, whereas SFNs provide higher drug-

loading capacity and greater physicochemical stability. 

Based on these premises, the objective of this study was threefold: (i) to develop a carrier-in-carrier 

systems by based on SFNs coated with secretome-derived EVs via sonication and to preliminarily 

assess their formation, colloidal stability, protection of the encapsulated active, and drug release; (ii) 

to implement a scalable, GMP-compliant microfluidic encapsulation method for the preparation of 

the carrier-in-carrier system and to confirm its successful formation; and (iii) to validate the proof-

of-concept of EV-coated SFNs as cell-specific nanocarriers by evaluating the uptake of fluorescently 

labeled SFNs encapsulated in mesothelioma- or MSC-secretome-derived EVs produced via the 

microfluidic approach, in tumor versus healthy cell models.

To address the first objective, SFNs were prepared by fibroin desolvation in acetone, in which 

curcumin had been previously solubilized. The process yield was 78.6%, with a curcumin loading of 

6.23 ± 0.91% (w/w) and an encapsulation efficiency of 43.3 ± 7.8%. SEM analysis revealed round-

shaped particles with a tendency to form clusters (Figure S3). EVs were obtained from MSCs and 

MISTO mesothelioma cells as part of a lyosecretome preparation, defined as a freeze-dried 

formulation of the full conditioned medium processed by tangential flow filtration and lyophilization 

in the presence of mannitol. This approach is deliberately designed to retain EVs within their native 

secreted environment, avoiding ultracentrifugation or density gradient steps that compromise vesicle 

integrity and are incompatible with GMP-scale production [54,55,58]. Evidence for the identity of the 
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EV component within both preparations is supported by data from previous publications of our group: 

CD63 and RAB27b expression (Western blot) and NTA size profiling consistent with the small EV 

range (mean diameter ~145 nm) have been reported for mesothelioma-derived preparations using the 

same MISTO cell line and isolation protocol [58], in agreement with the size distributions measured 

in the present study and reported below. Similarly, MSC-derived lyosecretome has been shown to be 

enriched in EV-associated proteins by quantitative proteomic analysis [54]. The resulting 

lyosecretomes exhibited a protein content of 22.4 ± 0.07 µg/mg and a lipid content of 9.69 ± 0.54 

µg/mg powder if derived from MSCs, and a protein content of 23.7 ± 0.23 µg/mg and a lipid content 

of 8.03 ± 2.66 µg/mg powder if derived from mesothelioma cells.

SFNs and secretome-derived EVs were combined in a carrier-in-carrier structure through sonication, 

a method shown to achieve efficient encapsulation without significantly altering the EV composition 

[8,59] (Figure 1A). Specifically, during sonication, ultrasound disrupts EVs through cavitation; upon 

cessation of ultrasound, the phospholipid components rearrange into vesicles that assemble around 

SFNs, acting as nucleation centers [59]. Different SFN-to-EV ratios were tested (1:1, 1:2, and 1:3). 

To verify the actual formation of the carrier-in-carrier system, confocal microscopy analysis was 

performed. For all SFN/EV ratios tested, an overlap of fibroin and Nile red fluorescence was 

observed, indicating co-localization of SFNs and secretome-derived EVs (Figure S4). To elucidate 

the spatial organization of SFNs and secretome-derived EVs relative to one another, regions 

exhibiting fluorescence overlap were analyzed along the Z-plane. Assuming a spherical geometry 

consistent with SFN morphology, the fluorescence pattern showed a recurrent distribution, with red 

fluorescence (EVs) predominating at the lower and upper regions of the system, while green 

fluorescence (SFNs) was more prominent in the central region, surrounded by red signal (Figure 1B, 

supplementary Video S1). This distribution across the Z-stack is consistent with the spatial 

association of SFNs and secretome-derived EVs within the carrier-in-carrier system, although it 

should be noted that – given the particles fall below the lateral resolution limit of conventional 

confocal microscopy – these patterns reflect ensemble co-localization within diffraction-limited 

volumes rather than direct visualization of discrete carrier-in-carrier architecture consistent with 

membrane association.

For SFNs, NTA measurements confirmed a mean hydrodynamic diameter of 183.6 ± 5.3 nm, with a 

size distribution spanning from 130 nm (d10) to ~255 nm (d90) (Figure 1C), consistent with previous 

reports [60-62]. For secretome-derived EVs from both MSCs and mesothelioma cells, the size 

distribution analysis showed a mean hydrodynamic diameter of 182.8 ± 4.9 nm and 162.2 ± 4.9 nm, 

respectively. This is consistent with the typical size range of small EVs, with a broad distribution 

extending up to 250 nm (Figure 1C). NTA measurements confirmed changes in particle size and 
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distribution following the formation of the carrier-in-carrier system, resulting in a more 

homogeneous, dispersed system with a smaller average particle size than in the single-carrier 

formulation, likely due to partial disaggregation of SFN clusters during assembly.

