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Abstract 
 

Bioactive molecules are a cluster of natural or synthetic compounds, which modu-

late actions in the body promoting good health. Furthermore, they have been ap-

plied in the prevention of cancer, heart disease, and other diseases for their antiox-

idant, anti-inflammatory, anti-microbial, anti-cancer properties. Among them, 

many are hydrophobic or poorly soluble nutrients, such as phenolic compounds, ca-

rotenoids, essential oils, essential fatty acids, insoluble peptides, and vitamins. 

Their low water solubility is the limiting factor for their use in both nutraceutical 

and pharmacological industries. In fact, drugs with poor water solubility show a 

slower absorption rate, which can lead to inadequate bioavailability making the 

drug ineffective. Furthermore, hydrophobic molecules can also be used as bio-

probe for imaging purpose. Narrow bandwidth emissions and large Stokes shifts 

make lanthanide complexes interesting as versatile molecular probes of biological 

systems. Nevertheless, they are not widely used for imaging purpose since their 

luminescence is completely quenched in aqueous environment.  

 In this scenario, nanoencapsulation through the use of polymeric nanoparticles 

(NPs ) could be an effective solution to improve solubility and protection of the 

insoluble payload with consequent increase in bioavailability and action. Poly lac-

tic-co-glycolic acid (PLGA) is a synthetic copolymer of lactic acid and glycolic 

acid of remarkable interest for potential applications in biomedicine; indeed, for its 

biodegradability and biocompatibility, it has been approved for human use both by 

Food and Drug Administration (FDA) and European Medicine Agency (EMA). In 

this thesis, we want to give several proofs of concept about the huge potentiality of 

PLGA nanoparticles in medical purpose. We used single emulsion methos (O/W) 

to encapsulate natural bioactive molecules producing planted-derived PLGA 

nanocarriers enabling anti-inflammatory and antioxidant activity when the polyphe-

nol Oxyresveratrol has been incorporated into PLGA NPs. Moreover, an osteogenic 

promoting action has been observed when PLGA NPs have been embedded with 

Fisetin (a natural flavonoid). 
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Since PLGA can deliver more than one payload simultaneously, we also produced 

PLGA nanoassemblies able to combine antibacterial activity with physical treat-

ments (such as magnetic and photothermic hyperthermia). Finally, we exploited the 

shielding properties of PLGA to preserve the luminescence of NIR-emitting lantha-

nide complexes in aqueous environment. Therefore, we produced a NIR-CPL probe 

based on PLGA for bioassay imaging. 

To summarise, during the past three years we were able to use PLGA encapsulation 

technology to make natural or synthetic compounds bioavailable, even if naturally 

water insoluble, and use the loaded nanomaterials in in-vitro experiments assessing 

the activity of the encapsulated material, paving the way for their application in in-

vivo tests and eventual use in nanomedicine. 
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Introduction 
 

1. Improving bioavailability of insoluble payloads 
 

Natural or synthetic compounds which modulate actions in the body promoting 

good health are defined as bioactive molecules (figure 1). Furthermore, their role 

has also been studied across different fields in the prevention of cancer, heart dis-

ease, and other diseases for their beneficial antioxidant, anti-inflammatory, anti-

microbial, anti-cancer properties.1 Among them, many are hydrophobic or poorly 

soluble nutrients such as phenolic compounds, carotenoids, essential oils, essential 

fatty acids, insoluble peptides and vitamins2. The low water solubility is the limiting 

factor for their use in both nutraceutical and pharmacological industries. 1–3 Solu-

bility is a parameter that most influences the concentration of a drug in the systemic 

circulation to achieve the desired pharmacological response. Drugs with poor water 

solubility show a slower absorption rate, which can lead to inadequate bioavailabil-

ity making the drug ineffective.4,5 Around ~60% of all the active pharmaceutical 

ingredients (API) are administered almost exclusively orally. The popularity of the 

oral route administration is related with the high patient compliance, especially in 

cases of chronic diseases.6,7  

 

 
Figure 1. Several beneficial properties of natural bioactive hydrophobic molecules8. 
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Furthermore, hydrophobic compounds can also be used as bio probe for imaging 

purpose. In this scenario, narrow bandwidth emissions and large Stokes shifts 

makes lanthanides complexes interesting as versatile molecular probes of biological 

systems9,10. Despite, lanthanide-based probes can be adopted to improve detection 

sensitivity and imaging depth, they are not widely utilized for biological imaging. 

Lanthanides fluorescence intensity depends not only on the efficacy of energy trans-

fer from the antenna to the donor (antenna effect) but also on the presence of non-

radiative quenching phenomena11. Unfortunately, in aqueous medium lanthanide 

fluorescence is reduced by the presence of an alternative pathway to dissipate the 

excited state in the form of vibrational energy transfer to water molecules; this phe-

nomenon is called multiphonon relaxation (figure 2)11,12. 

 

 
Figure 2. (a) Schematic representation of the antenna effect, and (b) Jablonski diagram of the an-

tenna effect (solid arrows) together with competing energy transitions (dashed arrows). Abs: absorb-

ance; IC: internal conversion; Fluor: fluorescence; ISC: intersystem crossing; Phos: phosphores-

cence; ET: energy transfer; EbT: energy back-transfer; Lum: luminescence.  

https://encyclopedia.pub/entry/history/compare_revision/31497  
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Therefore, improving the bioavailability and protection to exploit the multiple pos-

sibilities of insoluble molecules, opens new possible uses of these compounds in 

healthcare industries. 
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2. Encapsulation technologies  
 

Besides low solubility and poor bioavailability, the application of bioactive com-

pounds is also greatly limited by their chemical instability and susceptibility to ox-

idative degradation. Encapsulation consists in coating molecules of interest with 

protective material to prepare nano and micro formulations able to enhance their 

beneficial properties 13.  From one side, encapsulation can enhance biomolecules 

health-promoting and anti-disease activities by improving water solubility, while 

from the other side, it can preserve payloads from environmental stresses 14,15 In 

pharmaceutical and food industries, nano and micro scale particles are widely used 

to preserve bioactive compounds (micronutrients, polyphenols, carotenoids, pep-

tide etc.) by improving physical stability and shelf life 14,16,17. The size range that 

distinguishes nanoparticles from microparticles has not yet been clarified and is 

subject to debate18. To simplify, we will refer to nanoencapsulation as all methods 

to produce particles in the 10-1000 nm, and to microencapsulation as those produc-

ing particles 3-8 μm according to Rossi et al. statement19. Table 1 resumes the com-

mon features and the difference between the two encapsulation methods. Despite 

both methods share the ability to protect payloads as well as to enhance bioavaila-

bility, it is important to distinguish some differences. 

 

Micro-encapsulation is used to mask unpleasant flavor of micronutrients like essen-

tial oils, polyphenols and so on 13. Prolonged release is required in tissue recon-

struction to promote healing on the damage site, thus, microparticles have been used 

in bone regeneration providing sustained release of growth factors for several days 

or weeks 20. Additionally, micro-encapsulation technologies represent a potential 

tool in tissue engineering and regenerative medicine since microparticles can be 

designed to produce scaffold and to delivery living cells to the target 21.  

 

Nano-encapsulation is suitable for precision medicine and in those applications like 

cancer therapy, in which increasing the targeting accuracy is required to avoid side 

effects22. Additionally, nanoparticles show an enhanced cellular uptake increasing 
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the effectiveness of the drug even at lower dosage23. Thanks to the smaller and the 

narrow size distribution, nanoparticles can be designed to overcome complex bio-

logical barriers (such as the Blood–Brain Barrier (BBB)) by directly crossing the 

physiochemical barriers and improving therapeutic indices22. Hirano et al24  have 

designed a PLGA based nanocarrier (~200 nm) for improving the penetration of  

ketamine through the Blood–Brain Barrier (BBB).  25 

 
Table 1. Comparison between Micro-encapsulation and Nano-encapsulation. 

 

Micro-encapsulation Nano-encapsulation 

I. Protection of bioactive compounds 

II. Controlling release profile 

III. Increase chemical-physical stability 

and extend shelf life  

IV. Increase bioavailability 

I. Protection of bioactive compounds 

II. Controlling release profile 

III. increase physical stability and ex-

tend shelf life  

IV. Increase bioavailability 

V. Improvement of flow properties 

VI. Masking the unwanted flavors 

VII. Prolonged release 

 

V. Create narrow distribution and in-

crease the surface area  

VI. Increase targeting accuracy and 

promote passage through fenes-

trated cells 

VII. Enhance intracellular uptake  

VIII. Enhanced permeability effect 

(EPR) 

 

 

Therefore, encapsulation plays a crucial role to preserve as well as enhance the 

functionality of bioactive molecules.  
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3. The “Nano” in medicine 
 

The interest of nanotechnology in medicine has arisen for many reasons: 

 

I. Difficulties associated to bioactive compounds with poor intrinsic sol-

ubility 

II. Pathogen drug resistance conditions due to chronic use 

III. Increase in cases of undesirable effects due to the non-achievement of 

the therapeutic concentration 

 

These drawbacks can be overcome by using nanoencapsulation technologies, which 

is the design and the production of nanoparticles (generally less than 1000 nm) used 

as carrier to add or improve properties to biological active compounds 26,27. Thus, 

we refer to Nanomedicine as the application of nanotechnology to achieve innova-

tion in healthcare28,29. Interestingly, at the nano-scale, the surface-to-volume ratio 

increase dramatically, adding new physical chemical properties compared to the 

bulk-scale30.  

 

Drug delivery through nanotechnology could enhance efficacy by reducing the dos-

age and providing active-targeting to the site of interest 31: this means that the drug 

can reach the suitable concentration in situ reducing adverse effects. Moreover, na-

noparticles can reach several grades of complexity enabling the possibilities of 

combining physical treatment with chemotherapy. This strategy allows the use of 

chemotherapy agents at lower doses with benefits not only in reducing side effects 

but also in avoiding the development of a condition called multidrug resistance 

(MDR) which leads in most cases to therapy failure32–34. Jabalera et al developed a 

nanoassembly showing at lower dosage anti-tumor activity close to free doxorubi-

cin when hyperthermia was combined with the chemotherapy 35. Liposomes, nano-

crystals, micelles, nanospheres and nanocapsules, solid lipid nanoparticles (SLNs) 

and nano-lipid carriers (NLCs) have all been used in attempts to improve the side 
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effect profile of APIs by targeting drug delivery and enhanced stability by shielding 

APIs from the harsh, gastrointestinal tract (GIT) 36. 

 

The choice of the “building blocks” is critical for nanocarrier optimization and usu-

ally these are the guidelines to follow for an effective design: 

 

I. Characteristics of bioactive agents like size, solubility, charge etc. 

I. Safety and effectiveness of the drug-carrier complex 

II. Route of administration 

 

For applications in humans, it is evident that the fundamental parameter to be sat-

isfied is biocompatibility. Biocompatibility is the ability of a material to perform its 

desired function without causing any local or systemic adverse response. Addition-

ally, the biocompatible property is mostly influenced by the materials employed, 

the site and duration of exposure, and to the host. Therefore, it is necessary to test 

the effects of the interaction between nanocarriers and biological systems in a wide 

spectrum, ranging from cytotoxicity tests and immune responses caused by excep-

tional events such as cell priming36–38.  
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4. Drug delivery systems 
 

Nanoparticles widely used for precision medicine can be grouped into three main 

classes: lipid-based, polymeric, inorganic.  

 

Inorganic nanoparticles (INPs) are prepared with extreme precision by modulating 

structure and shape adapting physico-chemical properties to the desired application. 

For instance, different drug release profiles can be obtained controlling the pore 

size of porous in silica nanoparticles39. Furthermore, INPs can operate as 

theranostic, imaging and photothermal agents thank to the physico-chemical fea-

tures. Gold nanoparticles are often used for the diagnosis and photothermal treat-

ment of tumours 40. Among the FDA-approved inorganic nanomedicines, most are 

magnetic iron oxide NPs possessing superparamagnetic properties. They have been 

employed as contrast agents, drug delivery vehicles, and thermal-based thera-

pies41,42. Despite the numerous advantages, these nanoparticles are biocompatible 

but not biodegradable. Consequently, bioaccumulation could trigger to undesirable 

effects.43  

 

Due to the similar morphology to cellular membrane, Liposomes are widely em-

ployed as delivery system representing a huge part of the FDA-approved nanomed-

icines 44,45. They consist of phospholipids which can form unilamellar and multila-

mellar vesicular structure allowing to transport hydrophilic compounds inside the 

vesicle and lipophilic drugs in the phospholipid’s bilayer, even simultaneously. Lip-

osomes are easy to prepare and biodegradable with very low toxicity: they provide 

sustained or controlled release, protection of drugs from degradation, superior ther-

apeutic effects.46 Nevertheless, they show low Encapsulation Efficiency (EE) which 

increase the manufacturing cost since a considerable amount of drug is lost. Addi-

tionally, for clinical application liposome-based delivery system requires further 

modification to extend the circulation time since they are rapidly absorbed by the 

reticuloendothelial system47,48. Surface modifications of liposome represent draw-

backs in scaling up procedure and they also could affect the EE. Lipid nanoparticles 
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(LNPs) are another sub-class of lipid-based delivery system with tuneable matrix 

core that differs from the vesicular structure of liposomes. They are mainly em-

ployed in nucleic acid delivery, however, LNP systems are still limited by low drug 

loading and biodistribution 48,49. 

 

Polymeric nanoparticles (PNPs) are the third class of nanocarriers commonly em-

ployed in medicine: they are biodegradable, easy to fabricate, low toxic to the hu-

man body and cost effective. Compared to lipid-based NPs, PNPs dramatically in-

crease the EE and the preparation method allow more reproducibility with a narrow-

size distribution of nanoparticles 50–52. Additionally, they have improved stability 

and cargo retention efficiency useful to stimulate immune response in vaccination. 

PNPs are also cost-effectiveness and some of the preparation methods, such as mi-

crofluidics and nanoprecipitation, are suitable to scale up compared to those of the 

lipid-based NPs. 50,53Payloads can be encapsulated within the core, trapped in the 

polymer matrix, chemically conjugated to the polymer, or bound to the surface. 

This enables the precise modulation of the drug release profile. Various therapeutic 

substances including hydrophobic and hydrophilic compounds, as well as cargoes 

with different molecular weights can be delivered. Additionally, PNPs are ideal in 

co-delivery applications. PNPs can be produced as nanocapsules in which the inner 

core is divided by a polymeric bilayer called polymerosome, or as nanospheres con-

sisting of polymeric matrices or highly branched structures (dendrimers).42,54  
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5. PLGA the “golden” standard 
 

Among all the nanocarriers, the polymeric polylactic-co-glycolic acid (PLGA) has 

shown tremendous advantages by adding innovation in the pharmaceutical industry, 

especially as a drug delivery system55,56. Poly lactic-co-glycolic acid is a synthetic 

biodegradable copolymer of lactic acid (LA) and glycolic (GA) acid. In 1989, Lu-

pron® Depot was the first drug delivery system based on PLGA microspheres ap-

proved by the Food and Drug Administration (FDA) and used in the treatment of 

prostate cancer56.   

 

Interestingly, its degradation rate can be modulated by regulating the LA/GA ratio 

of PLGA, leading to a sustained drug release profile that reduces harmful side ef-

fects and improves patient compliance50. Additionally, it is also approved by the 

European Medicine Agency (EMA) as drug delivery system for parenteral admin-

istration and used as component of biodegradable sutures55. PLGA is degraded by 

spontaneous hydrolysis when resuspended in an aqueous environment and its by-

products are completely metabolized by Krebs cycles. Furthermore, due to its ad-

justable degradation rate through variation of its monomer ratios or molecular 

weights, PLGA is widely used as scaffolding materials for regenerative medicine 

and control drug release in the field of precision therapy57. The “erosion” of PLGA 

nanostructure in water environment is the mechanism driving the release of the drug. 

Depending on the location of the payload different release patterns can be modu-

lated. For example, when the cargo is on the surface of PLGA NP a "burst release" 

occurs while the cargo within it is released over an extended time. The scenario 

where part of the payload is on the surface and the other fraction is within the pol-

ymer matrix leads to sustained release.58 

Moreover, the ability to protect the payload and to modulate the physicochemical 

proprieties with the synthesis and functionalization, make PLGA a versatile mate-

rial for multiple applications in medicine 59. Surface of PLGA NPs can be function-

alized with ligands, such as antibodies, aptamers, peptides, or small molecules, that 
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for instance can recognize tumor-specific antigens, to provide an active targeting 

towards specific organs or cells60,61.  

 

In summary, the benefits added by using PLGA nanoparticles are: 

 

I. Achieving target site and reducing the toxicity of bioactive agents, using a 

biodegradable non-toxic polymer 

II. Enhancing the solubility of drugs which are hydrophobic by nature 

III. Shielding the active molecule from degradation by the environment 

IV. Control on drug release rate 

V. Delivering drugs through biological barriers such as blood-brain barrier and 

tight epithelial junctions 

 

PLGA is suitable for delivering more than one payload finding application in 

theranostics and dual treatments. For instance, Edurne Luque-Michel et al.  co-en-

capsulated Doxorubicin with SPIONs (Superparamagnetic iron oxide nanoparticles) 

in PLGA, to monitor the treatment in real time by Magnetic Resonance Imaging 62.  
 

PLGA nanoparticles with precise physico-chemical properties can be prepared 

changing parameters such as temperature, pH, concentration, organic solvent, pol-

ymer weight, ratio, surfactant, of the method employed; among several methods, 

single emulsion oil/water (O/W) is suitable to encapsulate hydrophobic payload in 

PLGA NPs. Briefly, the polymer is dissolved in an organic phase (e.g., acetone, 

dichloromethane) and emulsified under stirring in an aqueous solution in presence 

of a surfactant (i.e., polyvinyl alcohol, sodium dodecyl sulphate) which is used to 

stabilize nano-scale PLGA particles avoiding aggregation phenomenon63,64. Then, 

the emulsion is usually left under stirring to favour organic solvent evaporation. 

This method allows to encapsulation of hydrophobic molecules simply dissolving 

them in the organic phase with the polymer. The Nanoparticles obtained are ap-

proximately 150-200 nm with long-circulating time since they should be able to 
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avoid fast clearance by the reticuloendothelial system 65 and the rapid elimination 

through the kidneys66. 

A simpler method used to obtain smaller PLGA nanoparticles encapsulating hydro-

phobic payloads (>100 nm) is nanoprecipitation67,68. On the contrary of the single 

emulsion method, this is a one-step procedure in which nanoparticles are instanta-

neously generated and it can be easily scaled up. The method requires addition of 

two phases: the “solvent” is the organic phase in which the polymer and the drug 

are dissolved, while the “anti-solvent” is the aqueous phase. Nanoparticles are 

formed by mixing the solvent and the anti-solvent, to increase the supersaturation 

condition69.  

 

 

 
Figure 3. Two-step, Single Emulsion Evaporation method (A)70; one-step Nanoprecipitation71. 

 

 
In the following chapters we optimized the parameters for producing PLGA nano-

particles suitable for delivering small molecules like plant-derived bioactive, for the 

first time tested in this context,and NIR-bioprobes.  

 

We also gave a proof of concept in adapting PLGA Nanoparticle protocols for as-

sembling multifunctional Nanoplatform. 

 

A B
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PLGA Nanotechnology 
 
 
 

Oxyresveratrol Inhibits R848-Induced Pro-Inflammatory Me-

diators Release by Human Dendritic Cells Even When Em-

bedded in PLGA Nanoparticles 
 
 
 
 

 
 

Gaglio, S.C et al. Molecules 2021, 26, 2106, https://doi.org/10.3390/molecules26082106  
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1.1 Aim 
 

The administration of nanostructures to patients is sometimes hampered by possible 

undesirable effects related to intrinsic defense mechanism activation: nanoparticles 

interacting with immune cells, such as Dendritic Cells (DCs), can cause their acti-

vation and consequently adverse effects such as inflammation or allergy 72. Ox-

yresveratrol, a stilbene extracted from the plant Artocarpus lakoocha Roxb, has 

been reported to provide a considerable anti-inflammatory activity. Thus, we inves-

tigated whether the interaction with PLGA particles produced a DC response and 

whether the insertion of an anti-inflammatory molecules such as oxyresveratrol was 

able to downregulate inflammatory cytokine expression. 
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1.2 Introduction  
 

Dendritic cells (DCs) play a fundamental role in regulating both inflammatory and 

adaptive immune response. DCs undergo a process of maturation which enables 

them to present antigens to lymphocytes activating the specific immune response 
73–75. Mature DCs produce chemical mediators that modulate the adaptive immune 

reaction and the inflammatory process against pathogen microorganisms and cancer 

cells. IL-12 is a fundamental cytokine activating natural killer cells and T lympho-

cytes 76,77, while IL-6 and TNF-α are involved in the induction of the systemic acute 

phase reaction characterized by fever, headache, changes in the sleep-wake cycle, 

anorexia, nausea and emesis 78,79.  Švajger et al80  demonstrated the anti-inflamma-

tory activity of the polyphenol resveratrol, when dendritic cells have been treated 

in the differentiation phase. The cells showed a reduction in expression of inflam-

matory molecules, such as IL-12 and an increased secretion of the immunosuppres-

sive cytokine IL-10. 