The samples were also characterized for their physico-chemical properties (Figure 1D). For SFNs, 

ATR-FTIR analysis showed that fibroin, the main constituent of SFNs and the carrier-in-carrier 

system, exists in its stable conformation (crystalline conformation, Silk II), characterized by a high 

content of β-sheets. Indeed, FTIR analyses allowed the identification of β-sheets in the spectral region 

of Amide I (around 1620 cm-1, CO), Amide II (around 1520 cm-1, NH + CN), and Amide III (around 

1230 cm-1, CN + NH). An amide A signal is present in the high-frequency region at 3277 cm-1 (NH) 

(Figure 1D, black line). The typical absorption bands of curcumin appear at 1626 cm-1 (CO + CC) 

and 1505 cm-1, associated with the stretching vibration of conjugated C=O. Furthermore, signals at 

1272 cm-1 and 1150 cm-1 are attributed to the stretching vibrations of the Csp3-O and Csp2-O bonds, 

respectively. Ring stretching modes give rise to bands at 1603 cm-1 as well as in the 1460-1410 cm-1 

region. At high frequencies, the signal at 3506 cm-1 is associated with the stretching mode of H-

bonded OH groups. (Figure 1D, red line). Although the IR spectrum of SFNs loaded with curcumin 

(Figure 1D, green line) is dominated by the characteristic bands of fibroin (Amide I, Amide II and 

Amide III bands), the contribution of curcumin absorption bands can be mainly identified by the 

increase in the relative intensity of Amide II band with respect Amide I band, thanks to the 

contribution of the C=O stretching band expected at 1505 cm-1. At lower frequencies, weak signals 

in the 1200-900 cm-1 range, indicated with an asterisk, are associated with curcumin too. In the FITR 

spectrum of secretome-derived EVs (Figure S5), the identification of typical absorption of secretome 

constituents is not straightforward due to the intense contributions of the cryoprotectant’s vibrational 

bands. It has to be considered that the percentage of cryoprotectant (mannitol) reaches 99%, while 

only 1% consists of EV’s typical phospholipids. As a consequence, typical signals from EVs cannot 

be unambiguously identified. Nevertheless, the presence of the components of the secretome-derived 

EVs is testified by the modifications of the mannitol spectrum in the vCH region (3000-2800 cm-1), 

in the 1500-1300 cm-1 region, where deformations of CH2 and CH3 groups can be found, and in the 

lower frequencies region, where fundamental vibrations of phospholipids are usually present. In the 

carrier-in-carrier samples (figure 1 D, blue curve), beside expected contributions form fibroin (Amide 

A, Amide I, Amide II and Amide III bands), signals clearly associated with secretome-derived EVs 

arise, such as bands at 1743 cm-1 (vC=O in esters), 1454 cm-1 and complex set of bands in the 1400-

1300 cm-1 range (CH2/CH3) along with increased intensity of CH2 and CH3 stretching signals (2950-

2900 cm-1). No significant differences were observed between the IR spectra of carrier-in-carrier 

batches prepared with different SFN/EV ratios (Figure S6).
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The colloidal stability of the carrier-in-carrier system was investigated by measuring particle size 

over time and comparing it with that of SFNs and secretome-derived EVs alone (Figure 1E). The 

mean diameter of SFNs showed a marked variation over time, with an initial decrease during the first 

three days, followed by a sharp increase at day 15 (likely indicative of aggregation) and a subsequent 

reduction. Secretome-derived EVs displayed stable diameters up to day 20, followed by a moderate 

increase, possibly due to lipid bilayer fusion or aggregation. In contrast, the carrier-in-carrier systems 

maintained a consistent mean diameter (165-180 nm) throughout the study, indicating a stabilizing 

effect of the secretome-derived EV coating. Similar temporal trends were observed for the mode, d10, 

and d50 parameters: SFNs underwent alternating aggregation and disaggregation phases, while 

secretome-derived EVs remained stable until day 20; in all the carrier-in-carrier systems, these 

parameters remained statistically unchanged over time and across different SFN/EV ratios. The 

analysis of d90 values showed instead that secretome-derived EVs reached up to 300 nm, the carrier-

in-carrier systems occupied an intermediate range (~230 nm), and SFNs remained between 200 and 

250 nm. Importantly, the stability characteristics of the carrier-in-carrier system were not significantly 

dependent on the SFN/EV ratio, as even the 1:1 ratio yielded a homogeneous, stable structure over 

time. Overall, the stability of the carrier-in-carrier particle size over time – showing no aggregation 

or disaggregation phenomena compared to secretome-derived EVs and SFNs alone – indicates the 

homogeneity of the nanoparticle coating process with EVs and corroborates the findings from 

confocal analysis: since all SFNs were coated with secretome-derived EVs following carrier-in-

carrier formation, the resulting population was less prone to aggregation or disassembly. This 

behavior can likely be attributed to the mechanical barrier provided by the EV lipid layer, which 

prevented particle-particle adhesion. 

The protective capacity of the formulated carrier-in-carrier system against curcumin degradation was 

evaluated by monitoring over time the residual absorbance of curcumin – either free, encapsulated in 

SFNs, or incorporated in the carrier-in-carrier systems. Figure 1F shows the percentage of residual 

absorbance normalized to the initial value at time 0 (100%). Free, unencapsulated curcumin exhibited 

significant degradation within the first day, dropping to 40% residual absorbance and further 

declining to 20% by day 8. This is consistent with previous findings reporting curcumin instability in 

water, which leads to rapid hydrolysis and subsequent molecular fragmentation [63]; more 

specifically, Wang et al. reported that 90% of curcumin degraded within 30 minutes in phosphate 

buffer at pH 7.4, forming products such as trans-6-(4’-hydroxy-3’-methoxyphenyl)-2,4-dioxo-5-

hexenal, ferulic aldehyde, ferulic acid, feruloylmethane, and vanillin [64]. Encapsulation improved 

the curcumin stability: SFNs loaded with curcumin retained 50% of absorbance on day 1, with the 

absorbance remaining constant thereafter. The carrier-in-carrier formulations provided even greater 
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protection: following an initial 40-45% loss on day 1, residual curcumin stabilized at 55-60% over 

time, with no significant changes at later points. Notably, the SFN/EV 1:1 formulation offered 

superior protection during the first three days; by days 6 and 8, protection levels of both carrier-in-

carrier formulations were comparable. Overall, these results suggest that the developed carrier-in-

carrier system effectively shields curcumin from hydrolytic degradation, enhancing its potential for 

therapeutic application.

The release profile of curcumin (Figure 1G) revealed that coating SFNs with secretome-derived EVs 

markedly slowed down the drug release, indicating that the EV membrane is an additional diffusion 

barrier. Fitting of the release data to kinetic models (Table 3) showed that release from both SFNs 

and carrier-in-carrier systems involves contributions of both diffusion and case-II relaxation 

mechanisms. The Peppas-Sahlin model indicates that the relaxation-controlled term (k2) is the 

dominant contribution across all formulations, while the diffusive term (k1) is negative and of smaller 

absolute magnitude – a feature that reflects the opposing contribution of the diffusive term in the early 

release phase within β-sheet-rich silk fibroin matrices [57], and is statistically robust as confirmed by 

the 95% confidence bounds reported in Table 3. Independently, the Ritger-Peppas model yields 

release exponents n of 0.40-0.47 across all formulations, indicative of anomalous (non-Fickian) 

transport consistent with the coexistence of diffusion and relaxation mechanisms. The difference 

between the m coefficient from the Peppas-Sahlin model and the n exponent from the Ritger-Peppas 

equation further supports this interpretation. Overall, the slower release observed in the carrier-in-

carrier systems is primarily attributable to the EV membrane decreasing the diffusion rate of 

curcumin, while the internal SFN matrix retains its intrinsic relaxation-controlled contribution. 

Importantly, comparison of the cumulative release plateaus indicates that the total releasable fraction 

of curcumin is preserved upon secretome-derived EV coating, suggesting no significant drug loss 

during the sonication-based assembly process.
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Figure 1. Preparation and characterization of the carrier-in-carrier by sonication. (A) 

Schematic illustration of the formation of the carrier-in-carrier system by sonication. (B) Confocal 

fluorescence analysis (Z-stack) of the carrier-in-carrier system: SFNs are green, and secretome-

derived EVs are red (marked with Nile red). Scale bar: 10 μm. The image reflects ensemble co-

localization of SFN and secretome-derived EV fluorescence within the detection volume rather than 

a resolved single-particle core-shell architecture. (C) Particle size of carrier-in-carrier samples 

prepared via sonication. Data are reported as mean values ± standard deviation; Multifactor ANOVA 

followed by LSD post-hoc, n = 5. Different letters indicate a significant difference (p < 0.05), whereas 

the same letter indicates a non-significant difference (p > 0.05). (D) ATR-FTIR spectra of SFNs 

(black line), curcumin (red line), curcumin-loaded SFNs (green line), secretome-derived EVs (gray 

line), and the carrier-in-carriers prepared with a 1:1 SFN/EV ratio (blue curve). (E) Colloidal stability 

of SFNs, secretome-derived EVs, and the carrier-in-carrier systems in PBS at 4 °C. Data are reported 

as mean values ± standard deviation; Multifactor ANOVA followed by LSD post-hoc, n = 5. Different 

letters indicate a significant difference (p < 0.05), whereas the same letter indicates a non-significant 

difference (p > 0.05). (F) Residual curcumin absorbance % across different formulations (curcumin 

in solution, CUR; curcumin encapsulated in SFNs, SFNs-CUR; and curcumin encapsulated in the 

carrier-in-carrier system prepared with SFN/EV ratios of 1:1, CC1:1, and 1:2, CC1:2) as a function 

of time. Data are reported as mean value ± standard deviation; Multifactor ANOVA followed by LSD 

post-hoc, n = 3. Different letters indicate a significant difference (p < 0.05), whereas the same letter 

indicates a non-significant difference (p > 0.05). (G) Cumulative release % of curcumin from 

nanoparticles (SFNs-CUR) and from the carrier-in-carrier system prepared with SFN/EV ratios of 

1:1, CC1:1, and 1:2, CC1:2. Data are reported as mean values ± standard deviation, Multifactor 

ANOVA followed by LSD post-hoc, n = 3.