 

Oxyresveratrol is a polyphenol extracted from Artocarpus lakoocha Roxb. heart-

wood, a plant known in Thai as ‘Ma-Haad’ and used in traditional medicine 81; 

compared to resveratrol, it has an additional OH- group which should increase the 

biological effect. The anti-inflammatory effect of oxy-resveratrol is mainly at-

tributed to the downregulation of pro-inflammatory cytokine production 82–85As far 

as we know, no investigations have been made on the effect of oxyresveratrol on 

the functional activity of human DCs, which play an essential role in activation of 

inflammation and immune reaction 73–75. We found that oxyresveratrol did not elicit 

per se the release of these cytokines, but inhibited their secretion induced upon DC 

stimulation. To verify the anti-inflammatory activity of the polyphenol inside na-

noparticles, empty and oxyresveratrol-loaded PLGA nanoparticles were prepared.  

From one side, empty nanoparticles did not elicit cytokine secretion in resting DCs, 

from the other side they increased IL-12, IL-6, and TNF-α secretion in R848-stim-

ulated DCs, an event known as “priming effect”. 
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1.3 Experimental Section 
 

Material. RPMI 1640 and low-endotoxin FBS were obtained from Lonza (Walk-

ersville, MD, USA). Recombinant human GM-CSF and human IL-4 were pur-

chased from Miltenyi Biotec (Bergisch Gladbach, Germany); Flow cytometric anal-

ysis was performed using the following mouse anti-human antibodies: CD83 

(HB15e) and CD1a (HI149) (Becton Dickinson, San Jose, CA, USA); CD80 

(2D10), CD86 (T2.2), HLA-DR (L243) and CD14 (M5E2) (Biolegend, San Diego, 

CA, USA). PLGA (poly[DL-lactide-co-glycolide] 50:50 lactide-glycolide ratio, 

CAS 26780-50-7), PVA (poly[vinyl alcohol], CAS 9002-89-5), Acetone (≥99% pu-

rity, 1.00013), Dimethyl sulfoxide (DMSO, ≥99% purity D-5879), Oxyresveratrol 

(≥97% purity, 91211) were purchased from Sigma-Aldrich, (St. Louis, MO, USA). 

 

Preparation of PLGA nanoparticles. The protocol used to produce PLGA nano-

particles loading oxyresveratrol is based on the single emulsion-evaporation 

method, under sterile conditions at 20 °C 86. 10 mg of the polymer and 5 mM (1.22 

mg) of oxyresveratrol from Artocarpus lakoocha heartwood were co-dissolved in 1 

mL of organic solvent (95% Acetone and 5% DMSO); the obtained organic phase 

was added dropwise under stirring (2000 RPM) to 10 mL of 1% polyvinyl alcohol 

(PVA) aqueous solution and left overnight to evaporate the organic phase. After-

wards, the preparation was pelleted at 4 °C 11,000 rpm for 20 min (Eppendorf Cen-

trifuge 5804R) and nanoparticles were collected and washed twice with 10 mL of 

Milli-Q water. Finally, purified nanoparticles were re-suspended in 1 mL of phos-

phate buffer saline solution pH 7.4 for the subsequent analysis and storage at 4 °C, 

otherwise freeze-dried. Empty PLGA nanoparticles were prepared with the same 

protocol avoiding the addiction of oxyresveratrol to the organic phase. 

 

Size and ζ-potential characterization. Size and ζ-potential of PLGA nanoparticles 

were estimated at 25 °C using a Nano Zeta Sizer ZS (ZEN3600, Malvern Instru-

ments, Malvern, Worcestershire, UK). Before performing the analysis, samples 

were diluted 10 times from the stock solutions in PBS for size determination and 
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into in 10 mM NaClO4 pH 7.5 for ζ-Potential measurements; data were collected in 

triplicate and analyzed by the ZetaSizer software (version 7.10). 

To further support DLS data, a Nanosight tracking analysis was performed on 

PLGA[Oxy] NPs and empty PLGA nanoparticles (Malvern NanoSight NS300, 

Malvern Panalytical Ltd, Malvern, UK). Due to the high concentration, each sample 

was diluted 5000 times in PBS; 1498 frames divided in 3 runs of 60 s were recorded 

at camera level of 13 and the analysis were performed with a detection threshold in 

the range 5–7. Finally, the number of particles/mL was estimated as well. Moreover, 

pictures by atomic force microscopy of both nanoparticle types were acquired: 20 

μL of each sample (prepared as in the above section) were loaded on a bracket cov-

ered by inert mica surface. After 20 min for solvent evaporation, the analysis was 

performed using a NT-MDT Solver Pro atomic force microscope (Moscow, Russia) 

with NT-MDT NSG01 golden coated silicon tip in semi contact mode with different 

scanning frequencies (3–1 Hz) to produce optimized AFM images. The microscope 

was calibrated by a calibration grating (TGQ1 from NT-MDT) to reduce nonline-

arity and hysteresis in the measurements. Finally, images were processed with the 

Scanning Probe Image Processor (SPIPTM) program (Image Metrology ApS, ver-

sion 5.13, Lyngby, Denmark) and a statistical study was performed to compare re-

sults to DLS and Nanosight data. 

 

Spectroscopic Studies, Encapsulation Efficiency and Release Evaluation. To 

assess the presence of oxyresveratrol inside our nanoparticles the emission pattern 

was recorded upon excitation at 335 nm, the absorption wavelength of the polyphe-

nol, by using a Jasco Spectrofluorometer FP-8200 (Easton, MD, USA). 

To quantify the amount of the entrapped oxyresveratrol (Encapsulation Efficiency), 

a direct method was used. PLGA[Oxy] NPs were dissolved in DMSO and the ob-

tained solution was analyzed using a calibration curve (Figure 4). Encapsulation 

efficiency was estimated using the following Equation (1): 

 

(1)		𝐸𝐸(%) =
𝑂𝑥𝑦𝑅!"#$%$
𝑂𝑥𝑦𝑅&%$

	𝑋	100 
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To confirm these data, a second method has been employed as well: waste super-

natants from the nanoparticle preparation were collected and analyzed by compar-

ing data to a second calibration curve obtained in Milli-Q water (Figure 4). The 

value of loaded oxyresveratrol (OxyRloaded) was indirectly estimated by the follow-

ing Equations (2) and (3) and finally EE was calculated as described above. 

 

(2)		𝑂𝑥𝑦𝑅!"#$%$ = 𝑂𝑥𝑦𝑅&%$ − 𝑂𝑥𝑦𝑅!"'( 

(3)	𝑂𝑥𝑦𝑅!"#$%$ = 𝑂𝑥𝑦𝑅')*%+,#(#,( + 𝑂𝑥𝑦𝑅-#'./ + 𝑂𝑥𝑦𝑅-#'.0 

 

 
Figure 4. Calibration curve for oxyresveratrol in DMSO (left). Calibration curve for oxyresveratrol 

in aqueous solution (right). 

 

To assess the ability of the nanoparticles to retain oxyresveratrol over the time, a 

release study was performed in 1 mL of PBS pH 7.4 at 4 and 37 °C. Samples were 

collected at different time intervals and replaced with an equal volume of media to 

maintain the sink condition. The released OxyR was quantified using a calibration 

curve obtained by UV-Visible spectroscopy at 335 nm. 

 

Dendritic cells (DCs) culture. After written informed consent and upon approval 

of the ethical committee (Prot. N. 5626, 2 February 2012; Prot. n. 57182, 16 Octo-

ber 2019), buffy coats from the venous blood of normal healthy volunteers were 

obtained from the Blood Transfusion Centre of the University of Verona. Peripheral 

blood mononuclear cells were isolated by Ficoll-Hypaque and Percoll (GE 

Healthcare Life Science) density gradients and used as a source for 
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immunomagnetic isolation of CD14-positive cells (Miltenyi Biotec GmbH). The 

purity of CD14+ cells was always greater than 98%, as determined by flow cytom-

etry. To generate immature DCs, monocytes were cultured at 37 °C, 5% CO2 at 1 × 

106/mL in 6-well tissue culture plates (Greiner, Nurtingen, Germany) in RPMI-

1640 supplemented with 10% FBS (<0.5 EU/mL; Sigma-Aldrich, (St. Louis, MO, 

USA), 2 mM l-glutamine, 50 ng/mL GM-CSF and 20 ng/mL IL-4. After 5 days, 

non-adherent immature DCs were harvested and characterized by flow cytometry 

as CD1ahigh, CD80−, CD83−, CD86low and HLA-DRlow. To induce cytokine re-

lease, DCs were stimulated for 24 h with 5 μM R848 (Invivogen). 

 

Quantification of Cytokine Production. ELISA development kits purchased from 

Mabtech (Nacka Strand, Sweden) were used to assay the protein levels of IL-12 

(p70) (range 6–600 pg/mL), IL-6 (range 10–1000 pg/mL) and TNF-α (range 4–400 

pg/mL) in the cell culture supernatant, according to the manufacturer’s instructions. 

Briefly, DCs resting or activated with 5 µM R848 were treated with oxyresveratrol 

alone or encapsulated in PLGA nanoparticles, or with corresponding amounts of 

bare PLGA particles for 24 h, and then the supernatants were collected. Several 

dilutions of each supernatant were incubated for 2 h at room temperature protected 

from the light in appropriate assay plates (EIA/RIA Plate, 96 Well Half Area, Flat 

Bottom, High Binding purchased from Corning (Corning, NY, USA)) previously 

coated overnight at 4 °C with 50 μL/well Capture Antibody and then blocked by 

addition of 100 μL/well Assay Diluent for 1 h at RT. Supernatants were discarded 

and Detection Antibody (50 μL/well) was added. After 1 h incubation at RT, Avi-

din-HRP (50 μL/well, 30 min) and subsequently Substrate Solution (50 μL/well, 15 

min), were added. The reaction was stopped with Stop Solution. Every step of the 

above procedure was followed by appropriate plate washes. The plates were read at 

450 nm with Victor3 1420 Multilabel Counter PerkinElmer. A standard curve was 

prepared by serial dilution of standards and used for determining the cytokine con-

centrations in supernatants. 
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Cell Viability Evaluation. Cell viability was assessed using the Cell Proliferation 

Reagent WST-1 assay (Roche Diagnostics GmbH, Mannheim, Germany) according 

to the manufacturer’s instructions. DCs resting or activated with R848 were treated 

with oxyresveratrol alone or encapsulated in PLGA nanoparticles, or with corre-

sponding amounts of bare PLGA particles for 24 h. After treatment, cell supernatant 

was removed and 50 µL of pre-warmed fresh complete medium were added to the 

cells and to 3 empty wells (Blank). A 2× WST solution was freshly prepared by 

dilution of the 10× WST reagent in the complete medium and a volume of 50 μL 

was dispensed in the wells and blank. The plate was incubated for 60 min. The 

absorbance (OD) of the samples was measured using a Victor3 multilabel reader 

(PerkinElmer, Shelton, CT, USA) at 450 nm. 

 

Statistical analysis. Data are expressed as means + SD. Statistical analyses, includ-

ing two-way ANOVA followed by Bonferroni post-test, were performed with 

GraphPad Prism 5 (GraphPad Software, Inc., San Diego, CA, USA). 

 

All the in vitro experiment has been performed thanks to Prof Dusi’s Lab, 

Department of Medicine, Section of General Pathology 

All the AFM experiments were performed thanks to the equipment provided 

by prof. Alessandro Romeo, Department of Biotechnology LAPS (Laboratory 

for Photovoltaics and Solid State Physics)  
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1.4 Results  
 

1.4.1 Physico-chemical characterization 
 

The aim of the investigation was to assess whether oxy-resveratrol alone or encap-

sulated into polymeric nanoparticles would modulate the release of proinflamma-

tory cytokines by human DCs. Firstly, we prepared PLGA nanoparticles loaded 

with oxyresveratrol via single emulsion evaporation method. Thus, we obtained 

PLGA nanoparticles embedding oxyresveratrol showing a diameter quite similar to 

the one of empty nanoparticles, with an average size of 169.6 ± 3.5 and a polydis-

persity index (PDI) of 0.06 ± 0.02. The encapsulation of oxy-resveratrol did not 

affect the size and size-distribution of the nanoparticles, but rather it made the ζ-

potential less negative (−7.1 ± 0.5 mV) than the one of empty nanoparticles (−9.6 

± 0.4  mV) (Table 2); despite this slight difference, oxy-resveratrol loaded nanopar-

ticles showed a good colloidal stability as well. The encapsulation efficiency for 

these nanoparticles was found to be close to 45% ± SD (43.75 ± 3.1 % and 45.47 ± 

4.55 % calculated by the direct and the indirect approach); very similar values, 

within the experimental error, were obtained using a direct method, based on the 

quantification of the oxyresveratrol loaded on the nanoparticles, and with the indi-

rect method, where the bound fraction was estimated as the difference between the 

total amount added in the reaction buffer and the unloaded fraction still remaining 

after the reaction and the two sequent washing steps.  

 
Table 2. Dynamic light scattering and ζ-potential data of unloaded (Empty PLGA) and oxyresvera-

trol-loaded (PLGA[Oxy]) nanoparticles. The results are expressed as the mean value ± SD of three 

independent measures on three replica samples. 

 

Nanoformulation Particles size (nm) Polydispersity Index ζ-potential 

(ml) 

Empty PLGA 

PLGA[Oxy] 

170.2 ± 2.5 

169.6 ± 3.5 

0.05 ± 0.04 

0.06 ± 0.02 

−9.6 ± 0.4 

−7.1 ± 0.5 
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Figure 5. AFM image of a single oxyresveratrol-loaded PLGA nanoparticle with a resolution 

of 2.5x2.5 um (A). Image of several single loaded nanoparticles and an aggregate with a reso-

lution of 20X20 um (B). The images were collected in intermittent mode. 

 

Nanotracking and atomic force microscopy (AFM) analysis were also performed to 

further investigate the size distribution. Figure 5 shows nanoparticles with spherical 

shape; moreover, even if the techniques were based on different physico-chemical 

properties, data obtained by the three methods (table 3) are in agreement and in the 

same order of magnitude.  
 

Table 3. Comparison between DLS, AFM and Nanosight tracking analysis data for empty and 

oxyresveratrol-loaded nanoparticles. 

 

Nanformulation Z-average  

(nm) 

Peak number 

(nm) 

AFM diameter* 

(nm) 

NTA distribution 

(nm) 

Empty PLGA 

PLGA(Oxy) 

170.2 ± 2.5 

169.6 ± 3.5 

148.3 ± 43.0 

140.5 ± 42.9 

165 ± 34.5 

171.0 ± 58.7 

140.8 ± 25.0 

139.3 ± 26.7 

*The statistical analysis was performed over a population major than 100 particles using SPIPTM 

statistical tool. 

 

In addition, Nanosight diagram confirmed the monodispersed trend observed by 

dynamic light scattering (figure 6). 

A B
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Figure 6. Comparison between DLS (A) and NTA (B) diagram. All the experiments were per-

formed in triplicate. 

  

A B

A B
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1.4.2 Spectroscopy studies 
 

The presence of oxyresveratrol in the PLGA nanoformulation was assessed by flu-

orescence spectroscopy. Figure 7a shows the emission pattern of loaded and empty 

nanoparticles: upon excitation at 335 nm, oxyresveratrol loaded nanoparticles ex-

hibited a fluorescence spectrum different than the one shown by empty nanoparti-

cles. Figure 7b illustrates that the emission peak close to 410–420 nm of oxyresvera-

trol encapsulated in PLGA nanoparticles overlapped the emission spectrum of the 

free polyphenol in DMSO, and both these data are indicative of effective entrap-

ment of oxyresveratrol into PLGA nanoparticles. The observed red-shift trend was 

probably due to an interaction with the hydrophobic part of the polymer that could 

affect the emission pattern.  

 

 

 
Figure 7. (A) Emission spectra of empty PLGA nanoparticles (black line) and oxyresveratrol-

loaded PLGA nanoparticles (red line) collected in phosphate buffer saline pH 7.4. (B) Overlap-

ping between free oxyresveratrol emission pattern in DMSO (grey line) and oxyresveratrol en-

capsulated in PLGA nanoparticles (red line) in phosphate buffer saline pH 7.4. 

  

A B
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1.4.3 Release pattern 
 

Finally, we investigated whether PLGA nanoparticles released oxyresveratrol at 

various time points and temperatures (4 and 37 °C) by UV-Visible spectroscopy to 

understand the release profile over time in preserving conditions (4 °C) and at the 

temperature used during the interaction with DCs. We found that oxyresveratrol-

loaded nanoparticles exhibited an initial burst release in the first four hours with a 

sustained trend in the next 28 h, reaching a value of 64% in 32 h (figure 8). As 

expected, the trends at different temperatures were similar, even if the increase in 

temperature led to a curve with an enhanced slope. 

 
 

 

Figure 8. Oxyresveratrol release by PLGA nanoparticles: average cumulative data at 4 °C (blue 

bars) and 37 °C (orange bars) in phosphate buffer saline pH 7.4; each sample was collected at 

the indicated time points. Data were acquired in triplicate and are expressed as the mean value 

± SD. 
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1.4.4 In vitro studies 
 

PLGA is a safety polymer, FDA approved for application in drug delivery55. Nev-

ertheless, to exclude any toxic effects we assessed whether oxyresveratrol embed-

ding PLGA nanoparticles would affect the DC viability. To mimic viral infection 

condition, we also challenged the cells with R848, a molecule binding the toll like 

receptors TLR7 and TLR8 87,88. Instead, interaction between nanostructure and cells 

could change in presence of inflammation or viral infection 72. For this purpose, 

DCs were treated with oxyresveratrol-loaded PLGA nanoparticles and compared to 

empty nanoparticles and free oxyresveratrol in absence or presence of R848. 50 or 

100 μM were selected as concentrations for dosing the polyphenol. Figure 9 shows 

DC cells with viability close to 100% when treated with empty and loaded NPs, 

while a slight alteration was observed in the case of free oxyresveratrol. 

 

 

Figure 9. Effects of free oxyresveratrol and oxyresveratrol-bearing PLGA nanoparticles on DC vi-

ability. DCs were treated or not treated (ctrl) with the indicated doses of free oxyresveratrol (Oxy), 

unloaded PLGA nanoparticles (PLGA), or oxyresveratrol-bearing PLGA particles (PLGA + Oxy) 

for 24 h, followed by 1 h incubation with WST. Values are expressed as the percentage of WST 

reduction relative to untreated cells (designated as 100%). Data are means ± SD of four experiments. 
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Thus, blood monocyte derived DCs were treated with 50 or 100 μM free ox-

yresveratrol, both in the absence or presence of 5 μM R848. After 24 hours, ox-

yresveratrol did not trigger the release of IL-12, TNF-α, or IL-6 by DCs, but inhib-

ited the R848-induced secretion of all these pro-inflammatory cytokines (Figure 10). 

Marongiu et al 89 demonstrated that PLGA nanoparticles were efficiently internal-

ized by human monocyte-derived DC. Thus, we investigated if oxyresveratrol was 

able to modulate cytokine secretion once encapsulated into PLGA nanoparticles. 

Firstly, we assessed the role of unloaded PLGA particles to affect the cytokine re-

lease by human DCs. Figure 10 shows that the incubation of resting DCs with 6 or 

12 μg of empty nanoparticles did not trigger cytokine release. However, unloaded 

PLGA NPs dose-dependently increased the cytokine secretion by R848-stimulated 

DCs (Figure 10). Without any stimuli, same results were collected when ox-

yresveratrol was encapsulated in PLGA NPs. Interestingly, oxyresveratrol encap-

sulated into PLGA nanoparticles significantly inhibited the synergistic effect of 

PLGA and R848 in the induction of IL-12, TNF-α and IL-6 release by DC (Figure 

10).  

 

 

Figure 10. Effects of free or PLGA-conjugated oxyresveratrol on pro-inflammatory cytokine release 

by human dendritic cells (DCs). DCs were treated for 24 h with the indicated doses of free ox-

yresveratrol (Oxy), bare PLGA nanoparticles (PLGA) or oxyresveratrol-bearing PLGA nanoparti-

cles (PLGA + Oxy). All the treatments were conducted in the absence or presence of 5 μM R848. 

The release of IL-12 (a), TNF-α (b) and IL-6 (c) in culture supernatants was evaluated by ELISA 

assay. The results are expressed as the mean value ± SD of four independent experiments. * p < 0.05, 

** p < 0.01 *** p < 0.001 by two-way ANOVA followed by Bonferroni post-test. 
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1.5 Discussion 
 

Many attempts have been made to identify new molecules able to blunt the inflam-

matory response in absence of the harmful side-effects frequently observed follow-

ing administration of the currently used glucocorticoids and non-steroid anti-in-

flammatory drugs 90,91 Oxyresveratrol is a polyphenol derived from a plant, Arto-

carpus lakoocha Roxb. (Moraceae), which has been used in Thai traditional medi-

cine as an antioxidant and to treat inflammatory and parasitic diseases 92,93 Recently, 

many studies have been performed to investigate the pharmacological effects of 

oxyresveratrol: in particular, it has been reported to suppress lipopolysaccharide-

induced inflammatory response in murine models 94,94 and to exert its anti-inflam-

matory effects mainly by downregulating the release of various cytokines 82–85. The 

reason for the anti-inflammatory action of oxyresveratrol could be related to simi-

larity in structure and properties with estrogens. The polyphenol can act as an ago-

nist of estrogen receptors (ERs), which are well-known players in modulating in-

flammation. ER-oxyresveratrol binding could trigger a series of mechanisms re-

sponsible for NF-kB signaling pathway attenuation at both the transcriptional and 

translational levels, thus reducing the release of pro-inflammatory cytokines 84. 