Table 3. Results of in vitro release model fitting for curcumin release from samples. Kinetic 

elaborations were performed on the cumulative release data obtained from at least three independent 

experiments for each batch.

Model Equation Sample Coefficients 

(95% Confidence 

Bounds)

Sum of 

Squares

R2 Degrees of 

Freedom

SFNs-

CUR

k = 0.1141

(0.1001, 0.1281)

0.3096 0.8729 21Higuchi F(t) = k × t0.5

CC1 k = 0.02318 0.004738 0.9395 21
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(0.02145, 

0.02490)

CC2 k = 0.02819

(0.02609, 

0.03029)

0.006998 0.9422 21

SFNs-

CUR

C = 0.9988

(0.9978, 0.9997)

k = 0.0001262

(9.31×10-5, 

1.610×10-4)

0.6298 0.7414 22

CC1 C = 0.9997

(0.9995, 0.9998)

k = 0..00002348

(1.811×10-5, 

2.886×10-5)

0.01518 0.8062 22

F(t) = 100 × 

(1 − C × exp 
(−k × t))

CC2 C = 0.9996

(0.9994, 0.9998)

k = 0.00002892

(2.197×10-5, 

3.588×10-5)

0.02539 0.7904 22

SFNs-

CUR

k1 = -0.6428

(-3.144, 0.02945)

k2 = 0.7357

(0.001771, 3.247)

m = 0.1155

(0.04033, 0.2542)

0.2526 0.8963 22Peppas-

Sahlin

F(t) = k1 × tm 

+ k2 × t(2 × m)

CC1 k1 = -0.1543

(-0.3333, -

0.05877)

k2 = 0.1837

(0.08927, 0.3633)

m = 0.09326

(0.05893, 0.1372)

0.001416 0.9819 22
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CC2 k1 = -0.2009

(-0.4018, -

0.08935)

k2 = 0.2334

(0.1232, 0.4349)

m = 0.09315

(0.06126, 0.1323)

0.0021 0.9827 22

SFNs-

CUR

k = 0.1295

(0.07846, 0.1891)

n = 0.4654

(0.3612, 0.5946)

0.304 0.8752 22

CC1 k = 0.003349

(0.02781, 

0.03944)

n = 0.3984

(0.3528, 0.4485)

0.002622 0.9665 22

Ritger-

Peppas

F(t) = k × tn

CC2 k = 0.0389

(0.03167, 

0.04656)

n = 0.4113

(0.3616, 0.4663)

0.004575 0.9622 22

SFNs-

CUR

k = 0.01504

(0.01172, 

0.01835)

0.8727 0.6416 22

CC1 k = 0.003011

(0.002373, 

0.003648)

0.03227 0.5881 22

Zero-order F(t) = k × t

CC2 k = 0.003658

(0.002878, 

0.004438)

0.0483 0.6012 22

Korsmeyer-

Peppas

F(t) = kKP × tn 

× Q0

SFNs-

CUR

kKP = 0.1295

(0.07846, 0.1891)

n = 0.4654

0.304 0.8752 22
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(0.3612, 0.5946)

CC1 kKP = 0.03349

(0.02781, 

0.03944)

n = 0.3984

(0.3528, 0.4485)

0.002622 0.9665 22

CC2 kKP = 0.0389

(0.03167, 

0.04656)

n = 0.4113

(0.3616, 0.4663)

0.004575 0.9622 22

The sonication experiments described above served as an exploratory proof-of-concept phase, 

establishing that carrier-in-carrier formation is achievable, that secretome-derived EV coating confers 

colloidal stability and curcumin protection, and that the assembled system produces a sustained, 

diffusion-controlled release profile. Having validated the concept at this preliminary stage, the 

production method was subsequently translated to a GMP-compliant microfluidic approach (Figure 

2A). The two methods are therefore not parallel alternatives but sequential stages in the development 

of the platform: sonication for concept validation, microfluidics for translatable production. 

Compared to sonication, the microfluidic approach offers full and continuous control over process 

parameters (flow rate, volumetric ratio), intrinsic scalability through continuous flow processing, and 

compatibility with pharmaceutical manufacturing standards. Additionally, the lower mechanical 

stress associated with microfluidic processing is expected to be compatible with improved 

preservation of drug content during assembly compared to probe sonication.

In the microfluidic setup, SFNs and secretome-derived EVs were co-flowed at defined ratios and flow 

rates within the microfluidic chip. Unlike the sonication method, in which the SFN-to-EV ratio was 

defined by particle number, the microfluidic process was based on mass, quantifying secretome-

derived EVs as µg of lipid. This enabled precise and reproducible control of formulation parameters 

in accordance with pharmaceutical manufacturing standards. The concentration of SFNs was 

maintained at 1 mg/mL, while EV lipid concentrations of 10 and 100 µg/mL were tested to identify 

the optimal condition for complete nanoparticle surface coating. Experiments were conducted under 

different flow regimes (µL/min) to evaluate the effect of hydrodynamic conditions on carrier-in-

carrier formation. In detail, the total flow rate was adjusted while maintaining the EV flow near the 
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upper operational limit (10,000 µL/min), and the nanoparticle flow was proportionally reduced to 

achieve the desired ratios. Carrier-in-carrier formation was verified by NTA and FRET assays.

The NTA analysis (Figure 2B) assessed particle size distributions to determine whether the carrier-

in-carrier systems exhibited distinct particle sizes compared to their single components (SFNs or 

secretome-derived EVs). The statistical analysis confirmed a significant effect of both the sample 

(p<0.001) and the flow rate (p<0.001). For each sample, the trends of mean diameter, mode, d10, and 

d50 as a function of flow rate were consistent. SFNs showed a significant increase in size when 

processed at flow rates of 13,000 μL/min or higher, suggesting aggregation. For instance, the mean 

diameter of SFNs processed at 11,000, 12,000, and 12,500 μL/min did not differ significantly, 

whereas it was significantly smaller compared to SFNs processed at 13,000, 15,000, and 20,000 

μL/min. The only exception was d90, which did not vary significantly with flow rate. A similar trend 

was observed for the carrier-in-carrier systems: both the carrier-in-carrier prepared with secretome-

derived EVs at 10 and 100 μg/mL showed significant increases in d10, d50, mean, and mode as the 

total flow increased, while d90 values remained unchanged. For example, in the batches prepared with 

secretome-derived EVs at 10 μg/mL, the values of d10, d50, mean, and mode at 11,000, 12,000, and 

12,500 μL/min were significantly lower compared to those at 15,000 and 20,000 μL/min. For the 

carrier-in-carrier systems prepared with secretome-derived EVs at 100 μg/mL, this difference was 

sometimes less pronounced and in some cases non-significant; for instance, no significant difference 

was observed between d90 at 13,000 μL/min and 15,000 μL/min. Overall, increasing the EV lipid 

concentration (from 10 to 100 μg/mL) altered the size of the carrier-in-carrier systems: the system 

prepared with secretome-derived EVs at 10 μg/mL showed a particle size trend resembling that of 

SFNs, while the one prepared with secretome-derived EVs at 100 μg/mL displayed values closer, 

though still significantly different, to those of EVs alone. Samples consisting solely of secretome-

derived EVs showed either stable or significantly reduced particle size with increasing flow. 

Collectively, the particle size profiles of the carrier-in-carrier systems differed from those of SFNs or 

secretome-derived EVs alone, particularly at 13,000, 15,000, and 20,000 μL/min, suggesting a 

different component organization compatible with the formation of carrier-in-carrier architectures. 

Across all samples, d90-d10, which is indicative of the width of the particle size distribution (higher 

values equal greater heterogeneity in dimensions), did not vary significantly with flow rate, except 

for secretome-derived EVs at 100 μg/mL and 13,000 μL/min, which showed marked heterogeneity. 

The effect of sonication on particle size was then assessed to gain insights into stability (Figure 2C). 

Sonication had a generally significant impact on particle size (p<0.001). Specifically, for secretome-

derived EVs and the carrier-in-carrier systems prepared with secretome-derived EVs at 100 μg/mL, 

the sonication led to a significant increase in mean diameter, mode, median, and all percentile 
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diameters. In contrast, in SFNs and in carrier-in-carrier systems preparations with secretome-derived 

EVs at 10 μg/mL, sonication either had no effect or, when significant, reduced particle size. For 

example, in these two systems, sonication decreased mean, mode, and d50, and significantly reduced 

d90 in batches prepared with secretome-derived EVs at 10 μg/mL, while d10 remained largely 

unaffected. With respect to d90-d10, sonication was generally non-significant, except for the carrier-

in-carrier systems prepared with secretome-derived EVs at 10 μg/mL, where particle populations 

became more homogeneous.
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Figure 2. Preparation and characterization of the carrier-in-carrier systems by microfluidics. 

(A) Schematic illustration of the formation of the carrier-in-carrier by microfluidics. (B) Particle size 

of the carrier-in-carriers samples prepared via microfluidics, or of SFNs and secretome-derived EVs 

processed with the same flow conditions used for the preparation of the carrier-in-carriers. The mean 

diameter, mode, d10, d50, d90, and d90-d10 are reported for each group as a function of total flow rate. 