 

In this scenario, we demonstrated an anti-inflammatory activity of the polyphenol 

by suppressing secretion of IL-12, TNF-α and IL-6 when human DCs were stimu-

lated with R848, an agonist of TLR 7 and TLR 8 which recognize single stranded 

RNA viruses such as Influenza, Sendai, Coxackie B, HIV and HCV 87,88 Therefore, 

cell stimulation with R848 mimics the natural interaction between DCs and some 

pathogen viruses, and the results obtained suggest that oxyresveratrol could be a 

good tool to mitigate the inflammatory response elicited by these microorganisms. 

It is worth to emphasize that here we show that oxyresveratrol inhibited the R848-

induced secretion of cytokines which play a fundamental role in activation of the 

inflammatory process. In fact, IL-12 stimulates T cells and natural killer cells to 

produce IFN-γ, which in turn widens the immune and inflammatory response 76,77 

TNF-α mediates basal inflammatory events such as edema, leukocyte adhesion to 
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epithelium, oxidative stress, and fever 61 and IL-6 activates, among others, acute 

phase responses, B lymphocyte maturation, and T cell functions 79. Therefore, ox-

yresveratrol might be employed to treat autoimmune and chronic inflammatory dis-

eases, such as Crohn’s disease, psoriasis, multiple sclerosis, asthma, Crohn’s dis-

ease, Alzheimer’s diseases and rheumatoid arthritis, where IL-12, TNF-α, and IL-6 

have been found to play an important role 95–98. 

 

Although oxyresveratrol has wide potential benefit to the human health84,92,94,99,100, 

the hydrophobic nature severely limits its use. Thus, to improve bioavailability and 

stability, we encapsulated the polyphenol into PLGA NPs. The embedded nanopar-

ticles showed size range lower than 200 nm which could improve the circulating 

time after administration. Additionally, nanoparticles bigger than 100 nm are rap-

idly eliminated by kidneys 23. According to the AFM results, PLGA[Oxy] were 

nanosphere-like with a smooth and pore-free surface, in which oxyresveratrol is 

immersed in a polymeric matrix. However, further TEM analyses should be per-

formed to further investigate the internal arrangement. No differences with empty 

nanoparticles were observed, confirming that loading did not affect both size and 

morphology. Probably, the small size of oxyresveratrol and its hydrophobic nature 

do not perturb the nanostructure. ζ-potential is strongly related to the surface prop-

erties: the difference we observed in the loaded nanoparticles could be due to the 

presence of some oxyresveratrol molecules on the surface which influence the sur-

face charge. Furthermore, this could be the reason behind the initial burst release 

observed within 4 hours (Figure 8). 

 

Then, we investigated if the polyphenol could exert the anti-inflammatory activity 

once encapsulated in PLGA nanoparticles. Thus, we prepared empty and ox-

yresveratrol-loaded PLGA NPs showing similar dimensions, both resulting in a 

monodispersed trend in phosphate buffer saline and having good colloidal stability. 

The encapsulation efficiency was close to 45%, and the release of oxyresveratrol 

by nanoparticles at 37 °C reached 64% in 32 h, ensuring to oxyresveratrol a good 

bioavailability in the 24 h of exposure to dendritic cells. In fact, providing an 
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adequate and constant concentration over time, positively influences the effect of a 

bioactive compound because of the increase in bioavailability. Additionally, PLGA 

nanoparticles prepared in this work, could be used to successfully delivery ox-

yresveratrol inside DCs, as it has been demonstrated by confocal analysis 89. 

 

The use of nanoparticles for medical purposes is often hampered by unwanted ac-

tivation of immune cells, leading to pro-inflammatory effects and adverse reactions 

such as fever, allergy, or autoimmunity72,101,102. We demonstrated that both empty 

and loaded nanoparticles do not elicit any cytokine release by resting DCs, suggest-

ing that these particles are biologically inert. However, empty PLGA enhanced the 

cytokine release triggered by DCs stimulated with R848. This unexpected result 

might be due to the ability of PLGA nanoparticles to interact with unknown cellular 

targets able to cooperate with TLR7- and TLR8-dependent pro-inflammatory sig-

nals. As an alternative, the activation of phagocytosis mechanisms to engulf the 

PLGA particles might elicit pathways which collaborate with those induced by 

R848 to enhance cytokine release. This synergistic phenomenon, called “cell prim-

ing”, is characterized by the ability of some agents to induce an hyper-responsive-

ness of leukocytes to other stimuli if simultaneously or consequently added 103,104. 

For instance, it has been reported that simultaneous addition of LPS and porous 

silicon-TiO2 microparticles was much more effective than stimulation with LPS 

alone to induce IL-12 and TNF-α secretion by human DCs 105. Nevertheless, ox-

yresveratrol inside PLGA nanoparticles blunted the nanoparticle-dependent en-

hancement of cytokine release by R848 treated DCs, indicating that this polyphenol 

maintains its anti-inflammatory properties also once conjugated to a nanostructure.  
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1.6 Conclusion 
 

Free oxyresveratrol shows a great susceptibility to human metabolism, leading to 

the production of intermediate forms with reduced pharmacokinetics, and therefore, 

biological efficacy 106. Encapsulation into PLGA Nanoparticles not only solves the 

bioavailability problem, but also could protect oxyresveratrol from metabolism, 

thus increasing its pharmacokinetic and efficacy107 . However, the primary aim of 

this study was to emphasize the advantage of including oxyreveratrol in the design 

of PLGA-based nanocarriers to avoid undesired priming-related consequences.  

 

PLGA nanoparticles having no apparent intrinsic pro-inflammatory activity, 

trigged pro-inflammatory events when co-administered in presence of a stimulus 

simulating virus infection. Furthermore, oxyresveratrol not only can act as anti-in-

flammatory agent, turning down pathogen-induced inflammatory events, but it can 

also reduce an eventual synergistic effect between nanoparticles and products of 

microorganisms when it is enclosed into such nanoparticles. Thanks to the narrow 

size distribution, retain ability and colloidal stability, PLGA could be successfully 

used to delivery plant-derived molecules in order to modulate pro-inflammatory 

activity of DCs. For instance, PLGA-associated α-bisabolol, a natural sesquiterpene 

found in the oil of Matricaria chamomilla, decreased the secretion of cytokines by 

lipopolysaccharide (LPS)-stimulated human DCs, as it was demonstrated in Ma-

rongiu, L. et al 89.  

 

Although the mechanism by which oxyresveratrol inhibits the secretion of cyto-

kines by human DCs remains to be clarified, the polyphenol entrapped into nano-

particles can contrast an unwanted synergistic effect of nanoparticles with microor-

ganisms present in the patient tissues, “priming effect”, overcoming a condition 

unfavorable to administration in biological systems. Nevertheless, these results sug-

gest the importance of an accurate testing of both loaded and unloaded nanostruc-

tures in combination with products of microorganisms to avoid unwanted side-ef-

fects once they are administered to patients. 
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Abstract: Oxyresveratrol, a stilbene extracted from the plant Artocarpus lakoocha Roxb., has been
reported to provide a considerable anti-inflammatory activity. Since the mechanisms of this thera-
peutic action have been poorly clarified, we investigated whether oxyresveratrol affects the release of
the pro-inflammatory cytokines IL-12, IL-6, and TNF-↵ by human dendritic cells (DCs). We found
that oxyresveratrol did not elicit per se the release of these cytokines, but inhibited their secretion
induced upon DC stimulation with R848 (Resiquimod), a well-known immune cell activator engaging
receptors recognizing RNA viruses. We then investigated whether the inclusion of oxyresveratrol
into nanoparticles promoting its ingestion by DCs could favor its effects on cytokine release. For this
purpose we synthesized and characterized poly(lactic-co-glycolic acid) (PLGA) nanoparticles, and
we assessed their effects on DCs. We found that bare PLGA nanoparticles did not affect cytokine
secretion by resting DCs, but increased IL-12, IL-6, and TNF-↵ secretion by R848-stimulated DCs,
an event known as “priming effect”. We then loaded PLGA nanoparticles with oxyresveratrol and
we observed that oxyresveratrol-bearing particles did not stimulate the cytokine release by resting
DCs and inhibited the PLGA-dependent enhancement of IL-12, IL-6, and TNF-↵ secretion by R848-
stimulated DCs. The results herein reported indicate that oxyresveratrol suppresses the cytokine
production by activated DCs, thus representing a good anti-inflammatory and immune-suppressive
agent. Moreover, its inclusion into PLGA nanoparticles mitigates the pro-inflammatory effects due to
cooperation between nanoparticles and R848 in cytokine release. Therefore, oxyresveratrol can be
able to contrast the synergistic effects of nanoparticles with microorganisms that could be present in
the patient tissues, therefore overcoming a condition unfavorable to the use of some nanoparticles in
biological systems.

Keywords: dendritic cells; oxyresveratrol; cytokines; PLGA nanoparticles; inflammation

1. Introduction
Dendritic cells (DCs) are a heterogeneous cell population endowed with the ability to

phagocytose antigens present in the extracellular environment. Subsequently, DCs undergo
a process of maturation which enables them to present antigens to lymphocytes, thus
activating the specific immune response [1–3]. Mature DCs produce chemical mediators
that modulate the adaptive immune reaction and the inflammatory process to fight cancer
cells and pathogen microorganisms. Among the most important mediators secreted by DCs
there is IL-12, a fundamental cytokine activating natural killer cells and T lymphocytes [4,5],
as well as IL-6 and TNF-↵ that stimulate the immune cells and are involved in the induction
of the systemic acute phase reaction characterized by fever, headache, changes in the

Molecules 2021, 26, 2106. https://doi.org/10.3390/molecules26082106 https://www.mdpi.com/journal/molecules
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Oxyresveratrol-Loaded PLGA Nanoparticles Inhibit Oxygen 

Free Radical Production by Human Monocytes: Role in Na-

noparticle Biocompatibility 
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2.1 Aim  
 

In the previous chapter we described the possibilities of a nanostructure to generate 

an adverse inflammation response when interacting with living cells. Since most of 

the time inflammation and oxidative stress are bounded trend, we analysed the im-

pact on the Reactive Oxygen Species generation by PLGA nanoparticles after being 

internalized by cells. Belonging to the cluster of polyphenols, oxyresveratrol has 

been reported to be an antioxidant and an oxygen-free radical scavenger 99. How-

ever, no investigations have been performed to assess whether oxyresveratrol in-

hibits ROS production in human leucocytes, which are able to produce high 

amounts of oxygen radicals when activated by pathogenic microorganisms 75–77. 

Thus, we examined whether oxyresveratrol was able to contrast oxidative damage 

even when encapsulated into PLGA NPs. 
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2.2 Introduction 
 

Monocytes are a heterogeneous cell population initiating and propagating the im-

mune response to pathogenic microorganisms. These cells can freely circulate in 

the bloodstream and pass into the tissues, where they may differentiate into resident 

macrophages. During inflammation, the quantity of extravasated monocytes in-

creases to amplify the local immune response through cytokine release and phago-

cytosis of foreign microorganisms72. Upon pathogen uptake, monocytes produce 

reactive oxygen species (ROS) 73. The main source of ROS in monocytes is the 

NOX2 NADPH oxidase, a multicomponent enzyme which transfers electrons to 

molecular oxygen to generate superoxide anion (O2−) 76,77. ROS play an important 

role in defences against infections 74,76,77, but they may also damage the cells by 

causing oxidative stress, which is responsible for several diseases, such as cancer, 

hypertension and neurological disorders 108. 

 

Firstly, we investigated a potential oxyresveratrol effect on the generation of super-

oxide anion (O2−) by human monocytes, which are powerful reactive oxygen spe-

cies producers. Subsequently, PLGA[Oxy] nanoparticles have been tested as well. 

Even in this case of study, oxyresveratrol embedding with PLGA NPs significantly 

inhibited the O2− production elicited by unloaded nanoparticles in resting mono-

cytes as well as the synergistic effect of nanoparticles and β-glucan. Our results 

indicate that oxyresveratrol can inhibit ROS production by activated monocytes, 

and its inclusion into PLGA nanoparticles mitigates the oxidative effects due to the 

interaction between these nanoparticles and resting monocytes. Moreover, ox-

yresveratrol is able to protect neurons 100,109–111, human lens epithelial cells112 and 

hepatocytes113, reduces adverse effects of nicotine114  and mitigates DNA damage 

by mechanisms involving inhibition of ROS generation115. The anti-oxidant activity 

is mainly due to a decrease in the production of the free radical nitric oxide, which 

can cause cell injury in many inflammatory diseases, in RAW264.7 murine macro-

phage cell line 106,116. 
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Several natural molecules show beneficial activity to human health. Since they suf-

fer from poor solubility in an aqueous environment with a consequent low bioavail-

ability, their use as active principles is highly restricted 117. Additionally, they show 

chemico-physical instability due to environmental stress such as oxidation. On the 

one hand, nanoencapsulation technologies can overcome this issue by increasing 

solubility and, on the other hand, by providing protection to the payload. Several 

examples of bioactive molecule nano size formulates are present in literature; some 

examples are: resveratrol, a natural polyphenol with a broad spectrum of pharma-

cological activities showing enhanced action against cardiovascular diseases when 

embedded in nanoformulations 118; quercetin, a plant flavonoid whose efficacy as 

an antitumoral molecule is limited by its low solubility and consequent low bioa-

vailability, greatly enhanced using nanocarriers 119; curcumin, another natural phe-

nolic compound derived from the rhizome of Curcuma longa, proven to have many 

pharmacological activities and whose embedding in polymeric nanoparticles in-

creases its oral bioavailability 120.  

 

PLGA, as a biodegradable polymer, has been widely used to improve the therapeu-

tic effect of various soluble/insoluble drugs, reducing the risk of unwanted side ef-

fects for patients. In fact, PLGA shows a very low or absent toxicity since it is 

degraded by cells into nontoxic compounds (lactic and glycolic acids) 60 However, 

upon administration to patients, nanoparticles interact with the cells of the immune 

system which can react against these materials, producing proinflammatory media-

tors which lead to adverse events, such as inflammation and allergy38.  

 

Thus, we investigated whether encapsulation with oxyresveratrol could make na-

noparticles safer by reducing oxidative stress damage.  
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2.3 Experimental section 
 

Materials. RPMI 1640 and low-endotoxin FBS were obtained from Lonza (Walk-

ersville, MD, USA); flow cytometric analysis was performed using mouse anti-hu-

man antibody CD14 (M5E2) (Biolegend, San Diego, CA, USA). 

PLGA (poly[DL-lactide-co-glycolide], CAS 26780-50-7), PVA (poly[vinyl alco-

hol], CAS 9002-89-5), acetone (1.00013), dimethyl sulfoxide (DMSO, D-5879), 

oxyresveratrol (91211) and β-glucan from baker’s yeast were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). 

 

Preparation of PLGA nanoparticles. The PLGA nanoparticles embedded with 

oxyresveratrol used in this study were prepared as previously described 38. Briefly, 

10 mg of the 50:50 lactide–glycolide ratio PLGA polymer and 5 mM (1.22 mg) of 

oxyresveratrol were co-dissolved in 1 mL of organic solvent (95% acetone and 5% 

DMSO); the obtained organic phase was added dropwise under stirring (2000 RPM) 

to 10 mL of 1% polyvinyl alcohol (PVA) aqueous solution and left overnight to 

evaporate the organic phase. Nanoparticles were collected and washed by centrifu-

gation (Eppendorf Centrifuge 5804R) at 4 °C for 20 min. The purified nanoparticles 

were re-suspended in 1 mL of phosphate buffer saline (PBS) solution pH 7.4 and 

stored at 4 °C. Empty PLGA nanoparticles were prepared with the above-described 

protocol without the addition of oxyresveratrol to the organic phase. 

 

Fluorescence responsive PLGA nanoparticles were prepared by loading them with 

rhodamine B. In details, 10 mg of PLGA and 0.041 mM (0.25 mg) of rhodamine B 

were dissolved in 1 mL of organic mixture (acetone:DMSO) with ratio 87:13. The 

following steps were the same as those described above. 

 

Size and ζ-Potential Characterization. Size and ζ-potential of PLGA nanoparti-

cles were estimated at 25 °C using a Nano Zeta Sizer ZS (ZEN3600, Malvern In-

struments, Malvern, Worcestershire, UK). Samples resuspended in PBS, being used 

as a stock suspension, were diluted 10 times in PBS for size measurements and into 
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10 mM NaClO4pH 7.5 for ζ-Potential measurements, to obtain a final concentration 

of 1 mg/mL for the nanoformulations. Data were collected in triplicate and analyzed 

by the ZetaSizer 7.10 software (Malvern, Worcestershire, UK). 

 

Spectroscopic Studies, Encapsulation Efficiency and Release Evaluation. To 

assess the presence of oxyresveratrol inside our nanoparticles the emission pattern 

was recorded upon excitation at 335 nm, the absorption wavelength of the polyphe-

nol, by using a Jasco Spectrofluorometer FP-8200 (Easton, MD, USA). 

To quantify the amount of the entrapped oxyresveratrol (Encapsulation Efficiency), 

a direct method was used. PLGA[Oxy] NPs were dissolved in DMSO and the ob-

tained solution was analyzed using a calibration curve (Figure 4). Encapsulation 

efficiency was estimated using the following Equation (1): 

 

(1)		𝐸𝐸(%) =
𝑂𝑥𝑦𝑅!"#$%$
𝑂𝑥𝑦𝑅&%$

	𝑋	100 

 

To confirm these data, a second method has been employed as well: waste super-

natants from the nanoparticle preparation were collected and analyzed by compar-

ing data to a second calibration curve obtained in Milli-Q water (Figure 4). The 

value of loaded oxyresveratrol (OxyRloaded) was indirectly estimated by the fol-

lowing Equations (2) and (3) and finally EE was calculated as described above. 

 

(2)		𝑂𝑥𝑦𝑅!"#$%$ = 𝑂𝑥𝑦𝑅&%$ − 𝑂𝑥𝑦𝑅!"'( 

(3)	𝑂𝑥𝑦𝑅!"#$%$ = 𝑂𝑥𝑦𝑅')*%+,#(#,( + 𝑂𝑥𝑦𝑅-#'./ + 𝑂𝑥𝑦𝑅-#'.0 

 

To assess the ability of the nanoparticles to retain oxyresveratrol over the time, a 

release study was performed in 1 mL of PBS pH 7.4 at 4 and 37 °C. Samples were 

collected at different time intervals and replaced with an equal volume of media to 

maintain the sink condition. The released OxyR was quantified using a calibration 

curve obtained by UV-Visible spectroscopy at 335 nm. 

 



Università degli Studi di Verona  
Area Ricerca – U.O. Dottorati di Ricerca Nazionali ed Internazionali 

tel. 045.802.8608 - fax 045.802.8411 - Via Giardino Giusti n. 2 - 37129 Verona  
 
 
 

49 

Spectroscopic Studies, Encapsulation Efficiency and Release Evaluation. To 

assess the presence of dye molecules inside our nanoparticles, the emission pattern 

was recorded upon excitation at 555 nm, which is a suitable excitation wavelength 

for rhodamine B. To quantify the amount of the entrapped dye (encapsulation effi-

ciency), a direct method was used: PLGA nanoparticles embedding rhodamine B 

were dissolved in DMSO and the obtained solutions were analyzed at 555 nm. Re-

sults were compared to a previously prepared calibration curve (Figure 11). Encap-

sulation efficiency was estimated using the following equation: 

 

(1)		𝐸𝐸(%) =
𝑑𝑦𝑒!"#$%$
𝑑𝑦𝑒&%$

	𝑋	100 

 
Figure 11. Calibration curve of Rhodamine B in DMSO. 

 

Monocytes Preparation and Culture. After written informed consent and upon 

approval of the ethical committee (Prot. N. 5626, 2 February 2012; Prot. n. 57182, 

16 October 2019), buffy coats from the venous blood of normal healthy volunteers 

were obtained from the Blood Transfusion Centre of the University of Verona. Pe-

ripheral blood mononuclear cells were isolated by Ficoll-Hypaque and Percoll (GE 

Healthcare Life Science) density gradients and used as a source for immunomag-

netic isolation of CD14 positive cells (Miltenyi Biotec GmbH, Auburn, CA, USA). 

The purity of CD14+ cells was always greater than 98%, as determined by flow 

cytometry. 
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Quantification of O2- Production. Monocytes stimulated with 5 µg/mL β-glucan 

or not were treated with oxyresveratrol alone or encapsulated in PLGA nanoparti-

cles, or with corresponding amounts of bare PLGA particles for 18 h, and then the 

O2− release was estimated by cytochrome c reduction. Briefly, after culturing the 

cells for the required time, the medium of each well was replaced with HBSS pH 

7.4, containing 80 μM ferricytochrome c type III (Sigma-Aldrich, St. Louis, MO, 

USA), with or without 5 μg/mL of β-glucan (Sigma-Aldrich, St. Louis, MO, USA). 

Cytocrome c reduction was evaluated at 550 nm, using an automated microplate 

reader (Bioteck® Instruments Inc., Winooski, VT, USA). 