Data are reported as mean value  LSD; Multifactor ANOVA followed by LSD post-hoc, n=3. 

Different letters indicate significant differences (p<0.05), while the same letter indicates non-

significant differences (p>0.05). (C) Effect of sonication on particle size of samples prepared by 

microfluidics. The mean diameter, mode, d10, d50, d90, and d90-d10 are reported for each group as a 

function of total flow rate. * indicate significant differences (p<0.05). Data are reported as mean value 

 LSD; Multifactor ANOVA followed by LSD post-hoc, n=3. (D) Emission spectra of fluorescent 

SFNs alone (green line) or of carrier-in-carrier containing fluorescent SFNs with Nile red labeling 

(red line).

FRET analyses provided further confirmation of the spatial organization of components and correct 

carrier-in-carrier assembly. Control samples (secretome-derived EV only or carrier-in-carrier with 

non-fluorescent SFNs) excited at 478 nm showed no significant emission at 620 nm, as expected 

(Figure S7, green line). Nile red addition produced only weak fluorescence (peak intensities of 5 CPS 

for EV and 7 CPS for non-fluorescent carrier-in-carrier), confirming negligible direct excitation of 

Nile red at 478 nm (red line). As a further control to exclude any possible FRET in the absence of 

carrier-in-carrier architectures, FITC-SFNs were physically mixed with Nile red-labeled secretome-

derived EVs without microfluidic assembly; this condition showed no significant emission above the 

baseline established by the EV-only controls (Figure S8), demonstrating that the mere physical co-

presence of donor- and acceptor-labeled components in dispersion – without the spatial proximity 

achieved through microfluidic assembly – is insufficient to generate a FRET signal. Together, these 

controls confirmed that, in the absence of specific donor-acceptor interactions, no acceptor 

fluorescence was detected upon donor excitation, excluding potential artifacts from direct acceptor 

excitation, inner filter effects, or non-specific quenching. In contrast, carrier-in-carriers containing 

FITC-SFNs enabled Nile red excitation through FRET, yielding markedly higher emission intensities 

(~500 CPS) (Figure 2D), confirming efficient energy transfer and therefore nanoscale proximity 

between SFNs and secretome-derived EV membranes. FRET efficiency (E%) was then calculated for 

all carrier-in-carriers prepared with fluorescent nanoparticles and secretome-derived EV (10 or 100 

μg/mL), under the flow conditions reported in Table 1; results are summarized in Table 4. 
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Table 4. FRET efficiency of carrier-in-carriers prepared with FITC-SFNs and secretome-derived EVs 

(10 or 100 μg/mL), under specific flow conditions. FDA: donor fluorescence in the presence of 

acceptor; FD: donor fluorescence without acceptor. 

RatioTotal flow rate 

(µL/min) SFNs EVs

EV concentration 

(µg/mL)
FD FDA E%

20,000 1 2467.59 1577.13 36.09

15,000 2 5251.77 3781.54 27.99

13,000 3 3388.52 2509.49 25.94

12,500 4 380.76 395.62 -3.90

12,000 5 303.87 337.59 -11.1

11,000

1

10

10

0 0 0

20,000 1 2414.34 1467.95 39.20

15,000 2 5104.41 3536.78 30.71

13,000 3 3057.71 1938.19 36.61

12,500 4 3064.73 1940.02 36.70

12,000 5 291.31 193.99 33.41

11,000

1

10

100

105.57 189.90 -79.3

Many samples exhibited high FRET efficiencies indicative of effective energy transfer – for instance, 

39.20% at 20,000 µL/min with 100 µg/mL of secretome-derived EVs. For samples prepared with 10 

µg/mL of secretome-derived EVs, high efficiency was maintained down to 13,000 µL/min, below 

which carrier-in-carrier formation appeared incomplete; with 100 µg/mL of secretome-derived EVs, 

efficient assembly was achieved at flow rates as low as 12,000 µL/min. This behavior is consistent 

with lipid availability: at low lipid concentrations, high flow rates are required for uniform SFN 

surface coverage, whereas higher lipid concentrations allow assembly at lower flow rates. In general, 

higher flow rates favored more robust carrier-in-carrier formation.

These findings also correlate with particle size data: as previously noted, the carrier-in-carrier samples 

displayed distinct size distributions compared to SFNs or secretome-derived EVs alone, particularly 

at 13,000, 15,000, and 20,000 μL/min, supporting the formation of carrier-in-carrier architectures at 

these flow conditions.

The ensemble FRET efficiency values in Table 4 also provide semi-quantitative information on 

coating completeness. In a polydisperse ensemble, uncoated SFNs contribute their full unquenched 

donor fluorescence, diluting the observed E% in proportion to their abundance. Assuming a single-

particle FRET efficiency of ~60% for fully coated SFNs (conservative estimate for donor-acceptor 
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separation of ~5 nm, consistent with the Förster radius of the FITC/Nile red pair), the observed 

ensemble E% values of 26-39% imply that at least 43-65% of SFNs are in nanometric contact with 

secretome-derived EV membranes – a conservative lower bound, since partially coated SFNs also 

contribute partial quenching. These data indicate substantial EV-SFN association under the tested 

conditions, though direct single-particle quantification by two-color NTA would provide a more 

rigorous measure and remains an important goal for future work.