 

Cell Viability Evaluation. Cell viability was assessed using the Cell Proliferation 

Reagent WST-1 assay (Roche Diagnostics GmbH, Mannheim, Germany) according 

to the manufacturer’s instructions. Monocytes resting or activated with β-glucan 

were treated with oxyresveratrol alone or encapsulated in PLGA nanoparticles, or 

with corresponding amounts of unloaded PLGA particles for 18 h. After treatment, 

the cell supernatant was removed and 50 µL of pre-warmed fresh complete medium 

were added to cells and to three empty wells (blank). A 2× WST solution was 

freshly prepared by dilution of the 10× WST reagent in the complete medium and 

a volume of 50 μL was dispensed in the wells and blank. The plate was incubated 

for 60 min. The absorbance (OD) of the samples was measured using a Victor3 

multilabel reader (PerkinElmer, Shelton, CT, USA) at 450 nm. 

 

Immunofluorescence and Microscopy Analysis. Monocytes were seeded on cell 

culture chamber slide (Corning, NY, USA) and treated for 18 h with 6 μg of PLGA 

nanoparticles conjugated to rhodamine B. Cells were washed with PBS and fixed 

with 4% paraformaldehyde (Sigma-Aldrich) for 30 min at room temperature and 

quenched with 50 mM NH4Cl. After washing, the coverslips were incubated for 10 

min with DAPI (Sigma-Aldrich) to stain nuclei. Images were acquired with a wide 

field Zeiss AxioImager Z.2 deconvolution microscopy setting (Carlo Zeiss, Ger-

many), equipped with Colibri 7 fluorescent LED illumination, motorized 3D scan-

ning stage and Hamamatsu ORCA-Flash4.0 V3 Digital CMOS camera, set at 8 
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output bit depth; 512 × 512 pixel ROIs were acquired with a 100× Plan Apochro-

matic oil immersion objective (AN 1.46). Each field was acquired with bright field 

illumination and double fluorescent light illumination (385/30 nm ex. for DAPI and 

555/30 nm ex. for DsRed). Automatic 3D image scanning was according to the 

Nyquist–Shannon sampling theorem, using the inline ZEN 2.6 Nyquist Calculator. 

Three-dimensional scans were then processed with Zeiss ZEN 2.6 by applying the 

advanced Zeiss deconvolution (DCV) module. Image deconvolution was achieved 

by applying the constrain iterative algorithm. Spectral linear unmixing was, finally, 

applied to remove overlapped spectral components and background noise. Decon-

volved and unmixed 3D stacks were rendered and analyzed with the ZEN 2.6 Arivis 

3D module. 

 

Statistical Analysis. Data are expressed as means ± SD. Statistical analyses, in-

cluding two-way ANOVA followed by Bonferroni post-test, were performed with 

GraphPad Prism 5 (GraphPad Software, Inc., San Diego, CA, USA). 

 

All the in vitro experiment has been performed thanks to Prof Dusi’s Lab, 

Department of Medicine, Section of General Pathology 
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2.4 Results 
 

2.4.1 Physico-chemical characterization 
 

To prepare empty and oxyresveratrol-loaded PLGA nanoparticles, we used the 

same protocol described in the previous chapter 38. The reproducibility of the 

method was again confirmed since particle size and ζ-potential were completely 

comparable to those previously characterized 38. To investigate the uptake kinetics 

of PLGA nanoparticles by monocytes, we encapsulated the fluorescence-respon-

sive rhodamine B dye (PLGA[Rhod]). As illustrated in Table 4, dye molecule 

slightly increased the hydrodynamic radius in comparison to PLGA and 

PLGA[Oxy], with an average size of 209.2 ± 0.6 nm. However, size-distribution 

showed a monodisperse trend, as is demonstrated by the low PDI value exhibited 

by all the different preparations. The ζ-potential measured at pH 7.5 of dye-loaded 

nanoparticles appeared to be more negative (−18.2 ± 1.4 mV) compared to the 

PLGA[Oxy] (−7.1 ± 0.5 mV) and PLGA nanoparticles (−9.6 ± 0.4 mV). Finally, 

all the different nanoformulation exhibited a good colloidal stability thank to stabi-

lization by charge. 

 
Table 4. DLS data and ζ-potential of empty (PLGA), oxyresveratrol (PLGA[Oxy]) and rhodamine 

B loaded (PLGA[Rhod]) nanoparticles. The results are expressed as the mean value ± SD of three 

independent measures on three replica samples. 

 

Nanoformulation Particles size (nm) Polydisperse Index ζ-potential 

PLGA 

PLGA[Oxy]  

PLGA[Rhod] 

170.2 ± 2.5 

169.6 ± 3.5 

209.2 ± 0.6 

0.05 ± 0.03 

0.05 ± 0.02 

0.06 ± 0.02 

−9.6 ± 0.4 

−7.1 ± 0.5 

−18.2 ± 1.4 
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2.4.2 Spectroscopy studies  
 

The presence of the dye in the PLGA nanoformulations was assessed by fluores-

cence spectroscopy. Figure 12 shows the emission pattern of PLGA[Rhod]: you can 

see that upon excitation at 555 nm dye-loaded nanoparticles exhibited the fluores-

cence pattern typical of the free dye. Furthermore, the amount of encapsulated dye 

was calculated dissolving the PLGA[Rhod]: in dimethyl sulfoxide (DMSO) to en-

hance nanostructure disassembling: then, the values obtained by absorbance spec-

troscopy were used in the calibration line equation. We obtained nanoparticles car-

rying a total dye amount of 12.18 µg of rhodamine B per mg of PLGA with an 

encapsulation efficiency of 48.97 ± 0.33 %. 

 

 
Figure 12. Emission spectrum of rhodamine B-loaded PLGA nanoparticles, collected in phosphate 

buffer saline pH 7.4, when excited at 555 nm. The emission maximum is approximately 578 nm. 

Data are means of three independent measures on three replica samples. 

 

  

PLGA[Rhod] 
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2.4.3 In vitro studies 
 

Firstly, we verified the non-toxic effects of free and loaded oxyresveratrol on the 

viability of human monocytes. As it was done for DCs, monocytes were treated 

with free oxyresveratrol (Oxy), unloaded PLGA or PLGA[Oxy] in the absence or 

presence of β-glucan, and cell viability was assessed using the Cell Proliferation 

Reagent WST-1 assay. Figure 13 shows that under these experimental conditions 

the viability of monocytes was not or was only slightly altered. 

 

 

 
Figure 13. Effects of free oxyresveratrol and oxyresveratrol-bearing PLGA nanoparticles on the 

viability of monocytes. Monocytes were treated with the indicated doses of free oxyresveratrol 

(Oxy), unloaded PLGA nanoparticles (PLGA) or oxyresveratrol-loaded PLGA particles 

(PLGA[Oxy]) for 18 h in the absence (Ctrl) or presence of 5 μg/mL β-glucan, and then incubated 

for 1 h with WST. The values are expressed as the percentage of WST reduction relative to untreated 

cells (designated as 100%). Data are means ± SD of four experiments. 

 
The interaction between monocytes and pathogenic microorganisms triggers the 

production of ROS, which can provoke tissue damage as side effect 108,121. Thus, 

we investigated a potential anti-inflammatory activity of oxyresveratrol in decreas-

ing the ROS production elicited by stimulation of monocytes with β-glucan, a yeast-

derived molecule able to activate the immune cells 122,123. 
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For this purpose, human blood monocytes were treated with 25 μM and 50 μM free 

oxyresveratrol (Oxy), both in the absence (Ctrl) and the presence of 5 μg/mL β-

glucan (Figure 14). After an 18 h incubation, oxyresveratrol significantly decreased 

the β-glucan-induced release of O2− by monocytes as it has been assessed by cyto-

chrome c reduction test (figure 14). Moreover, adding higher doses of oxyresvera-

trol (100 μM) did not lead to further inhibition of ROS production (results not 

shown). 

 

 

 
Figure 14. Effects of free or PLGA nanoparticle-conjugated oxyresveratrol on O2− production by 

human monocytes. Monocytes were treated for 18 h with 25 μM (panel (A)) and 50 μM (panel (B)) 

oxyresveratrol free (Oxy) or loaded on PLGA nanoparticles (PLGA[Oxy]), as well as with equiva-

lent quantities of unloaded PLGA particles (PLGA). All the treatments were conducted in the ab-

sence (Ctrl) or presence of 5 μg/mL β-glucan. The O2− production was evaluated by cytochrome c 

reduction. The results are expressed as the mean value ±SD of four independent experiments. * p < 

0.05, ** p < 0.01 *** p < 0.001 by two way ANOVA followed by Bonferroni post-test. 

 

Subsequently, we studied whether oxyresveratrol-loaded PLGA nanoparticles 

could mediate ROS production as it was observed in the free form. First of all, 

empty particles were tested to verify if they were able to trigger O2− generation by 

human monocytes. Figure 14 shows that the incubation of resting monocytes with 

3 μg (panel A) or 6 μg (panel B) of bare PLGA particles triggered O2− production. 

Moreover, empty PLGA particles significantly enhanced the O2− generation by β-

glucan-stimulated monocytes (Figure 14 panel A and B). These results indicated 

that the nanoparticles elicit per se ROS production, an event probably triggered by 
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activation of human monocytes during the uptake of the nanoparticles 124. Interest-

ingly, PLGA nanoparticles enhanced the ROS generation elicited by β-glucan, in-

dicating a synergistic action between the nanoparticles and the fungal derivative in 

the stimulation of O2− generation. Figure 14 also shows the results of the treatment 

of both resting and β-glucan stimulated monocytes with 3 μg of PLGA nanoparti-

cles loaded with 25 μM oxyresveratrol (panel A) or 6 μg of PLGA nanoparticles 

loaded with 50 μM oxyresveratrol (panel B). The figure 14 suggests oxyresveratrol 

encapsulation into PLGA nanoparticles significantly inhibited both the O2− produc-

tion caused by unloaded nanoparticles in resting monocytes and the synergistic ef-

fect of these particles and β-glucan.  
 

Finally, monocytes were incubated with PLGA[Rhod] to assess their cellular uptake 

kinetics. Internalized particles were visualized by wide-field fluorescence deconvo-

lution microscopy at different time points. This analysis revealed that after 18 h 

PLGA[Rhod] were efficiently internalized by human monocytes (Figure 15). 

Three-dimensional scanning reconstruction showed that the particles were localized 

inside the cells (not shown). 
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Figure 15. Internalization of PLGA nanoparticles by human primary monocytes. Shown are four 

representative fields (top to bottom rows) illustrating adherent human primary monocytes treated 

with rhodamine B-loaded PLGA nanoparticles for 18 h and co-stained with DAPI. From left to right, 

bright field (BF), DAPI and DsRed (rhodamine B) individual channels are shown. On the far right, 

merged channels are shown. Scale bar is 2 µm. 
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2.5 Discussion 
 

Human monocytes have been chosen because they are able to produce large 

amounts of oxygen radicals through activation of the enzyme NOX2 NADPH oxi-

dase 121,124. From one side, these radicals exert a defensive action 121, but from the 

other side, they can cause oxidative tissue damage during inflammation 108. As far 

as we know, no data have been reported on the effects of oxyresveratrol on ROS 

generation by human monocytes. We demonstrated free oxyresveratrol decreased 

the O2− generation by human monocytes stimulated with β-glucan, a treatment 

which mimics the natural interaction between pathogenic fungi and immune cells 
122,123. Therefore, oxyresveratrol seems to act as protective agent against ROS pro-

duced by monocytes during the inflammatory process. Moreover, the anti-oxidation 

activity was evaluated even when the polyphenol was encapsulated in PLGA NPs. 

Following the same steps of the previous studies, we first tested the effect of the 

interaction between PLGA nanoparticles and cells.  

 

To study cellular uptake, Rhodamine B was encapsulated to detect the nanoparticles 

inside the cells. PLGA[Rhod] NPs, with dimensions close to 200 nm and a negative 

surface charge, were suitable to mimic the interaction that would occur with the 

same nanoparticles of oxyresveratrol. Furthermore, the emission spectrum collected 

upon excitation of (the common wavelength used for detecting the dye) demon-

strated that the dye was preserved during the encapsulation procedure. 

 

According to the confocal analysis, we demonstrated that these nanoparticles un-

dergo very efficient uptake by human monocytes. The finding that empty PLGA 

nanoparticles induced O2- production by monocytes agreed with literature; in fact, 

there are proofs that once phagocytic cells are exposed to nanostructures the mech-

anisms behind the uptake trigger ROS production 125–127. Additionally, it has been 

verified PLGA particles can activate the production of ROS in human peripheral 

blood phagocytes 128.  Likely, the process behind ROS generation is linked to the 

ingestion of nanoparticles by immune cells: the uptake of foreign materials by 
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phagocytes leads to activation of NADPH oxidase, which is responsible for the pro-

duction of O2− 124. Interestingly, PLGA nanoparticles enhanced the ROS production 

induced by β-glucan in a similar synergist pattern observed for R848-stimulated 

dendritic cells. This “cell priming” effect is characterized by the ability of some 

agents, such as bacterial products, to increase the responsiveness of leukocytes to 

other stimuli if simultaneously or consequently added 103,104. In this regard, the sim-

ultaneous addition of LPS and porous silicon-TiO2 microparticles was more effec-

tive than incubation with LPS alone to induce IL-12 and TNF-α secretion by human 

DCs 105. As was observed for the anti-inflammatory effect exerted on DCs, ox-

yresveratrol incorporated with PLGA nanoparticles significantly attenuated empty 

nanoparticle-activated ROS production in both resting and stimulated monocytes. 

The main source of ROS in monocytes is the NOX2 NADPH oxidase, which pro-

duces O2- 121 . The inhibition on ROS production probably depends on its action on 

NADPH oxidase. Moreover, several natural phenolic compounds, including celas-

trol, apocynin, curcumin and resveratrol, have been reported to be inhibitors of var-

ious NADPH oxidase isoforms 129.  Nevertheless, further investigations are required 

to clarify the mechanisms by which oxyresveratrol inhibits this enzyme. 
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2.6 Conclusion 
 

To resume, oxyresveratrol is also a good antioxidant agent because it can inhibit 

O2− production by human monocytes, which are strong producers of ROS. Interest-

ingly, nanoparticle based on PLGA, which is generally considered to be biocom-

patible and harmless, could participate in the activation of oxidative events, when 

administered in the presence of other unexpected agents, such as pathogenic fungi 

or their derivatives. However, oxyresveratrol encapsulation into PLGA could solve 

this problem by mitigating the oxidative damage and preventing an eventual syn-

ergy between nanostructures and microbial products (cell priming). 

 

In conclusion, from one side PLGA is a very effective molecular vehicle to carry 

oxyresveratrol inside immune cells, and from the other side, the payload improves 

the biocompatible properties of the carrier itself. 
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Abstract: Oxyresveratrol, a polyphenol extracted from the plant Artocarpus lakoocha Roxb, has been
reported to be an antioxidant and an oxygen-free radical scavenger. We investigated whether
oxyresveratrol affects the generation of superoxide anion (O2

�) by human monocytes, which are
powerful reactive oxygen species (ROS) producers. We found that oxyresveratrol inhibited the O2

�

production induced upon stimulation of monocytes with �-glucan, a well known fungal immune cell
activator. We then investigated whether the inclusion of oxyresveratrol into nanoparticles could mod-
ulate its effects on O2

� release. We synthesized poly(lactic-co-glycolic acid) (PLGA) nanoparticles,
and we assessed their effects on monocytes. We found that empty PLGA nanoparticles induced O2

�

production by resting monocytes and enhanced the formation of this radical in �-glucan-stimulated
monocytes. Interestingly, the insertion of oxyresveratrol into PLGA nanoparticles significantly in-
hibited the O2

� production elicited by unloaded nanoparticles in resting monocytes as well as the
synergistic effect of nanoparticles and �-glucan. Our results indicate that oxyresveratrol is able to
inhibit ROS production by activated monocytes, and its inclusion into PLGA nanoparticles mitigates
the oxidative effects due to the interaction between these nanoparticles and resting monocytes. More-
over, oxyresveratrol can contrast the synergistic effects of nanoparticles with fungal agents that could
be present in the patient tissues. Therefore, oxyresveratrol is a natural compound able to make PLGA
nanoparticles more biocompatible.

Keywords: oxyresveratrol; �-glucan; PLGA nanoparticles; ROS; monocytes

1. Introduction
Monocytes are a heterogeneous cell population initiating and propagating the immune

response to pathogenic microorganisms. These cells circulate in the bloodstream and pass
into the tissues where they may differentiate into resident macrophages. During inflam-
mation, the quantity of extravasated monocytes increases to amplify the local immune
response through cytokine release and phagocytosis of foreign microorganisms [1]. Upon
pathogen uptake, monocytes produce reactive oxygen species (ROS) [2]. The main source
of ROS in monocytes is the NOX2 NADPH oxidase, a multicomponent enzyme which
transfers electrons to molecular oxygen to generate superoxide anion (O2

�) [3,4]. ROS
play an important role in defenses against infections [3–5], but they may also damage the
cells by causing oxidative stress, which is responsible for several diseases, such as cancer,
hypertension and neurological disorders [6].

Oxyresveratrol, a natural polyphenol extracted from the plant Artocarpus lakoocha Roxb,
has been reported to be a good antioxidant, equipped with ROS scavenger activity [7].
In particular oxyresveratrol protects neurons [8–11], human lens epithelial cells [12] and

Molecules 2021, 26, 4351. https://doi.org/10.3390/molecules26144351 https://www.mdpi.com/journal/molecules
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Fisetin: An Integrated Approach to Identify a Strategy Pro-

moting Osteogenesis 

 

 
 

 
Dalle Carbonare et al., Frontiers in pharmacology, 13, 890693. 

https://doi.org/10.3389/fphar.2022.890693  
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3.1 Aim 
 

Studies performed by Dalle Carbonare et al130 demonstrated that fisetin at 2.5 µM 

concentration was able to promote bone formation in vitro and mineralization in the 

zebrafish model. We have already demonstrated the potential use of PLGA as plant-

derived molecules nanocarrier. Thus, we investigated whether the improved bioa-

vailability achieved by producing fisetin-loaded PLGA positively enhances its stim-

ulatory effects on RUNX2 and its downstream SP7 gene expression. Moreover, we 

performed an ex vivo experiment to assess the penetration ability in epithelial in-

testinal cells of nanoformulated fisetin. 
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3.2 Introduction 
 

Among flavonoids, fisetin is known to counteract tumour growth 131, osteoarthritis 
132, and rheumatoid arthritis133. In addition, fisetin prevents inflammation-induced 

bone loss osteoarthritis, and rheumatoid arthritis. Flavonoids are phenolic com-

pounds commonly found in vegetables and fruits. Various flavonoids (quercetin, 

rutin, etc) have been reported to exert beneficial properties to human health 134. 

Additionally, in in-vitro experiments flavonoids promoted osteogenesis by affect-

ing the physiology of osteoblasts, bone-forming cells 135. 

 

Osteoblasts originate from mesenchymal progenitors through osteogenic differen-

tiation 136. This process is regulated by different extracellular signals such as bone 

morphogenetic proteins, parathyroid hormone, Wnt, or hedgehog pathway 137. Cel-

lular signalling in osteogenesis involves two main actors, Runt-related transcription 

factor 2 (Runx2) and osterix (SP7) 138 and they both control cell proliferation and 

differentiation 139. In humans, Runx2 gene mutations cause cleidocranial dysplasia 

(CCD, OMIM#119600), a skeletal disorder with aplasia/hypoplasia of clavicles and 

dental abnormalities140, while Sp7 has also a regulatory role by maintaining the 

balance between differentiation of mesenchymal precursor cells into ossified bone 

or cartilage 141.  

 

Dalle Carbonare et al130 have demonstrated the potential use of fisetin as bone for-

mation enhancer, suggesting its use in the treatment of bone diseases caused by 

osteogenic differentiation deregulation. Figure 16 shows a comparison between 

fisetin and other well-known supplemental molecules able to improve bone tissue 

quality. Nevertheless, Fisetin has several drawbacks related to poor water solubility 

and chemical instability 142 limiting the use for medical and nutraceutical purpose. 

As hydrophobic compound, fisetin is suitable for the nano encapsulation via single 

emulsion method. Thus, we prepared PLGA nanoparticles loading fisetin [PLGA 

(Fis)] to improve solubility and chemical stability of the bioactive molecule, and 
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we studied the effect on cellular signalling compared to free fisetin. Finally, we 

investigated the percentage of intestinal filtration of nanoformulated fisetin. 

 

 
Figure 16. Fisetin, PEDF (pigment epithelium-derived factor) and AsA (ascorbic acid) were able 

to upregulate osteogenic genes expression in MSCs after 7 (A) and 14 (B) days of supplementa-

tion. *p < 0.05; **p < 0.01; ***p < 0.005. 
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3.3 Experimental section 
 

Materials. PLGA [poly(DL-lactide-co-glycolide), 50:50 lactide-to-glycolide ratio, 

CAS 26780-50-7], PVA [poly(vinyl alcohol), CAS 9002-89-5], and acetone (≥99% 

purity, 1.00013) were purchased from Merck. Fluorescein isothiocyanate (FITC, 

CAS 27072), cellulose membrane dialysis tubing (CASD9777-100), dimethyl sul-

foxide (DMSO, ≥ 99% purity D-5879) were purchased from Sigma-Aldrich. Fisetin 

was purchased from Santa Cruz Biotechnology (SC-276440). 