Finally, in the cellular uptake study, microfluidically engineered carrier-in-carrier systems were 

compared with uncoated SFNs to assess selective internalization by healthy and tumor cells. Uptake 

was quantified by fluorimetric analysis across all experimental conditions, as this approach allows 

robust statistical comparison across multiple cell types, EV sources, SFN/EV ratios, and 

concentrations. The uptake of all samples was concentration- and time-dependent (Figure 3A and 3B, 

respectively; p<0.05). For SFNs, internalization was significantly higher in fibroblasts and 

mesothelioma cells than in MSCs, reaching high levels but showing no selectivity for a particular cell 

type. This indicates that, in the absence of the EV coating, SFNs lack selective targeting ability, as 

expected. In contrast, coating with secretome-derived EVs modified the internalization pattern, 

conferring cell-type specificity (Figure 3C and D). For MSC-derived carrier-in-carriers (CCMSC), 

uptake was significantly higher in healthy cells (MSC and fibroblasts) than in tumor cells. In 

particular, MSCs showed the highest uptake for the 1:1 ratio (CCMSC1), while less balanced ratios 

(1:2 and 1:3; CCMSC2 and CCMSC3) resulted in reduced internalization. This finding suggests that 

an optimal ligand density is crucial for efficient receptor-ligand interactions, whereas deviations may 

lead to steric hindrance or aggregation, thereby reducing recognition and uptake efficiency. In 

fibroblasts, no significant differences were observed among CCMSC1, CCMSC2, and CCMSC3, 

indicating that uptake is influenced by both the carrier’s physicochemical characteristics and the 

specific cell phenotype. Conversely, in tumor cells, the opposite trend was observed: uptake was 

minimal for MSC-derived carrier-in-carriers – significantly lower than for SFNs, likely reflecting the 

absence of specific recognition motifs for mesothelioma surface receptors – while it was maximal for 

tumor-derived carrier-in-carriers, consistent with preferential homologous uptake mediated by 

mesothelioma-specific secretome-derived EV surface proteins. The source-dependent reversal of the 

uptake preference – MSC-secretome-derived EVs favoring healthy cells, mesothelioma-secretome-

derived EVs favoring tumor cells – strongly suggests that the observed differential internalization 

reflects genuine biological recognition rather than non-specific variation in endocytic activity, 

consistent with the framework proposed by Muhandiram & Fazeli [15], who distinguish between EV 

uptake specificity and functional specificity. 
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Proteomic data from previous publications of our group allow us to propose specific molecular 

candidates underlying this cell-type-specific recognition. For mesothelioma-secretome-derived EVs, 

the proteomic characterization reported in Pinton et al. [58] identified several surface-associated 

proteins directly relevant to homologous tumor targeting. Mesothelin (MSLN, FC=2 relative to 

untreated controls) is a GPI-anchored glycoprotein highly expressed on mesothelioma cell surfaces 

that mediates cell-cell adhesion through interaction with MUC16/CA125 [65]; its presence on EV 

membranes would be expected to facilitate docking and preferential uptake by MSLN-expressing 

mesothelioma cells. Inter-alpha-trypsin inhibitor heavy chains H2 and H4 (ITIH2, ITIH4) participate 

in hyaluronan-mediated ECM organization and contribute to tumor microenvironment remodeling 

[66], potentially facilitating EV retention in the tumor milieu; SPARC modulates cell-matrix 

interactions [67] and may influence EV-cell contact efficiency; TIMP-2 regulates MMP activity at the 

cell surface and participates in integrin-mediated outside-in signaling [68]. Collectively, these proteins 

suggest a cooperative targeting mechanism in which integrin-dependent internalization – the primary 

driver of EV organotropism as established by Hoshino et al. [69] and Fuentes et al. [70] – is reinforced 

by tumor-specific adhesion modules present on the mesothelioma EV surface, creating a dual-

recognition system that selectively favors uptake by homologous tumor cells over healthy 

counterparts. For MSC-secretome-derived EVs, the lyosecretome proteome characterized in Bari et 

al. [54] is enriched in ECM-associated and adhesion proteins, including fibronectin (FN1), multiple 

collagen chains (COL6A1, COL6A2, COL6A3, COL1A1, COL1A2), SPARC, TIMP1, TIMP2, 

thrombospondin-1 (THBS1), and vitronectin (VTN) – well-established ligands for integrins 

preferentially expressed on mesenchymal and stromal cells. Fibronectin engages α5β1 and αvβ3 

integrins [71]; vitronectin and thrombospondin-1 are canonical αvβ3 ligands [72]; collagen chains are 