 

Nanoparticles preparation. The protocol used for the production of PLGA[Fis] 

nanoparticles is based on a single emulsion evaporation method, under sterile con-

ditions at 20°C. 20 mg of the polymer and 4 mM (1.14 mg) of fisetin were co-

dissolved in 1 ml of DMSO 100%; the obtained organic phase was added dropwise 

under stirring (2,000 RPM) to 10 ml of 0.5% polyvinyl alcohol (PVA) aqueous 

solution and left overnight to evaporate the organic phase. Afterward, the prepara-

tion was pelleted at 4°C 11,000 rpm for 20 min (Eppendorf Centrifuge 5804R), and 

the nanoparticles were collected and washed twice with 10 ml of Milli-Q water. 

Finally, the purified nanoparticles were resuspended in 1 ml of phosphate-buffered 

saline (PBS) solution pH 7.4 (or NaCl 0.9%) for the subsequent analysis and storage 

at 4°C, otherwise freeze-dried. Empty nanoparticles were prepared with the same 

protocol avoiding the addition of fisetin to the reaction. Furthermore, to perform an 

internalization study and visualize nanoparticles inside cells, PLGA NPs co-deliv-

ering fisetin and fluorescein isothiocyanate (FITC) (PLGA[Fis&Fitc]) were pre-

pared dissolving 20 mg of PLGA in a mixture of 640 µl of acetone and 360 µl of 

fisetin/FITC DMSO solution; the molar ratio between fisetin and FITC is 1:1. The 

other steps were the same as described previously. 

 

Size and ζ-Potential Characterization (DLS, NTA, AFM). The size and ζ-poten-

tial of PLGA nanoparticles were estimated at 25 °C by dynamic light scattering 

(DLS) (Nano Zeta Sizer ZS, ZEN3600, Malvern Instruments, Malvern, Worcester-

shire, United Kingdom). Nanoparticles were resuspended in PBS, used as a stock 
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suspension, and were diluted 20 times in PBS for size determination and in 10 mM 

NaClO4pH 7.5 for ζ-potential measurements; data were collected in triplicate and 

analyzed by ZetaSizer software. 

 

To support DLS data, a Nanosight tracking analysis was performed on PLGA[Fis] 

and empty NPs (Malvern NanoSight NS300). Due to the high concentration, each 

sample was diluted 10,000 or 5,000 times; 1,498 frames divided into 3 runs of 60 s 

were recorded at a camera level of 13, and the analysis was performed with a de-

tection threshold in the range 5–7. Finally, the number of particles/ml was estimated 

as well. 

 

A volume of 20 μl of each sample (prepared as mentioned in the previous section) 

was loaded on a bracket covered by an inert mica surface. After 15 min of solvent 

evaporation, the analysis was performed using an NT-MDT Solver Pro atomic force 

microscope with NT-MDT NSG01 golden coated silicon tip in semi-contact mode 

with different scanning frequencies (3–1 Hz) in order to produce optimized AFM 

images. The microscope was calibrated by a calibration grating (TGQ1 from NT-

MDT) in order to reduce nonlinearity and hysteresis in the measurements. Finally, 

images were processed with the Scanning Probe Image Processor (SPIP™) program 

(Friis Jan, 2009), and a statistical study was performed to compare results to DLS 

and Nanosight data. 

 

Absorbance and Emission Spectroscopy. The absorbance pattern of each sample 

resuspended in PBS or water was analyzed using a Thermo Fisher Evolution 201 

UV-Visible Spectrophotometer in the range 250–600 nm to assess the presence of 

fisetin inside nanoparticles and the co-presence of fisetin and FITC. Moreover, the 

emission pattern was recorded upon excitation at 360 and 495 nm (excitation 

wavelengths for fisetin and FITC, respectively) by using a Jasco Spectrofluorome-

ter FP-8200. 
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Encapsulation Efficiency and Drug Loading. To quantify the amount of fisetin 

entrapped, PLGA[Fis] NPs were dissolved in DMSO and analysed using the cali-

bration line (Fig x). Encapsulation efficiency  and drug loading (DL) were esti-

mated using the following equations: 

𝐸𝐸	(%) =
𝐹𝑖𝑠!"#$%$
𝐹𝑖𝑠&%$

𝑋	100 

𝐷𝐿	(%) =
𝑚𝑔	𝑜𝑓	𝐹𝑖𝑠!"#$%$
𝑚𝑔	𝑜𝑓	𝑃𝐿𝐺𝐴 𝑋	100 

 
Figure 17.  Calibration curves in DMSO (A) and Physiological solution (B, C). 

 

Stability and In Vitro Drug Release. To assess the capacity of the nanoparticles 

to retain entrapped fisetin over time, a first release study was performed in a total 

volume of 1 ml, at different temperatures (4 and 37°C) and different media (water, 

PBS, NaCl 0.9%, and citric acid pH 5). Dialysis was used to carry out the in vitro 

drug release studies increasing the final volume. PLGA[Fis] NPs were introduced 

into the dialysis bag (14,000 da molecular weight cutoff, Sigma Aldrich, D9777-

100FT) and placed in 100 ml of PBS pH 7.4 containing 0.1%v/v Tween 80 as the 

release media and stirred at 100 rpm. Samples were collected at different time in-

tervals and replaced with an equal volume of media to maintain the sink condition. 
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The released fisetin was quantified using a calibration curve obtained by UV–visi-

ble spectroscopy at 360 nm 143. 

 

Fluid-Dynamic Intestinal Model Resembling Systemic Administration for 

PLGA[Fis]. A compartmental fluidic device (commercialized as MIVO React4life 

S.r.l., IT) was used to perform in vitro drug efficacy tests. The 3D fluidic model 

was performed as follows: 1) 24-well size inserts containing human intestinal tissue 

(EpiIntestinal by Mattek) were placed and cultured within the device, forming two 

fluidically independent chambers: the donor and the receiver; 2) both chambers 

were filled with the culture medium; and 3) the receiver chamber was connected to 

the peristaltic pump to form a closed-loop fluidic circuit containing 3.8 ml medium 

circulating at a rate of 0.3 cm/s, to simulate the capillary flow rate. Therefore, a 

medium containing PLGA[Fis] was added to the donor chamber. 

 

Cell viability. The Cell Proliferation Kit II (XTT Chemicon) was used to evaluate 

cell viability, as previously described. Six replicates in three independent experi-

ments were tested. 

 

Cell cultivation. Human mesenchymal stem cells (hMSC, PromoCell, Heidelberg, 

Germany) were used by culturing at a density of 5 × 104 cells with the mesenchymal 

stem cell growth medium (PromoCell) or osteogenic differentiation medium (Pro-

moCell, Heidelberg, Germany) and incubated at 37°C in a humidified atmosphere 

with 5% CO2. Differentiating cells were then used for further analyses. Human der-

mal fibroblast cultures were established from explanted skin biopsies taken from 

patient P1 [mutation: c.897T>G->p (Tyr299*), male, 8 years old], P2 [c.1019del-> 

p (Ser340*), female, 10 years old], and a healthy age-matched control with appro-

priate consent, as previously reported (Venturi et al., 2012). The cells were cultured 

with high-glucose DMEM (ECB7501L, EuroClone, Milano, Italy) supplemented 

with 10% FBS (10270-106, Gibco, Life Technologies Limited, Paisley, United 

Kingdom), 2 mM l-glutamine (5-10K00-H, BioConcept AG, Paradiesrain, All-

schwil, Switzerland), 100 U/ml penicillin, and 100 μg/ml streptomycin (penicillin–
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streptomycin; ECB3001D, EuroClone, Milano, Italy), as previously described 

(Venturi et al., 2012). 

 

Realtime experiment. To investigate gene expression modulation, we performed 

real-time PCR analyses as reported previously144. Briefly, predesigned, gene-spe-

cific primers and probe sets for each gene [RUNX2, hs00231692_m1; OSTERIX 

(SP7), hs00541729_m1; collagen, type i, alpha 2 (COL1A2), hs01028956_m1; os-

teonectin (SPARC), hs00234160_m1; OSTEOPONTIN (SPP1), hs00167093_m1, 

B2M, hs999999_m1 (housekeeping); and GAPDH, 0802021 (housekeeping)] were 

obtained from assay-on-demand gene expression products (Thermo Fisher Corpo-

ration, Waltham, MA, United States). In addition, the following custom primer sets 

(Invitrogen, Carlsbad, CA, United States) were also used: runx2a (fw GACGGT

GGTGACGGTAATGG, rv TGCGGTGGGTTCGTGAATA), runx2b (fw CGG

CTCCTACCAGTTCTCCA, rv CCATCTCCCTCCACTCCTCC), rank (fw GCA

CGGTTATTGTTGTTA, rv TATTCAGAGGTGGTGTTAT), and housekeeping 

gene actb1 (fw CCCAAAGCCAACAGAGAGAA, rv ACCAGAAGCGTACAG

AGAGA). Ct values for each reaction were determined using TaqMan SDS analysis 

software (Applied Biosystems; Foster City, California, United States) as reported 

previously. To calculate relative gene expression levels between different samples, 

we performed the analyses using the 2−ΔΔCT method as previously reported144. 

 

Western blot. RUNX2 protein levels were separated by SDS-PAGE and investi-

gated using Western blot analyses as previously reported (Brugnara and De Fran-

ceschi, 1993). Briefly, proteins were extracted by a RIPA buffer (Thermo Fisher 

Scientific, Waltham, MA, United States), and the proteins were quantified by BCA 

assay (Thermo Fisher Scientific, Waltham, MA, United States). Proteins were sep-

arated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) 

and then were transferred onto polyvinylidene difluoride (PVDF) membranes 

(Thermo Fisher Scientific, Waltham, MA, United States). The PVDF membranes 

were then probed with the primary antibody for RUNX2 (Cell Signaling, 8486) and 

β-actin (BA3R) (Thermo Scientific), and secondary antibodies anti-mouse (Cell 
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Signaling, 7076) and anti-rabbit (Cell Signaling 7074). Signals were detected using 

a chemiluminescence reagent (ECL, Millipore, Burlington, MA, United States), as 

previously reported (de Franceschi et al., 2004). Images were acquired by an 

LAS4000 Digital Image Scanning System (GE Healthcare, Little Chalfont, United 

Kingdom). The densitometric analysis was performed by ImageQuant software (GE 

Healthcare, Little Chalfont, United Kingdom). Protein optical density was normal-

ized to β-actin. 

 

Statistical analysis. Results were expressed as mean ± SD. The statistical analysis 

was assessed by Student’s paired t-test comparing each treatment to the control. 

Differences were considered positive when p < 0.05. For in vitro data, analyses 

were applied to experiments carried out at least three times. We used SPSS for 

Windows, version 22.0 (SPSS Inc., Chicago, IL, United States), to analyze the data. 

 

All the in vitro experiments have been performed by Dr. Valenti and Prof Dalle 

Carbonare’ lab, Department of Medicine and Department of Neurosciences, 

Biomedicine and Movement Sciences - University of Verona 
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3.4 Results 
 
3.4.1 Physico-Chemical Characterization 
 

We prepared fisetin embedded PLGA nanoparticles to prevent its degradation in 

order to make the supplementation potentially available for human use. Table 5 

shows a comparison between our nano formulation and PLGA-based preparations 

found in literature 142,143,145 . FHIC-PNP was prepared by firstly forming the inclu-

sion complex between Fisetin and hydroxyl propyl beta cyclodextrin (FHIC) to im-

prove solubility of the flavonoid, since the preparation method is based on double 

emulsion W/O/W.  F1, F2 and F3 were prepared by modified nanoprecipitation 

method tuning the proportion of Poly-(ε-caprolactone) (PCL) and PLGA-PEG-

COOH. Finally, even FST-PLGA was synthetized by nanoprecipitation where only 

PLGA was used as raw material. In this study, we simplified and optimized the 

preparation producing PLGA nanoparticles embedded with fisetin (PLGA[Fis]) by 

single emulsion method.  

 

PLGA[Fis] showed a more negative ζ-potential than that reported by Kadari et al., 

conferring it good colloidal stability. Moreover, we achieved a higher drug loading 

value, corresponding to 23.51%, 6 to 8 times greater than the result reported in 

Sechi et al. PLGA[Fis] nanoparticles show a lower particle size than all the other 

herein reported, except for those prepared by Kadari et al., but in every case show-

ing a better monodispersivity, as it is evident from the lower PDI value. To further 

investigate the size distribution of nanoparticles, nanotracking and AFM analysis 

were also performed. The nanoparticles shape is quite spherical (Figure 18), and, 

as it is evident from Table 6, data from the three different methods are in agreement 

and span in the same order of magnitude, even if the techniques are based on dif-

ferent physicochemical properties.  
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Table 5. Particle size, polydispersity index (PDI), encapsulation efficiency (EE), and drug loading 

(DL) data for present nanoparticles (PLGA[Fis]*) compared with those of Kadari et al** Sechi et 

al *** and Liu et al ****. *Measurements were performed in triplicate. 

 

Nanoformulation Particles size 

(nm) 

PDI ζ-Potential 

(mV) 

EE 

(%) 

DL 

(%) 

PLGA[Fis]* 

FHIC-PNP** 

F1*** 

F2*** 

F3*** 

FST-PLGA**** 

139.2 ± 4.0 

87.3 ± 10.0 

146.2 ± 2.3 

198.7 ± 6.0 

165.4 ± 3.3 

187.9 ± 6.1 

0.11 ± 0.02 

0.25 ± 0.01 

0.12 ± 0.05 

0.16 ± 0.02 

0.15 ± 0.02 

0.12 ± 0.01 

-10.20 ± 0.30 

-8.71 ± 0.03 

- 

- 

- 

-29.20 ± 1.60 

75.57 ± 4.21 

78.80 ± 0.55 

81.96 ± 3.80 

74.78 ± 1.9 

69.76 ± 2.8 

79.30 ± 2.7 

23.51 ± 5.07 

- 

4.10 ± 0.20 

3.74 ± 0.10 

3.49 ± 0.10 

 - 

 

 
Figure 18. AFM image of single PLGA[Fis] of 129 nm. 

 

Furthermore, freeze-drying did not negatively affect the samples: nanoparticles pre-

served the size after resuspension in the desire buffer. Furthermore, the co-encap-

sulation of fisetin and FITC led to nanoparticles slightly bigger than the single-

loaded ones. 
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Table 6. DLS, AFM, and nanotracking analysis data of empty, PLGA[Fis], freeze-dried 

PLGA[Fis]*, and PLGA[Fis&Fitc) nanoparticles. The statistical analysis was performed over a pop-

ulation greater than 30 units using SPIP statistical tool. 

 

Nanoformulation Z-average 

(nm) 

Peak Number 

(nm) 

AFM diameter 

(nm) 

NTA distribution 

(nm) 

Empty 

PLGA[Fis]  

Dried- PLGA[Fis]* 

PLGA[Fis&Fitc] 

173.8 ± 2.0 

130.2 ± 4.0 

152.6 ± 2.7 

180.6 ± 2.8 

141.6 ± 44.3 

105.1 ± 31.7 

115.1 ± 37.4 

139.6 ± 55.3 

181.8 ± 28.0 

142.7 ± 17.3 

172.6 ± 27.9 

193.6 ± 40.7 

136.0 ± 29.1 

117.3 ± 21.8 

125.1 ± 27.4 

123.6 ± 28.2 

 

 

3.4.2 Spectroscopy  
 

As it was described in the case of PLGA embedded with oxyresveratrol, we per-

formed emission spectroscopy studies to verify if fisetin was encapsulated unper-

turbed into PLGA NPs. Figure 19. shows a comparison between empty and loaded 

nanoparticles upon excitation of 360 nm, the suitable excitation wavelength of  

Fisetin. We collected a spectrum from 370 to 700 nm in which we observed a peak 

at 530 nm identifying fisetin molecules. Moreover, empty nanoparticle showed a 

zero signal at 530 nm while a weak peak was collected at 408 nm. This emission is 

related to  nanostructure as reported in literature 37,38,86 . 

 

 
Figure 19. Comparison between emission spectra of PLGA[Fis] (green line) and Empty (black 

line) upon excitation of 360 nm. 
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To investigate the cellular uptake by fluorescence microscopy, we co-encapsulated 

both FITC dye molecules with Fisetin into PLGA NPs (PLGA[Fis&Fitc] NPs). To 

assess the presence of both dye and flavonois PLGA[Fis&Fitc] NPs were excited 

at 450 and 360 nm to collect the emission spectra from FITC and fisetin respectively 

(figure 20). Interestingly, upon excitation at 450 nm of PLGA[Fis&Fitc] emission 

pattern was slightly shifted towards the same peak collected for PLGA[Fitc] NPS 

(520 nm) while upon excitation at 360 nm the emission pattern was close to only 

fisetin containing nanoparticle spectra (530 nm). Nevertheless, the co-delivery of 

FITC with Fis into the same carrier was confirmed in the subsequent analysis by 

fluorescence-microscopy.  

 
 

 
Figure 20. Emission spectra of PLGA[Fis&Fitc] upon excitation at 360 nm (red line) and 450 nm 

(black line). Emission spectrum of PLGA[Fitc] upon excitation at 450 nm (green line). 
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3.4.3 Release pattern 
 

In a final 1 ml volume fisetin release rate from PLGA nanoparticles was tested at 

different temperatures (4 and 37 °C) in PBS. We also investigated the release in 

citric acid pH 5 to mimic inflammation condition of bone tissues, typical for osteo-

arthrosis and rheumatoid disease146–148. As it is evident from Figure 21A, after an 

initial burst loss, the release kinetics dropped dramatically. The temperature in-

crease, as expected, leads to fast kinetics, while an acidic pH seems to slow down 

the loss. Then, an in vitro release study on the volume subsequently used for tests 

on intestinal epithelial tissue was carried out (Figure 21B). PLGA[Fis] NPs exerted 

a sustained release trend assessed by the fitting with a second-degree polynomial 

function. In the first half hour, only 10% of fisetin was explosively released (slope 

value 17) while in 6 hours the slope decreases reaching a value of 4 (30% of release). 

Finally, within 48 hours we observed a complete prolonged release for fisetin, with 

a slope value for the release curve of 1. 

 

 
Figure 21. (A) Release test performed at different temperatures (4°C (red line) and 37°C (purple 

line) in PBS and in citric acid pH 5 37°C (blue line)) in a final volume of 1 ml. (B) In-vitro release 

study in 100 ml of physiological solution that fits with a second-grade polynomial function curve 

(red dots). 
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3.4.4 In vitro studies 
 

A microfluidic system containing human intestinal epithelial tissue was created to 

assess the ability of PLGA[Fis] to cross the intestine (Figure 22). As expected 

PLGA[Fis] could cross the intestinal epithelium since the nanoparticles with nega-

tive zeta potential are taken up by Peyer’s patches and are translocated into the 

blood circulation149. Our data are shown in Table 7: after 5 h incubation, less than 

5% of the initial concentration crossed the epithelium, while a value of 30% was 

reached within 16 h. The fisetin amount has been calculated using a fluorescence 

calibration curve. Moreover, PLGA[Fis] recovered after the experiment in the vol-

ume filtered by the epithelium showed a slight increase in the size, with values of 

approximately 190 nm (figure 23).  

 

 
Figure 22. Microfluidic system containing human intestinal epithelial tissue to assess the ability of 

PLGA[Fis] to cross the intestine. 

 

Table 7. Quantification of fisetin concentration crossing the intestinal epithelium after 5 and 16 h. 

All the experiments have been performed in triplicate. 

 

Concentration of 

PLGA[Fis] added to the in-

testinal epithelium tissue 

(µM) 

Concentration of 

PLGA[Fis] crossing the epi-

thelium after 5 hours  

(µM) 

Concentration of 

PLGA[Fis] crossing the epi-

thelium after 16 hours  

(µM) 

1,550.0 ± 28.3 73.4 ± 17.2 436.2 ± 79.5 
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Figure 23. (A) DLS intensity output of PLGA[Fis] NPs (red line), Growth Medium (yellow line), 

Free fisetin (Blu line). (B) Emission spectra of PLGA[Fis] NPs crossed the intestinal epithelium.   

 

Subsequently, to test the ability of PLGA[Fis] to enter cells while induce osteogenic 

differentiation, we treated mesenchymal stem cells (MSCs) with PLGA[Fis&Fitc] 

nanoparticles. MSCs were cultured in an osteogenic medium with or without 

PLGA[Fis&Fitc] for 7 days. PLGA[Fis&Fitc] were added to every medium change 

(every 2 or 3 days). Four hours after the addition of the complete medium, nano-

particles were visible in intercellular spaces (Figure 24A). After 6 h of treatment, 

fisetin (in green) was completely incorporated into the cells (Figure 24B). After 7 

days of osteogenic differentiation, cells were collected to perform gene expression 

analyses. As shown in Figure 24C, we observed that PLGA[Fis] increased the ex-

pression of the osteogenic transcription factors RUNX2 and SP7 compared to free 

fisetin-supplemented cells. Accordingly, COL1A1, a marker of osteogenic matura-

tion, was higher in cells treated with PLGA[Fis] than in control cells (Figure 24D). 
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Figure 24. PLGA[Fis] are visible after 4 h of treatment in cultures and fisetin (in green, FITC) 

diffuses in intercellular spaces (A). However, after 6 h, fisetin is completely absorbed, and only 

cellular nuclei [blue, 4′,6–diamidino-2-fenilindolo diidrocloruro (DAPI) stained nuclei] are visible 

(B). After 7 days of osteogenic differentiation, PLGA[Fis] increased the expression of the osteogenic 

transcription factors RUNX2 and SP7 (C). COL1A1 chain levels increased in cells treated with 

PLGA[Fis] compared to control (D). *p < 0.05. Magnification × 40. 
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3.5 Discussion 
 

In the first reported study, a double emulsion was made to prepare the nanomaterial 

and specifically fisetin was complexed with hydroxyl propyl beta-cyclodextrin to 

increase its solubility in water; then it was emulsified to obtain the PLGA nanopar-

ticles. In the second reported study, the authors used a nanoprecipitation and two 

different polymers (PLGA-peg and polycapryl lactone)142,143,145. However, we used 

a single emulsion, a simpler method if compared to those previously reported. We 

obtained colloidal stable nanoparticle with size close to 140 nm and showing the 

highest drug loading value (23.51 ± 5.07). Moreover, we achieved 75.57 ± 4.21% 

as encapsulation efficiency, in line with those reported in previous studies (table 

5).142,143,145.  Notably, fisetin is not complexed with other molecules, and it interacts 

directly with PLGA (so “pure” fisetin is released, instead of a fisetin-excipient com-

plex). By comparing the release kinetics at different temperatures and pH, PLGA 

was able to effectively retain fisetin: for instance, at 37 °C pH 5, more than 60% of 

fisetin was still recorded to be inside the nanoparticles. Moreover, the release pat-

tern studied in physiological solution suggested that fisetin is completely released 

within 48 hours. Therefore, the sustained release obtained thanks to the PLGA 

cover, could be an interesting characteristic for medical/nutraceutical purposes fa-

vouring patient compliance. Additionally, we proved that 4 °C and freeze-drying 

can be used for storage purpose without affecting the quality of the nanomaterial 

and of the active compound as well.  

 

PLGA encapsulation process did not negatively affected the chemical structure of 

the payload as it was confirmed by the emission pattern collected for PLGA[Fis] 

and PLGA[Fis&Fitc] Nps. This allowed to follow the interaction between cells and 

the complex structure such as intestinal epithelial barrier. By fluorescence micros-

copy, PLGA[Fis&Fitc] Nps were completely uptaken within 4 hours while after 6 

hours the FITC green emission disappeared, suggesting complete metabolization 

by MSCs. PLGA internalization mechanism involves generally peacking both 

clathrin-dependent and clathrin-independent endocytosis. Cell membrane is highly 
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selective and is able to block access to nanoparticles smaller than 50 nm while for 

dimensions larger than 200 nm an active mechanism is often required to favour the 

uptake, usually mediated by clathrin. Due to the size within 50-200 nm, we suppose 

a clathrin-independent endocytosis mechanism be involved in  the uptake of 

PLGA[Fis&Fitc] Nps , although other studies are required150.  Furthermore, 

PLGA[Fis] NPs were also able to entirely cross the intestinal epithelium cells pre-

serving the payload, as it was demonstrated by DLS intensity diagram and by fisetin 

emission pattern. Within 16 hours, a concentration close to 436.17 ± 79.5 µM of 

crossed nanodelivered fisetin was found, corresponding to 30%. Furthermore, the 

observed increase in size of PLGA[Fis] from 140 to 190 nm, might be due to the 

well-known protein corona phenomenon or to some interactions occurring during 

the epithelial tissue crossing. 

 

Finally, as a consequence of the improvement in bioavailability we observed an 

increased osteogenic differentiation in MSCs supplemented with PLGA-encapsu-

lated fisetin compared to fisetin alone. In fact, nano-delivered fisetin lead to an in-

crease in the expression, almost double compared to free fisetin, of the main genes 

(RUNX2, SP7, COL1A1) crucial for osteogenesis regulation. 
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3.6 Conclusion 
 

In conclusion, we prepared narrow-sized PLGA[Fis] nanoparticles with elevated 

drug loading and enabling to cross the human intestinal epithelial tissue. Moreover, 

PLGA can effectively stabilize and protect a labile payload such as fisetin over time. 

Therefore, our findings demonstrated the positive effects of fisetin on osteogenesis 

and suggest that patients affected by skeletal diseases, both of genetic and metabolic 

origins, may benefit from fisetin supplementation. In this regard, the sustained re-

lease properties of PLGA[Fis] could improve patient compliance. 
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Fisetin: An Integrated Approach to
Identify a Strategy Promoting
Osteogenesis
Luca Dalle Carbonare1, Jessica Bertacco1,2, Salvatore Calogero Gaglio3, Arianna Minoia1,
Mattia Cominacini 1, Samuele Cheri 1, Michela Deiana1, Giulia Marchetto1, Anna Bisognin3,
Alberto Gandini 4, Franco Antoniazzi 4, Massimiliano Perduca3, Monica Mottes2 and
Maria Teresa Valenti 1,2*

1Department of Medicine, University of Verona, Verona, Italy, 2Department of Neurosciences, Biomedicine and Movement
Sciences, University of Verona, Verona, Italy, 3Biocrystallography Lab, Department of Biotechnology, University of Verona,
Verona, Italy, 4Department of Surgery, Dentistry, Pediatrics and Gynecology, University of Verona, Verona, Italy

Flavonoids may modulate the bone formation process. Among flavonoids, fisetin is known
to counteract tumor growth, osteoarthritis, and rheumatoid arthritis. In addition, fisetin
prevents inflammation-induced bone loss. In order to evaluate its favorable use in
osteogenesis, we assayed fisetin supplementation in both in vitro and in vivo models
and gathered information on nanoparticle-mediated delivery of fisetin in vitro and in a
microfluidic system. Real-time RT-PCR,Western blotting, and nanoparticle synthesis were
performed to evaluate the effects of fisetin in vitro, in the zebrafish model, and in ex vivo
samples. Our results demonstrated that fisetin at 2.5 µM concentration promotes bone
formation in vitro andmineralization in the zebrafishmodel. In addition, we found that fisetin
stimulates osteoblast maturation in cell cultures obtained from cleidocranial dysplasia
patients. Remarkably, PLGA nanoparticles increased fisetin stability and, consequently, its
stimulating effects on RUNX2 and its downstream gene SP7 expression. Therefore, our
findings demonstrated the positive effects of fisetin on osteogenesis and suggest that
patients affected by skeletal diseases, both of genetic and metabolic origins, may actually
benefit from fisetin supplementation.

Keywords: osteogenesis, PLGA, fisetin, mesenchymal stem cells, differentiation

1 INTRODUCTION

Flavonoids are phenolic compounds commonly found in vegetables and fruits. Various flavonoids
have been described, and it has been demonstrated that they produce biological effects through
different mechanisms of action (Cederroth and Nef, 2009).

In vitro experiments have shown that flavonoids are able to modulate osteogenesis by affecting the
physiology of bone-forming cells, that is, osteoblasts (Trzeciakiewicz et al., 2009).

It is well known that osteoblasts originate from mesenchymal progenitors through osteogenic
differentiation (Kular et al., 2012). This process is regulated by different extracellular signals such as
bone morphogenetic proteins, parathyroid hormone, Wnt, or hedgehog pathway (Soltanoff et al.,
2009). Cellular signaling induces the expression of transcription factors, including Runt-related
transcription factor 2 (Runx2) and osterix (SP7) (Marie, 2008). In particular, Runx2 is the osteogenic
master gene, controlling proliferation and differentiation (Komori, 2010, 2). In humans, Runx2 gene
mutations cause cleidocranial dysplasia (CCD, OMIM#119600), a skeletal disorder with aplasia/
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Embedding Biomimetic Magnetic Nanoparticles Coupled 

with Peptide AS-48 into PLGA to Treat Intracellular Patho-

gens 
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4.1 Aim 
 

Among the strategies employed to overcome the development of multidrug-re-

sistant bacteria, directed chemotherapy combined with local therapies (e.g., mag-

netic hyperthermia) has gained great interest. A nano-assembly coupling the anti-

microbial peptide AS-48 to biomimetic magnetic nanoparticles (AS-48-BMNPs) 

was demonstrated to have potent bactericidal effects on both Gram-positive and 

Gram-negative bacteria when the antimicrobial activity of the peptide was com-

bined with magnetic hyperthermia. Nevertheless, intracellular pathogens remain 

challenging due to the difficulty of the drug reaching the bacterium. Thus, improv-

ing the cellular uptake of the nanocarrier is crucial for the success of the treatment. 

In the present study, we demonstrated the cellular uptake of the original nano-as-

sembly into THP-1, reducing the toxicity of AS-48 toward healthy THP-1 cells. 

Thus, we optimized the design of PLGA[AS-48-BMNPs] in terms of size, colloidal 

stability, and hyperthermia activity (either magnetic or photothermal). The stability 

of the nano-formulation at physiological pH values was evaluated by studying the 

AS-48 release at this pH value. The influence of pH and hyperthermia on the AS-

48 release from the nano-formulation was also studied. These results show a slower 

AS-48 release from PLGA[AS-48-BMNPs] compared to previous nano-formula-

tions, which could make this new nano-formulation suitable for longer extended 

treatments of intracellular pathogens. PLGA[AS-48-BMNPs] are internalized in 

THP-1 cells where AS-48 is released slowly, which may be useful to treat diseases 

and prevent infection caused by intracellular pathogens. The treatment will be more 

efficient when combined with hyperthermia or photothermia. 
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4.2 Introduction 
 

Directed chemotherapy to treat local infections is not only necessary to avoid un-

desired secondary effects, but also to reduce the number of drugs needed to control 

the infection. This advantage becomes crucial in the context of antibiotics. In fact, 

the World Health Organization (WHO) is warning about the increase in the failure 

of common antibacterial therapies due to the development and selection of multi-

drug-resistant (MDR) bacteria, mainly due to the generalized and/or extended drug 

administration151. As an example, MDR Mycobacterium tuberculosis strains have 

developed resistance to the two major “first-line” drugs used against tuberculosis 

(isoniazid and rifampicin). Treatment of MDR M. tuberculosis requires long-lasting 

therapy (administered daily for 7–9 months) based on the use of less efficient and 

more toxic drugs 152. 

Among the strategies to overcome the problem of MDR pathogens, directed chem-

otherapy combined with another local therapy (e.g., magnetic hyperthermia) has 

gained great interest. Wu et al. 153 showed the potential of combining a photother-

mic–chemical treatment for a murine subcutaneous abscess induced by methicillin-

resistant Staphylococcus aureus. Wang et al. 154 developed a dual-targeted platform 

for synergistic chemo–photothermal therapy against multidrug-resistant Gram-neg-

ative bacteria and their biofilms. More recently, Jabalera et al. 34 designed the AS-

48-BMNP nano-assembly, where biomimetic magnetic nanoparticles (BMNPs) 

were simultaneously used as drug carriers and hyperthermia agents, and the circular 

antimicrobial peptide AS-48 was used as the active antimicrobial compound. The 

nano-assembly showed strong bactericidal effects on the planktonic cultures of both 

Gram-positive and Gram-negative bacteria, with the effects being remarkable 

against the Gram-negative species (Pseudomonas aeruginosa and Klebsiella pneu-

moniae), which are naturally resistant to AS-48. Notably, BMNP nano-assemblies 

can be magnetically guided and/or concentrated at the target 155. 

The therapeutic approach is more challenging when the disease is caused by intra-

cellular bacteria, such as M. tuberculosis 156. This pathogen reaches the lungs of 

infected individuals, where it is phagocyted by alveolar macrophages forming 
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intracellular acidic vesicles named phagosomes. In many cases, M. tuberculosis 

prevents phagosome maturation and, hence, escapes from eradication by the host 

cell and turns the phagosome into a niche for cell replication. Infected macrophages 

stimulate the immune system, triggering the formation of cellular superstructures, 

the granulomas, which contain the infected macrophages and prevent antitubercu-

losis drugs from reaching the pathogen 152. To successfully treat this kind of patho-

gens by a magnetically directed therapy, the availing of a carrier that can penetrate 

granulomas and locally increase drug bioavailability is crucial. Therefore, for the 

nano-formulation, the already designed AS-48-BMNPs have to, e.g., carry the bac-

teriocin, allow magnetic driving, ensure stability at the physiological pH, release 

the bacteriocin at the target, and behave as hyperthermia agents. However, this 

nano-formulation needs to be optimized to enhance cellular uptake, reduce the tox-

icity of AS-48 for non-infected cells, and ensure intracellular drug release. 

MamC-mediated biomimetic magnetic nanoparticles have proven to be suitable 

nanocarriers for directed combined therapy 34,157. These BMNPs are chemically 

produced by introducing a magnetosome protein from Magnetococcus marinus 

MC-1, MamC (expressed as a recombinant protein), in the reaction mixture from 

which magnetite nucleates grow. MamC chelates Fe cations and acts as a template 

for magnetite nucleation, producing magnetic nanoparticles in different sizes, sur-

face charges, and magnetic properties from those chemically produced (MNPs). In 

terms of size, BMNPs are larger (~35–40 nm) than MNPs (<20 nm), which allows 

BMNPs to be superparamagnetic and to display a larger magnetic moment per par-

ticle than that displayed by MNPs. This characteristic ensures an enhanced mag-

netic response once an external magnetic field is applied for guidance and/or con-

centration and favours a non-magnetic behaviour of BMNPs in the absence of an 

external magnetic field, which prevents BMNP aggregation 155. 

In terms of surface charge, the advantage of using BMNPs versus MNPs is mainly 

related to the greater ease in the process of functionalization. MNPs usually have 

an isoelectric point close to 7; thus, they need to be coated to successfully bind the 

relevant molecule and to keep the nano-assembly at the physiological pH stable 
158,159. Instead, in the case of BMNPs, MamC confers to the nanoparticle-surface 
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functional groups, which switch their isoelectric points to ~4.5 157. This is important 

since, as the nanoparticle is negatively charged at the physiological pH, drug-bind-

ing by electrostatic interaction and nano-assembly stability at this pH value are en-

sured, drug release is triggered in acidic environments as BMNPs become un-

charged157, and BMNPs behave as stimulus-response drug delivery systems. Fur-

thermore, BMNPs are hyperthermia agents that are able to locally raise the temper-

ature to the hyperthermia therapeutic range (41–45 °C) following the application of 

an alternating magnetic field (AMF)35,160, which further increases the drug release 

at the target 161–163. 

Novel compounds with unexploited mechanisms of action are required to deal with 

bacterial infections. Among them, the bacteriocin AS-48 is a cationic 70 residues-

long head-to-tail cyclized peptide produced by Enterococcus faecalis with a potent 

bactericidal effect on Gram-positive bacteria 164,165, including several human path-

ogens166,167. AS-48 is very stable in a broad range of conditions (pH, temperature, 

salt concentrations) and resistant to most proteases. This antimicrobial peptide in 

solution is arranged in two different dimeric forms as a function of the physico-

chemical environment: dimeric form I (DF-I), in which the molecules are linked by 

hydrophobic interactions (hydro-soluble form), and dimeric form II (DF-II), in 

which the molecules are linked by hydrophilic interactions (hydrophobic form). Ba-

sically, the bactericidal effect is electrostatic dependent and is exerted by the accu-

mulation of DF-I on the negatively charged membrane, followed by dissociation 

into DF-II and insertion into the lipid bilayer, which causes the creation of pores 168. 

The antibacterial action is based on a receptor-independent mechanism, thus reduc-

ing the development of stable and transmissible resistance 166. Additionally, AS-48 

has not shown any remarkable toxicity in preclinical studies, indicating its safety at 

preventing and treating infections, even those caused by MDR microorganisms 169. 

However, Gram-negative bacteria show naturally increased resistance to AS-48 due 

to the presence of the outer membrane. The nano-assembly AS-48-BMNPs com-

bine the thermal and mechanical damages of the outer membrane induced by the 

rotation of the BMNPs (under an AMF stimulus), in such a way that the bacteriocin 
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can reach the cytoplasmic membrane. In these conditions, AS-48 can exert antimi-

crobial effects even against microorganisms considered naturally resistant 34. 

Despite the advances made to date, improving the cellular uptake of the nanocarri-

ers is crucial to reach an intracellular pathogen. In this scenario, Vurro et al. and 

Jabalera et al. 35,170 tested the PLGA encapsulation of BMNPs to enhance their in-

ternalization in U87MG and HepG2 cells, respectively. Polylactic-co-glycolic acid 

(PLGA) is a copolymer of the ester family, widely used to prepare nano- and mi-

croparticles for nanomedicine purposes 24,171,172 when biocompatibility and biodeg-

radability are required. Moreover, PLGA has been approved for human therapies 

by the Food and Drug Administration (FDA) and the European Medicines Agency 

(EMA) 55,59. The biocompatibility for human cells is strictly related to its spontane-

ous hydrolysis, which leads to the release of lactic and glycolic acid monomers that 

can be easily metabolized by cells through the Krebs cycle 172. Nevertheless, while 

embedding compounds, such as those reported in Jabalera et al. 35, is relatively easy, 

the embedding of AS-48 is not trivial due to its ability to insert and induce perme-

ability in lipid membranes 173. In fact, previous attempts to encapsulate AS-48 in 

liposomes yielded non-functional formulations. Therefore, being able to encapsu-

late a nano-formulation containing AS-48 means that the direction of this molecule 

is a real step forward in the potential use of this bacteriocin. 

The present study focuses on the design of a nano-formulation that allows the com-

bination of directed chemotherapy and local hyperthermia and that could be poten-

tially used against intracellular pathogens. Several nano-formulations based on AS-

48-BMNP were optimized and characterized to improve cell uptake, reduce their 

toxicity in healthy (non-infected) cells, and delay bacteriocin release until the nano-

formulation is inside the host. As a cell model, human macrophages (THP-1) are 

used since these cells are usually invaded by M. tuberculosis. This could be the first 

step toward a new approach in the treatment of diseases caused by intracellular 

pathogenic species, even if belonging to MDR strains, using a safe nanomaterial. 
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4.3 Experimental section 
 

Several nanoformulations have been designed and characterized in the present 

study and are summarized in Table 8. 

 
Table 8. Summary of the nano-formulations prepared and analyzed in the present study. 

 

Nanomaterial Description Preparation Method 

BMNPs 

AS-48-BMNPs 

PLGA 

PLGA[BMNPs] 

PLGA[AS-48-BMNPs] 

Biomimetic magnetic nanoparticles 

AS-48 immobilized on BMNPs 

Empty PLGA nanoparticles 

PLGA nanoparticles bearing BMNPs 

PLGA nanoparticles bearing AS-48-BMNPs 

Protein-mediated coprecipitation 

Ionic coupling 

Single emulsion 

Single emulsion 

Single emulsion 

 

Biomimetic magnetic nanoparticles were synthesized by the protein-mediated co-

precipitation method under anaerobic conditions (Table 8) following the protocol 

described in Valverde-Tercedor et al. 174. MamC was produced and purified as a 

recombinant protein following a previously described protocol 174. Briefly, trans-

formed Escherichia coli TOP10 cells (Life Technologies: Invitrogen, Grand Island, 

NY, USA) were grown at 37 °C in Luria–Bertani (LB) broth supplemented with 

ampicillin, and the production of the MamC protein was induced with isopropyl-β-

d-thiogalactopyranoside (IPTG, Fisher BioReagents, Pittsburgh, PA, USA). Once 

produced, the purification of the protein was carried out under denaturing condi-

tions by fast protein liquid chromatography (FPLC, GE Healthcare) using immobi-

lized metal affinity chromatography (IMAC, GE Healthcare, Chicago, IL, USA). 

Fractions containing MamC were refolded at 4 °C through dialysis in suitable buff-

ers. 

 

The synthesis of BMNPs was carried out at 1 atm of total pressure and 25 °C from 

oxygen-free solutions, at pH 9, following standard protocols 157. All experiments 

were conducted under anaerobic conditions inside an anaerobic Coy chamber (96% 

N2/4% H2, Coy Laboratory Products, Grass Lake, MI, USA). Samples were incu-

bated for 30 days, and then the solids, following magnetic concentration and 
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discarding the supernatant, were washed with deoxygenated Milli-Q water. The 

precipitated solid was stored in HEPES buffer (HEPES 10 mM, NaCl 150 mM, pH 

7.4) and sterilized. 

 

AS-48 was purified from cultures of the enterococcal UGRA10 strain [31] on Es-

prion 300 plus glucose (1%) (DMV Int., Veghel, Netherland) in a pH-controlled 

device following the conditions established by Ananou et al. Briefly, the fermenta-

tion supernatant was purified by cationic exchange chromatography on a Sepharose 

Big Beads resin (GE Amershan) and the eluted fractions were applied to a hydro-

phobic C18 column, to finally be purified to homogeneity by reverse-phase, high-

performance liquid chromatography (RP-HPLC) on a Vydac 218TP510 semipre-

parative column (the Separation Group, Hesperia, CA, USA). The concentration of 

purified derivatives, determined by measuring UV absorption at 280 nm in a 

Nanodrop, was converted to a protein concentration using the molecular extinction 

coefficient. 