recognized by α1β1 and α2β1 integrins [73]. MSCs and fibroblasts – the healthy cell types showing 

preferential CCMSC uptake in our study – constitutively express these integrin repertoires as part of 

their mesenchymal identity. We acknowledge that these mechanistic proposals are inferential, derived 

from proteomic profiles of the EV source cells rather than from direct functional experiments on the 

carrier-in-carrier systems themselves; formal demonstration of receptor-mediated internalization 

would require competition assays with integrin-blocking antibodies, receptor knockdown or knockout 

approaches, and low-temperature uptake experiments to distinguish active endocytosis from passive 

membrane fusion. The observed selectivity – while mechanistically inferred rather than proven at the 

molecular level – is nonetheless functionally robust, as demonstrated by the consistent and 

statistically significant differential uptake pattern across three SFN/EV ratios and two EV sources.

While the present study does not include a direct assessment of therapeutic efficacy, the translational 

significance of the observed uptake selectivity is supported by prior work from our group 
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demonstrating that internalization of drug-loaded SFNs translates into functional intracellular cargo 

delivery and cytotoxic activity. For example, Pirota et al. [74] showed that cRGD-functionalized SFNs 

loaded with a potent naphthalene diimide (NDI) derivative achieved selective tumor cell killing 

through integrin-mediated uptake in cancer cells overexpressing αvβ3/αvβ5 integrins, demonstrating 

that SFN internalization is coupled to effective intracellular drug release and biological activity. 

Similarly, Bari et al. [30] demonstrated uptake-dependent functional delivery of an immunogenic 

cargo from SFNs in a cancer immunotherapy context. In the present carrier-in-carrier system, the EV 

coating superimposes a layer of biological specificity onto this established SFN delivery mechanism: 

mesothelioma-derived EVs dramatically enhance uptake selectively in homologous tumor cells 

(Figure 3C), while simultaneously reducing internalization in healthy cells relative to uncoated SFNs. 

In the present carrier-in-carrier system, the secretome-derived EV coating superimposes a layer of 

biological specificity onto this established SFN delivery mechanism, providing a strong preclinical 

rationale for tumor-selective drug delivery with reduced off-target effects.

Figure 3. In vitro cell uptake to demonstrate cell-specificity of the carrier-in-carrier systems. 

(A) Cellular uptake as a function of the sample concentration. Multifactor ANOVA, mean ± standard 

deviation, n=3. (B) Cellular uptake as a function of the time of incubation. Data are reported as mean 
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± standard deviation; Multifactor ANOVA followed by LSD post-hoc, n=3. (C) Cellular fluorescence 

resulting from uptake of SFNs or microfluidically produced carrier-in-carriers prepared with MSC-

secretome-derived EVs (CCMSC1, CCMSC2, CCMSC3) or mesothelioma-secretome-derived EVs 

(CCMes1, CCMes2, CCMes3) at SFN/EV ratios of 1:1, 1:2, and 1:3, respectively. Different letters 

indicate significant differences (p<0.05), while the same letter indicates non-significant differences 

(p>0.05). Data are reported as mean ± LSD; Multifactor ANOVA followed by LSD post-hoc, n=3. 

(D) Schematic representation of the selective uptake of carrier-in-carriers prepared using MSC- or 

mesothelioma-secretome-derived EVs.

4. Conclusions

This work demonstrates the development of a carrier-in-carrier system combining SFNs and 

secretome-derived EVs for targeted drug delivery. The EV coating enhanced colloidal stability, 

protected the encapsulated curcumin (used as a model lipophilic drug) from degradation, and enabled 

sustained, diffusion-controlled release. The sonication approach served as an essential proof-of-

concept phase that validated the carrier-in-carrier architecture and its functional properties before 

translation to a GMP-compliant microfluidic process, which offers full parameter control, intrinsic 

scalability, and a wider accessible formulation space. NTA analysis confirmed the formation of 

uniform, stable complexes with tunable size distributions, while FRET assays verified nanoscale 

proximity between SFNs and secretome-derived EVs, confirming correct structural assembly. 

Finally, EV-coated carrier-in-carriers demonstrated precise, cell-type-specific uptake in vitro: MSC-

secretome-derived EVs drove preferential internalization in healthy cells, whereas tumor-secretome-

derived EVs promoted selective uptake in homologous tumor cells. The molecular basis for this 

selectivity is supported by proteomic evidence from previous characterizations of both EV sources, 

which identify ECM-binding proteins and mesenchymal integrin ligands in MSC-derived 

preparations and tumor-specific adhesion molecules – including mesothelin, ITIH2/H4, SPARC, and 

TIMP-2 – in mesothelioma-derived EVs; however, direct functional validation of these mechanisms 

through receptor-blocking or genetic approaches remains an important goal for future work. These 

results establish EV-based carriers as a versatile platform for precision oncology, maximizing 

therapeutic efficacy while minimizing off-target effects.
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