 

To produce AS-48-BMNPs nano-assemblies, 5 mg of nanoparticles were mixed 

with 1 mL of aqueous 100 μM AS-48 in HEPES buffer (10 mM HEPES, 150 mM 

NaCl, pH 7.4), and the samples were incubated for 24 h 34. After the incubation 

time, the nano-assemblies were collected with a magnet, and pellets were carefully 

washed twice with 1 mL HEPES buffer. The supernatants were measured by UV-

Vis spectroscopy at 280 nm and the non-adsorbed AS-48 was estimated using a 

calibration line and subtracted from the initial concentration suspension. Thus, the 

coupling efficiency was expressed as the percentage of AS-48 bound (AS-

48(%)bound) and calculated by the following equation, where AS-48fed is the amount 

of the peptide used for the coupling, while AS-48lost is the unbound amount quanti-

fied in the waste supernatants. Finally, the total bound amount was expressed per 

mg of magnetite. 

 

𝐴𝑆 − 48(%)!"#$ =
(𝐴𝑆 − 48%&$ − 𝐴𝑆 − 48'"())

𝐴𝑠 − 48%&$
	𝑋	100 
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PLGA encapsulation protocol. The synthesis of the PLGA nano-formulation em-

bedding BMNPs was archived using the single emulsion–evaporation method (Ta-

ble 8) 37,38,86. To avoid the aggregation phenomenon, we tested different concentra-

tions of PVA (0.1–2%), and to reduce the loss of AS-48, we performed several trials 

varying the PLGA concentration (2.5–20 mg/mL); the BMNP concentration was 

kept constant (5 mg/mL). Additionally, the influences of different organic phases 

(acetone, acetonitrile, dimethyl sulphate, acetone/ethanol) on the nano-assembly 

formation were tested. Thus, the following protocol was optimized to achieve a 

stable hyperthermia agent within the nanometric range. Briefly, 10 mg of PLGA 

copolymer (in the presence of 5 mg of BMNPs or AS-48-BMNPs) were dissolved 

in 1 mL of organic solution (85% acetone and 15% ethanol) and dripped into 10 

mL of polyvinyl alcohol (PVA) 1% aqueous solution under sonication. The ob-

tained emulsion was left under shaking overnight to enhance the organic solvent 

evaporation. Finally, the nano-assemblies were collected using a magnet and 

washed 3 times with PBS pH 7.4 before being resuspended in the desired buffer. 

 

Empty PLGA nanoparticles were prepared with the same procedure, just avoiding 

the presence of the payloads. In this case, PLGA nanoparticles were collected by 

centrifugation (15,550× g for 20 min) (Eppendorf Centrifuge 5804R) and washed 

three times with PBS. The final pellet was re-suspended in 1 mL of sterile PBS 

buffer and stored at 4 °C. In the case of the synthesis of the AS-48-BMNPs, all 

supernatants were measured by UV-Vis spectroscopy at 280 nm to check for the 

presence of residual amounts of AS-48, using the same calibration curve previously 

prepared. Thus, the encapsulation efficiency was expressed as the percentage of the 

bacteriocin loaded (AS-48(%)loaded) and calculated by the following general equa-

tion, where AS-48fed stands for the quantity bound to BMNPs and is used for the 

encapsulation process, while AS-48lost stands for the free AS-48 in the waste su-

pernatants. 

 

𝐴𝑆 − 48(%)'"*$&$ =
(𝐴𝑆 − 48%&$ − 𝐴𝑆 − 48'"())

𝐴𝑠 − 48%&$
	𝑋	100 



Università degli Studi di Verona  
Area Ricerca – U.O. Dottorati di Ricerca Nazionali ed Internazionali 

tel. 045.802.8608 - fax 045.802.8411 - Via Giardino Giusti n. 2 - 37129 Verona  
 
 
 

93 

Physico-chemical Characterization of the Nano-Formulations. The nano-for-

mulations obtained were characterized in terms of size (Nanoparticle Tracking 

Analysis–NTA- and Atomic Force Microscopy–AFM), surface charge (ζ-potential), 

and surface chemistry (Fourier Transformed Infra-Red, FT-IR). AFM is a scanning 

probe microscopy (SPM) based on atomic force interactions between the sample 

and a nanometric probe; the technique offers information about morphology and 

surface topography. The analysis was performed in dry mode on a mica disk. The 

AFM output is a direct estimate of the nanoparticle diameter [34]. Thus, the AFM 

analysis, 20 μL drops of each previously sonicated sample, were deposited on 20 

mm diameter mica discs. An NT-MDT Solver Promicroscope (Moscow, Russia), 

with a single-crystal silicon–antimony-doped probe and a gold-coated tip (NSG-01 

from NT-MDT), was used to collect images. The microscope was calibrated using 

a calibration grating (TGQ1 from NT-MDT) to reduce non-linearity and hysteresis 

in the measurements. The obtained images were processed using the program 

Gwyddion 175, and a statistical analysis as a function of the diameters on 35 different 

nanoparticles of each sample was conducted. 

 

The NTA analysis is based on the dynamic light scattering phenomenon where the 

diffusion coefficient of each tracked particle was calculated in an aqueous environ-

ment by the Stokes–Einstein equation. Therefore, NTA analyses yield the hydrody-

namic radii of the nano-formulations 176. Analyses were performed from suspen-

sions of the nano-formulations in PBS pH 7.4. The nanoparticle tracking analysis 

(NTA) was performed using a Malvern NanoSight NS300 instrument (Worcester-

shire, UK) on diluted samples (1:1000) at 25 °C. For each sample, 3 sequences of 

30 s with 25 FPS were recorded. The data analysis was carried out using NTA 3.4 

Build 3.4.003 software 177. Nanoparticle tracking analysis (NTA) was performed 

using a Malvern NanoSight NS300 instrument (Worcestershire, UK) on diluted 

samples (1:1000) at 25 °C. For each sample, three sequences of 30 s with 25 FPS 

were recorded. The data analysis was carried out using NTA 3.4 Build 3.4.003 soft-

ware 176. 

 



Università degli Studi di Verona  
Area Ricerca – U.O. Dottorati di Ricerca Nazionali ed Internazionali 

tel. 045.802.8608 - fax 045.802.8411 - Via Giardino Giusti n. 2 - 37129 Verona  
 
 
 

94 

The ζ-potential of the nano-formulations at pH 7.4 and 25 °C (10 mM NaClO4) was 

analyzed using a Nano Zeta Sizer ZS (ZEN3600, Malvern Instruments, Malvern, 

Worcestershire, UK). Before performing the measurements, samples were diluted 

20 times obtaining a final concentration of BMNPs close to 0.25 mg/mL. 

 

Lyophilized samples were characterized by an FTIR spectrometer (model 6600, 

Jasco, Japan) equipped with an attenuated total reflection (ATR) diamond crystal 

window (ATR ProOne). A total of 64 scans were collected in the wavenumber range 

from 4000 to 400 cm−1, at 2 cm−1 resolution. 

 

Magnetic properties. An AC generator was used to perform the magnetic hyper-

thermia experiments. The experimental setup consisted of induction heating coils 

made up of four turns of water-cooled copper, a power supply, and a chiller to 

maintain the temperature of the coils. Samples were analyzed at a fixed frequency 

of 120 kHz and under three magnetic field strengths, 13, 17, and 23 kA/m measured 

at the center of the coil, with an AC magnetic probe (NanoScience Laboratories 

Ltd., Staffordshire, UK). These parameters were chosen for the application of the 

alternating magnetic field since they are below the limit established by Hergt and 

Duzt in 2017 (Hf < 5 × 109 Am−1s−1) 178 and were recently proposed by Herrero 

de la Parte et al. in 2022 [38] (Hf < 9.59 × 109 Am−1 s−1) as the biophysical limita-

tions. All samples were previously thermostated at 37.0 ± 0.2 °C. The temperature 

increase as a function of time was measured with a fiber optic thermometer (Opto-

con AG, Dresden, Germany), and the specific absorption rate (SAR) and intrinsic 

loss power (ILP) of the different systems were calculated 179,180 using Equations (1) 

and (2). 

 

(1)	𝑆𝐴𝑅 = 	A
𝐶 × 𝑉'
𝑚 E

𝑑𝑇
𝑑𝑡  

(2)	𝐼𝐿𝑃 = 	
𝑆𝐴𝑅
𝑓𝐻10
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where C is the volumetric specific heat capacity of the sample (CWater = 4185 J/LK), 

vs. is the sample volume (0.2 mL in the reported experiments), and m is the mass 

of solids in the sample (2 mg). 

 

The photothermia experiments were performed in a microfuge tube (0.5 mL) con-

taining 0.2 mL of suspension of the relevant nano-formulation in HEPES buffer. 

Nanoparticle concentrations were adjusted to [Fe] = 19 mM. During the experi-

ments, each sample was irradiated from the top with a NIR laser (λ = 808 nm) at 

0.5, 1, and 2 W/ cm2 and visualized with a thermography camera (Flir 60 with 320 

× 240 pixels, IR resolution, and thermal sensitivity <0.045 °C; FLIR Systems, Inc., 

Wilsonville, Oregon, USA), to measure temperature increases. 

 

Stability and Bacteriocin Release. The releases of AS-48 bacteriocin from 

PLGA[AS-48-BMNPs] and AS-48-BMNPs were analyzed at different tempera-

tures (4 °C, 20 °C, and 37 °C) and different pH values (7.4 and 5) by suspending 

the nano-assemblies in PBS and citrate buffers, respectively. The experiment was 

performed for one week and, at each specific time interval, the nano-assemblies 

were magnetically separated from the supernatant and resuspended in the fresh 

buffer to continue the time course experiment. The released bacteriocin was quan-

tified from UV-Vis at 280 nm. 

In addition, the release of AS-48 was identically analyzed following magnetic hy-

perthermia (frequency = 120 kHz, H = 23 kA/m, 120 min) or photothermia treat-

ment (λ = 808 nm, at 1 W/ cm2, 30 min). AS-48 release was indirectly analyzed 

over the time course experiment from the supernatants as detailed above. Each ex-

periment was performed in triplicate for each condition. 

 

Cell culture. The human leukemia monocytic cell line, THP-1, was obtained from 

the European Collection of Animal Cell Cultures (Salisbury, UK). The cells were 

cultured in RPMI-1640 containing 10% heat-inactivated FBS supplemented with 2 

mM L-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin, in a humid 

atmosphere with 5% CO2 at 37 °C, and sub-cultured at a ratio of 1:10 once a week. 



Università degli Studi di Verona  
Area Ricerca – U.O. Dottorati di Ricerca Nazionali ed Internazionali 

tel. 045.802.8608 - fax 045.802.8411 - Via Giardino Giusti n. 2 - 37129 Verona  
 
 
 

96 

Cytotoxicity of the Nano-Assemblies. THP-1 cells were seeded onto 96-well black 

plates with clear bottoms (20,000 cells/well) in complete RPMI-1640 containing 

10% FBS and were differentiated to macrophages adding 20 nM phorbol 12-

myristate 13-acetate (PMA) to the medium for 48 h. Then, the culture medium was 

replaced with fresh medium/10% FBS and the different nano-assembly treatments 

were applied in a volume of 100 μL. Macrophages were incubated for 48 h in the 

absence (control) or in the presence of different nano-formulations: BMNP (229 

μg/mL), AS-48 (32 μg/mL), PLGA (457 μg/mL), AS-48-BMNPs (229 μg/mL 

BMNPs and 32 μg/mL AS-48), PLGA[AS-48-BMNPs] (457 μg/mL PLGA, 229 

μg/mL BMNPs and 32 μg/mL AS-48). To determine the cell viability, the resazurin 

assay was conducted, adding to each well 10 μL of 1 mM resazurin and determining 

the fluorescence at λex = 535/λem = 590 nm, in a microplate reader (HTX Micro-

plate Reader BioTek Instruments, Winooski, VT, USA). 

 

Cellular Uptake and Iron Content Estimation. To determine the amounts of in-

ternalized BMNPs in the different nano-formulations, THP-1 cells were seeded in 

12-well plates (300,000 cells/well) and treated with BMNPs (229 μg/mL), AS-48-

BMNPs (229 μg/mL BMNPs and 32 μg/mL AS-48), PLGA[BMNPS] (457 μg/mL 

PLGA, 229 μg/mL BMNPs), and PLGA[AS-48-BMNPs] (457 μg/mL PLGA, 229 

μg/mL BMNPs and 32 μg/mL AS-48). In all cases, the final concentration of 

BMNPs was 229 μg/mL ([Fe] = 2.97 mM). Cells were incubated for 48 and 72 h 

and then trypsinized and transferred to 2 mL tubes and centrifuged at 8500× g for 

5 min. Afterward, to dissolve the cell pellet with internalized nanoparticles, 100 μL 

of 37% HCl/10% H2O2 were added and maintained for 20 min at room temperature. 

Finally, 1 mL of 1% potassium thiocyanate in Milli-Q water was added to the tubing, 

and the absorbance at 490 nm was measured by UV–Vis spectroscopy. To obtain 

the percentage of endogenous iron (Feendogenous), the following equation was applied: 

where AbsFe(internalized) is the absorbance collected by dissolving cell pellet, while 

AbsFe(fed) stands for the absorbance of the desired nano-formulation. 
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𝐹𝑒%,$"2%,")'(%) =
𝐴𝑏𝑠3%(5,(%+,#!56%$)

𝐴𝑏𝑠3%(&%$)
	 

 

Statistical analysis. Statistical analyses were performed using Excel (16.65 20209) 

for Mac. For in vitro biological analysis, data represent means ± SEM of three in-

dependent experiments performed in triplicate, and statistical analyses were carried 

out using single-way ANOVA, with a Bonferroni’s post hoc test for the grouped 

analysis. Statistical differences between the treatments were considered significant 

at * p ≤ 0.05, ** p ≤ 0.001, *** p ≤ 0.0001. 

 

This work has been a part of an active collaboration between the University of 

Verona and the University of Granada  
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4.4 Results 
 

4.4.1 Nano-Assemblies Physico-chemical Characterization  
 

BMNPs were previously characterized174, and they consisted of pure stoichiometric 

magnetite with an average size of 39 ± 7 nm (sizes from 10 to 70 nm) and an isoe-

lectric point (iep) of ~4.1. AS-48 was effectively coupled to BMNPs, yielding a 

load of 0.14 ± 0.04 mg AS-48/mg BMNPs. This load is consistent with that reported 

by Jabalera et al34. Additionally, no AS-48 loss was observed during PLGA encap-

sulation. FTIR analyses were run to confirm the binding of AS-48, and the covering 

of the nano-assemblies with PLGA (Figure 25). The absorption bands at 800 and 

900 cm−1 corresponded to the Fe-O bond of magnetite (Fe3O4) and were evident for 

both the BMNPs and the nano-assemblies, although the signal was less intense as 

the coating width increased (from AS-48-BMNPs) to PLGA[AS-48-BMNPs]). AS-

48 and PLGA shared common adsorption bands within the region 1100–1500 cm−1. 

There were also distinctive bands for AS-48 at 801 and 837, 1543, 1656, 2936 cm−1 

(C-C stretch, C=C bend, C=N bend, and O-H/C-H stretch, respectively). PLGA also 

showed distinctive bands at 862 and 1089, 1171, and 1752 cm−1 (C-C stretch, C-O 

stretch, and C=O bend). Many of these bands (1089, 1171, and 1752 cm−1) can also 

be detected in PLGA[AS-48-BMNPs], showing the existence of the coating. Fur-

thermore, the presence of AS-48 in PLGA[AS-48-BMNPs] was directly demon-

strated by SDS-PAGE (Figure 26), in which a clear band close to 7000 Da, corre-

sponding to AS-48 (expected size 7149.5 Da), can be observed in lanes where AS-

48 from a pure stock and PLGA[AS-48-BMNPs] were loaded. 
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Figure 25. FTIR spectrum collected in the range between 600 and 4000 cm−1. The black arrow 

stands for adsorption bands associated with magnetite (lines in black), AS48 distinctive adsorption 

bands are marked with red arrows and those for PLGA are marked with green arrows. 

 

 
Figure 26. SDS-PAGE gel of the nano-formulation. Other than the marker (M), purified AS-48 

(Lane 1) and PLGA[AS-48-BMNPs] (Lane 2) were loaded in the second and third lanes, respec-

tively. 

 

The size of each nano-formulation was estimated comparing two different tech-

niques: nano-tracking analysis (NTA) and atomic force microscopy (AFM). NTA 

and AFM analyses of PLGA[BMNPs], PLGA[AS-48-BMNPs], AS-48-BMNPs, 
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BMNPs, and empty PLGA nanoparticles, yielded mode average sizes below 120 

nm (Table 9). The discrepancy in NTA and AFM data for PLGA nano-formulations 

is mainly associated with artifacts during AFM measurements related to the expan-

sion of soft PLGA on the mica surface, with the consequent increase in size86. On 

the contrary, AFM data for harder materials, such as BMNPs, do not show such 

artifacts, with size data from both techniques (NTA and AFM) being comparable. 

 
Table 9. NTA data compared to the AFM diameter. NTA average size represents the average ob-

tained from three independent measures while the NTA mode size is the value most frequently de-

tected. The values correspond to three independent experiments for which standard deviations were 

calculated. 

 

Samples NTA Average*  

(nm) 

NTA Mode**  

(nm) 

AFM Diameter 

(nm) 

BMNPs 

AS-48-BMNPs 

PLGA 

PLGA[BMNPs] 

PLGA[AS-46-BMNPs] 

164 ± 87 

128 ± 100 

131 ± 26 

173 ± 72  

160 ± 68 

107 ± 15 

67 ± 12 

117 ± 5 

114 ± 9 

115 ± 7 

77 ± 35 

91 ± 50 

182 ± 29 

201 ± 75 

228 ± 93 

 

 

NTA size distributions of BMNPs (Figure 27a) showed several populations with 

sizes of 35, 63, 99, 149, and 229 nm, although the highest percentage of BMNPs 

was 99 nm. The average TEM size for the nanoparticles in this batch of BMNPs 

was 39 nm 174 and, therefore, it can be inferred that, although there were monodis-

perse BMNPs nanoparticles (NTA size of 35 nm), most BMNPs were aggregated 

in clusters of 2 to 3 BMNPs (NTA size of 99 nm). Regarding AS-48-BMNPs, most 

of the population exhibited sizes of 45 and 67 nm, although higher sizes of 131 and 

181 nm were also detected.  
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Figure 27. NTA size distribution of (a) BMNPs, (b) AS-48-BMNPs, and (c) PLGA[AS-48-BMNPs]. 

(d) AFM analysis of PLGA[AS-48-BMNPs]. 

 

PLGA[AS-48-BMNPs] preparation was optimized using PVA 1%, 10 mg of PLGA, 

5 mg of BMNPs, and a mixture of acetone/ethanol with a ratio of 85/15. Indeed, 

lower concentrations (<1%) of the surfactant led to greater aggregation resulting in 

an increase in size; while a concentration greater than 1% did not bring more bene-

fits. The polymer concentration used was the best one able to reduce the AS-48 loss 

while maintaining the nanometric size of the nano-assembly. Furthermore, among 

the different organic phases used (acetone, acetonitrile, dimethyl sulphate), only the 

mixture of acetone and ethanol did not negatively influence the binding between 

the peptide and BMNPs. Two well-defined populations with sizes of 115 and 155 

nm (Figure 27c) were observed.  
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ζ-potential measurements of all nano-formulations at physiological pH show that 

they display negative surface charges (Table 10). For BMNPs, this negative charge 

is due to the carboxylic and hydroxyl groups present in MamC, which allow the 

electrostatic interactions with the cationic AS-48 through the amine groups of the 

peptide 34. The binding of AS-48 to BMNPs blocks some of the negatively charged 

functional groups, thus becoming the surface less negative (Table 10, −32 mV for 

BMNPs, −15 mV for AS-48-BMNPs). PLGA[BMNPs] and PLGA[AS-48-BMNPs] 

showed the ζ-potential of −19 ± 7 and −14 ± 6 mV, respectively (Table 10). In acid 

environment a zero net charge of the BMNPs) was collected, while AS-48-BMNPs 

reached a positive value of +10 ± 5 mV. Since the -CHCOOH groups were almost 

all protonated, PLGA negative surface charge decreased from -10 ± 5 mV collected 

at pH 7.5 to -1 ± 0.2 mV at pH 5. Same behaviour was observed for PLGA[BMNPs] 

and PLGA[AS-48-BMNPs] which showed ζ-potential values of −3 ± 1 mV and +4 

± 2 mV respectively.  

 
Table 10. ζ-Potential (mV) values at physiological and acidic conditions, pH 7.4 and pH 5, respec-

tively. The data correspond to the average of three independent experiments for which the standard 

deviation has been calculated. 

  
Nanoformulation ζ-Potential (mV) 

pH 7.4 

ζ-Potential (mV) 

pH 5 

BMNPs 

AS-48-BMNPs 

PLGA 

PLGA[BMNPs] 

PLGA[AS-46-BMNPs] 

-32 ± 6 

-15 ± 4 

-10 ± 3 

-21 ± 6  

-18 ± 4 

-6 ± 5 

+10 ± 5 

-1 ± 0.2 

-3 ± 1 

4 ± 2 
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4.4.2 Magnetic hyperthermia 
 

All nano-formulations tested (BMNPs, PLGA[BMNPs], AS-48-BMNPs, and 

PLGA[AS-48-BMNPs]) were able to raise the temperature to the so-called thera-

peutic temperature (40–45 °C, transparent grey band) following their exposure to 

an alternating magnetic field (AMF) (Figure 28). Table 11 presents the summary of 

the specific absorption rate (SAR) and intrinsic loss power (ILP) for each nano-

formulation. This temperature increase was dependent on the magnetic field 

strength of the AMF. The fastest and higher temperature increase occurred for 

BMNPs, for which in only ~15 s the therapeutic temperature was achieved, even at 

the lowest intensity of AMF (Figure 28a).  

 

 
Figure 28. Time evolution of the temperature increase caused by (a) BMNPS, (b) AS-48-BMNPs, 

(c) PLGA[BMNPs], and (d) PLGA[AS-48-BMNPs] following exposure to AMF of different mag-

netic field strengths (13, 17, 23 kA/m) at a fixed frequency of 120 kHz. The transparent grey band 

shows the therapeutic temperature. 
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Table 11. Summary of SAR (specific absorption rate) and ILP (intrinsic lose power) calculations 

concerning the several samples at different intensities and at fixed frequency of 120 kHz, after 30 

seconds of exposure. Sample volume 0.2 ml. 

 

Samples Field 

(kA/m) 

SAR 

(W/g) 

ILP 

(nHm2kg-1) 

 13.4 ± 0.2 373 ± 29 20.0 ± 1.5 

BMNPs 17.7 ± 0.2 595 ± 40 18.7 ± 1.2 

 23.3 ± 0.2 1210 ± 130 20.8 ± 2.1 

 

Samples Field 

(kA/m) 

SAR 

(W/g) 

ILP 

(nHm2kg-1) 

 13.4 ± 0.2 252 ± 23 13.6 ± 1.1 

PLGA[BMNPs] 17.7 ± 0.2 416 ± 30 13.1 ± 1.0 

 23.3 ± 0.2 760 ± 50 13.0 ± 0.9 

 

Samples Field 

(kA/m) 

SAR 

(W/g) 

ILP 

(nHm2kg-1) 

 13.4 ± 0.2 193 ± 12 10.4 ± 0.7 

AS-48-BMNPs 17.7 ± 0.2 322 ± 30 11.6 ± 1.9 

 23.3 ± 0.2 625 ± 30 10.7 ± 0.6 

 

Samples Field 

(kA/m) 

SAR 

(W/g) 

ILP 

(nHm2kg-1) 

 13.4 ± 0.2 314 ± 21 16.9 ± 1.1 

PLGA[AS-48-BMNPs] 17.7 ± 0.2 440 ± 40 13.8 ± 1.1 

 23.3 ± 0.2 836 ± 100 14.4 ± 1.7 
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4.4.3 Phototermia 
 

As observed with magnetic hyperthermia, the nano-formulations tested were able 

to increase the temperature after a few seconds following laser exposure (λ = 808 

nm) at a laser power density ranging from 1 to 2 W/cm2. Applying 0.5 W/cm2 was 

not enough to enhance the hyperthermia response. Again, the rate of the tempera-

ture increases, and the final temperature reached were dependent on the laser power 

density. In almost all of the nano-formulations, the therapeutic temperature was 

only reached at ≤40 s following laser exposure at the highest laser power density 

(Figure 29). A summary of the calculation of the specific absorption rate (SAR) for 

all nano-formulations at different laser power densities is presented in Table 12. 

 

 
Figure 29. Time evolution of the temperature increase caused by (a) BMNPS, (b) AS-48-BMNPs, 

(c) PLGA[BMNPs], and (d) PLGA[AS-48-BMNPs] following exposure to different laser power 

densities (0.5, 1, 2 W/cm2). The transparent grey band shows the therapeutic temperature. 
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Table 12. Summary of the calculation of SAR (specific absorption rate) for all the samples at dif-

ferent laser power densities after 30 seconds of exposure. Sample volume 0.2 ml. 

 

Samples Power 

(W/cm2) 

SAR 

(W/g) 

 0.5 ± 0.1 13.5 ± 1.3 

BMNPs 1.0 ± 0.1 37.1 ± 1.3  

 2.0 ± 0.1 70.4 ± 2.9 

 

Samples Power 

(W/cm2) 

SAR 

(W/g) 

 0.5 ± 0.1 14.9 ± 1.5 

PLGA[BMNPs] 1.0 ± 0.1 36.9 ± 1.3 

 2.0 ± 0.1 80.7 ± 1.5 

 

Samples Power 

(W/cm2) 

SAR 

(W/g) 

 0.5 ± 0.1 18.3 ± 2.8 

AS-48-BMNPs 1.0 ± 0.1 46.2 ± 2.1 

 2.0 ± 0.1 78.0 ± 2.0 

 

Samples Power 

(W/cm2) 

SAR 

(W/g) 

 0.5 ± 0.1 18.3 ± 2.8 

PLGA[AS-48-BMNPs] 1.0 ± 0.1 46.2 ± 2.1 

 2.0 ± 0.1 78.0 ± 2.0 
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4.4.5 Stabilities and release pattern 
 

Data in Figure 30 show that there is a release of AS-48 [AS-48 release (%)] from 

both nano-assemblies, AS-48-BMNPs and PLGA[AS-48-BMNPs], dependent on 

the pH, temperature, and the combination with hyperthermia. The release of AS-48 

is favoured at high temperatures for both pH values. In fact, at physiological pH 

(pH 7.4), the release percentage of AS-48 reached a maximum of 10%, 30%, and 

45% for temperatures of 4, 20, and 37 °C, respectively, but when temperature in-

creased to 45 °C, following laser application, the release of AS-48 reached ~60% 

(Figure 30b). An identical trend was observed at pH = 5. The release percentage of 

AS-48 reached maximums of 20%, ~48%, and ~70% for temperatures of 4, 20, and 

37 °C, and it reached 80% following laser exposure (Figure 30c,d). In all cases, the 

release of AS-48 from the nano-formulations was higher at acidic pH values com-

pared to those of physiological pH values. On the one hand, pH = 5 is close to the 

isoelectric points of BMNPs, so the nanoparticles do not exhibit the negative 

charges at higher pH values, which were responsible for the electrostatic binding 

between the BMNPs and the cationic groups of AS-4835. Once detached from 

BMNPs, the AS-48 released from the PLGA embedding is also favoured at acidic 

pH values, as acidic environments trigger PLGA hydrolysis into its by-products, 

i.e., polylactic acid and polyglycolic acid 181. 

 

Identically, thermal energy was previously shown to weaken the electrostatic bond 

and trigger a drug release 35. Therefore, the lowest rate of the AS-48 release from 

the nano-formulations was observed at 4 °C (<10% in 7 days), while the faster and 

more intense release (~80%) occurred after only 30 min at acidic pH values under 

high temperatures induced by photothermia (45 °C). It was remarkable to note the 

difference in the time scale for AS-48 release between conditions with and without 

external stimuli, such as magnetic hyperthermia or photothermia. In the case of 

photothermia, 80% release occurs in the first 30 min and in magnetic hyperthermia, 

50% release is reached in only 120 min compared to one week for the same release 

under non-hyperthermia conditions.  
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Figure 30. AS-48 released data from PLGA[AS-48-BMNPs] and AS-48-BMNPs in PBS pH 7.2–

7.4 (a) and in citrate pH 5.0 (c) at different temperatures (4, 20, and 37 °C). AS-48 released data 

from the same nano-formulations following magnetic hyperthermia (Mhyp) and photothermia (Phot) 

applied for 120 and 30 min, respectively, at pH 7.2–7.4 (b) and pH 4.5–5.0 (d). 
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4.4.6 In vitro studies 
 

One crucial characteristic in an efficient drug delivery nano-formulation is the abil-

ity to increase cellular internalization, which, in our case, was quantified as iron 

uptake, and then translated as the % of BMNPs internalized (Figure 31). While 42% 

(96.18 µg/mL) of the BMNPs incubated for 48 h were internalized in THP-1 cells 

(and 48% (109.92 µg/mL) at 72 h), higher percentages were obtained at 48 h for 

PLGA[BMNPs] and PLGA[AS-48-BMNPs] (56% (128.24 µg/mL) and 66% 

(151.14 µg/mL), respectively), and at 72 h (64% (146.56 µg/mL) and 78% (178.62 

µg/mL), respectively). Furthermore, Figure 31b showed a brightfield microscopy 

picture after 72 h of treatment with PLGA[AS-48-BMNPs], in which no signs of 

cytotoxicity are shown in the cells. 

 

 
Figure 31. (a) Quantitative analysis of BMNPs by measuring the Fe content inside the macrophages 

after 48 and 72 h in TH1-P cell line following treatment with BMNPs (229 μg/mL), AS-48-BMNPs 

(229 μg/mL BMNPs and 32 μg/mL AS-48), PLGA[BMNPs] (457 μg/mL PLGA, 229 μg/mL 

BMNPs), PLGA[AS-48-BMNPs] (457 μg/mL PLGA, 229 μg/mL BMNPs and 32 μg/mL AS-48). 

(b) Brightfield microscopy of THP-1 cells treated 72 h with PLGA[AS-48-BMNPs] * p ≤ 0.05, ** 

p ≤ 0.001. 
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Data in Figure 32 show that BMNPs and PLGA are cytocompatible for healthy 

(non-infected) THP-1 cells (>85% and >95%, respectively, cell survival after the 

treatment), while <3% THP-1 survival occurred following treatment with soluble 

AS-48 (32 μg/mL < MIC for M. tuberculosis 182). By coupling AS-48 to BMNPs, 

the viability of healthy macrophages increased up to 70%; furthermore, including 

AS-48-BMNPs in PLGA results in an increase in healthy THP-1 viability (up to 

80%). This result is of particular interest; although PLGA[AS-48-BMNPs] shows 

the highest internalization, it also shows the lowest toxicity for healthy macro-

phages.  

These results highlight the importance of shielding healthy cells from the interac-

tion with free AS-48 since the administration of soluble AS-48 alone at these con-

centrations results in being highly toxic for healthy, non-infected, macrophages. 

 

 

 
Figure 32. Viability assay in TH1-P cell line following treatment with culture medium (control), 

BMNPs (229 μg/mL), AS-48 (32 μg/mL), PLGA (457 μg/mL), AS-48-BMNPs (229 μg/mL BMNPs 

and 32 μg/mL AS-48), PLGA[AS-48-BMNPs] (457 μg/mL PLGA, 229 μg/mL BMNPs and 32 

μg/mL AS-48). *** p ≤ 0.0001 when compared to control values. 
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4.5 Discussion 
 
BMNPs and AS-48-BMNPs dimensions were previously investigated by TEM 

technique163,174. Thus, we decided to analyse all the sample by Nano-tracking Anal-

ysis (NTA) to investigate the hydrodynamic radius and then we compared the re-

sults with Atomic force Microscopy (AFM). Our results suggested: (1) AS-48-

BMNPs mostly consisted of monodisperse populations of (non-aggregated) indi-

vidually covered BMNPs, and (2) there were different sizes related to the covering 

of individual BMNPs (i.e., 45 and 67 nm). On the one hand, BMNP aggregation 

seemed to be prevented in the presence of AS-48, providing AS-48-BMNP nano-

formulations with higher colloidal stability. Since BMNPs are superparamagnetic, 

the BMNP aggregation revealed in Figure 27a should be related to electrostatic 

and/or hydrophobic interactions between the nanoparticles, likely within the MamC 

domains present at the BMNP surface 157. These forces changed when AS-48 was 

present: As AS-48 is strongly positively charged at this pH 34, a preferential elec-

trostatic interaction may occur between AS-48 and BMNP that destabilizes the for-

mer BMNP cluster. On the other hand, AS-48 attaches to BMNPs following a co-

operative model 34, in which AS-48 binds to either the BMNP surface and/or to the 

previously attached AS-48 molecules. This led to differences in the number of AS-

48 molecules that are carried by a single BMNP, thus explaining the observed dif-

ferences in the NTA population sizes.  

 

The presence of BMNPs into PLGA was confirmed by comparing FTIR spectra of 

naked BMNPs and the ones covered by the polymer. Despite the identifying peaks 

of AS-48 were observed in the spectrum of AS-48-BMNPs, they were completely 

hidden by PLGA signal for the nanoassembly PLGA[AS-48-BMNPs]. Neverthe-

less, the presence of the peptide was confirmed by SDS-Page as it is reported in 

figure 26.  

 

PLGA covering procedure has been optimized to preserve, as much as possible, the 

electrostatic interaction between AS-48 and BMNPs to avoid the chance of losing 
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the peptide, while preparing nanoassembly in the nanometric range. These results 

were obtained using acetone:ethanol (85/15) as organic solvent and PVA as surfac-

tant. The size range we obtained for PLGA[AS-48-BMNPs] was adequate to ensure 

enhanced permeability and retention (EPR) effect (<150 nm, 183) and to allow an 

extended circulating time42. Notably, the embedding in PLGA improved the colloi-

dal stability of this nano-formulation, as the size ranges of the nano-formulations in 

Figure 27c were narrower than those of BMNPs and AS-48-BMNPs. Differences 

within the two well-defined populations (115 and 150 nm) were likely caused by 

either the number of AS-48-BMNPs nano-assemblies enclosed in PLGA and/or the 

size of the enclosed individual AS48-BMNP nano-assemblies, related to differ-

ences in the number of the attached AS-48 molecules. Overall, all the nano-formu-

lations were charged at physiological pH improving colloidal stability, as their ag-

gregation were prevented due to electrostatic repulsion. Furthermore, covering AS-

48-BMNPs with PLGA preserved the negative surface charges of the nano-assem-

blies, probably thanks to the carboxylic groups of the lactic and glycolic acid of 

PLGA. As pH decreased, the acidic functional groups were protonated, and the sur-

faces became less negative (Table 10). The roughly zero net charge (of the BMNPs) 

at pH = 5 was consistent with previous studies 157. Covering AS-48-BMNPs with 

PLGA conferred the nano-formulations a net positive charge at acidic pH values, 

thus potentially favouring their interactions with the negatively charged cells with-

out compromising the activity of AS-48, whose interactions with cell structures are 

most likely prevented until PLGA dissolution. 

 
Once the colloidal stability was assessed, we tested the ability to raise the tempera-

ture to the killing one (hyperthermia temperature), when the nanoformulations were 

exposed to an alternating magnetic field. As BMNPs were covered by a non-mag-

netic covering (i.e., AS-48 and/or PLGA), the ability to raise the temperature 

slightly decreased, although PLGA[AS-48-BMNPs] was still able to reach the ther-

apeutic temperature within 30 s upon AMF exposure (23 kA/m, 120 kHz frequency). 

This shielding of the magnetic core by a non-magnetic coating was observed by 

numerous authors 184,185 and, in particular, for the TAT–PLGA[DOXO-BMNPs] 
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nano-assembly by Jabalera et al. 35. The nanoparticles inside the polymeric coating 

are mechanically constrained, leading to a reduction in the freedom of rotation, 

which results in an impediment to Brownian relaxation. Moreover, the constraint 

increases the chance of an interaction between the particles inside the PLGA which 

hampers the Néel relaxation. Both relaxation patterns are crucial for the magnetic 

hyperthermia performance 186–188. 

 

Again, BMNPs showed the faster raise temperature also when exposed to photo-

thermic stimulus. Nevertheless, we observed a general decrease in the performance 

for AS-48. BMNPs. The attachment of AS-48 to the BMNPs decreased (but did not 

suppress) the ability of the nano-formulations to act as photothermic agents. This 

shielding in terms of photothermal behaviour of BMNPs was also observed by 

Jabalera et al. for TAT-PLGA (DOXO-BMNP) 35. The FTIR analysis showed that 

AS-48 has a peak close to 808 cm−1 (801 cm−1); likely, the corresponding functional 

group (C-C) interfered with the photothermal performance by absorbing some of 

the radiation 187. After the peptide’s absorption capacity was saturated, the heating 

rate increased linearly. Conversely, the PLGA polymer improved the response to 

hyperthermia (Figure 29a,b). Indeed, as observed for the silica coating 187, PLGA 

could modify the thermal conductivity of the solution by improving the heating rate 
189. 

 

According to the release rate experiments, pH 7.4 and 4 °C should be used for the 

storage and conservation of the nano-assemblies. In summary, BMNP-based nano-

assemblies can be magnetically concentrated at the target in less than 1 h (mice 

model, 155). At physiological pH values, while being driven to the target, 

PLGA[AS-48-BMNPs] is stable (negligible AS-48 release, Figure 30a). Being pos-

itively charged, PLGA[AS-48-BMNPs] readily interact with and are internalized 

by THP-1 cells (Figure 31a), likely by endocytosis190. At this point, environmental 

pH conditions change to more acidic environments 191,192, so the AS-48 release is 

triggered (Figure 30c). Moreover, once at the target, either magnetic hyperthermia 
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or photothermia is applied, and the temperature increases inside the cell further en-

haning the AS-48 release in THP-1.  

Interestingly, in terms of the AS-48 release rate, there was a trend observed in all 

experiments, such as the ability of PLGA to delay (in time) the AS-48 release. This 

result is important because the nano-formulation PLGA[AS-48-BMNPs] could be 

especially useful for longer treatments in which a delayed and lasting drug release 

is needed, for instance, to treat macrophages infected with M. tuberculosis 152. 

The slightly higher internalization values of PLGA[AS-48-BMNPs] were con-

sistent with their positive ζ-potential, which enhanced the electrostatic interaction 

between this nano-formulation and the negative cellular membrane. These results 

were consistent with those of Vurro et al. and Jabalera et al. 35,170, in which BMNPs 

encapsulated in PLGA showed enhanced internalization in U87MG and HepG2 

cells compared to non-encapsulated BMNPs, without affecting (in any case) cellu-

lar viability. PLGA likely promotes phagocytosis, overcoming BMNP internaliza-

tion limits 190. 

 

Therefore, our data show that the nano-formulation PLGA[AS-48-BMNPs] could 

be a good candidate for the directed chemotherapy of AS-48, which could be com-

bined with hyperthermia (magnetic hyperthermia and photothermia). This nano-

formulation also enhances internalization and mediates a slow release of the bacte-

riocin suitable for extended antibacterial treatment and reduces the mortality of non-

infected cells with respect to those treated with the free bacteriocin. Moreover, our 

hypothesis, which will be tested in the future, is that this nano-formulation allows 

non-infected macrophages to store AS-48 without affecting cell viability (for at 

least 72 h), likely preventing a spread if they are further infected by the pathogen. 

Experiments proving the activity of PLGA[AS-48-BMNPs] on M. tuberculosis in-

side infected macrophages are already under development. 
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4.6 Conclusion 
 

These results show a slower AS-48 release from PLGA[AS-48-BMNPs] compared 

to previous nano-formulations, which could make this new nano-assembly suitable 

for longer extended treatments of intracellular pathogens. PLGA[AS-48-BMNPs] 

are internalized in THP-1 cells where AS-48 is released slowly, which may be use-

ful to treat diseases and prevent infection caused by intracellular pathogens. The 

treatment will be more efficient when combined with hyperthermia or photothermia. 

 

The nano-formulations (AS-48-BMNPs, PLGA[AS-48-BMNPs]) are suitable in 

terms of size and surface charge, and because they behave as hyperthermia agents, 

to allow the directed chemotherapy of AS-48 combined with hyperthermia thera-

pies (both magnetic hyperthermia and photothermia). In particular, PLGA[AS-48-

BMNPs] shows the slowest AS-48 release at physiological pH values (<15% AS-

48 release within the first 24 h), indicating a low chance of bacteriocin loss while 

magnetically concentrating at the target (~1 h in mice model).155 Moreover, this 

nano-formulation shows a high percentage of internalization in a model macro-

phage cell (>80%). The release of AS-48 from this nano-formulation is the slowest, 

which could be beneficial for extended treatments, but it can be accelerated up to 

80% in minutes by combining with hyperthermia. Finally, this nano-formulation 

shows little cytotoxicity with respect to healthy (non-infected) cells, at least within 

the first 72 h. Therefore, little impact of this nano-formulation in healthy cells is 

expected while being guided/concentrated at the target. Furthermore, the internali-

zation of these nano-formulations in healthy macrophages and the slow release of 

bacteriocin inside could prevent the pathogen from colonizing the cell and, thus, 

the spreading of the infection. Nevertheless, the present study only offers a proof 

of concept of a novel nano-formulation, whose performance are under test in the 

future in a real intracellular infection model. 
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Abstract: Among the strategies employed to overcome the development of multidrug-resistant
bacteria, directed chemotherapy combined with local therapies (e.g., magnetic hyperthermia) has
gained great interest. A nano-assembly coupling the antimicrobial peptide AS-48 to biomimetic
magnetic nanoparticles (AS-48-BMNPs) was demonstrated to have potent bactericidal effects on
both Gram-positive and Gram-negative bacteria when the antimicrobial activity of the peptide was
combined with magnetic hyperthermia. Nevertheless, intracellular pathogens remain challenging
due to the difficulty of the drug reaching the bacterium. Thus, improving the cellular uptake of
the nanocarrier is crucial for the success of the treatment. In the present study, we demonstrate
the embedding cellular uptake of the original nano-assembly into THP-1, reducing the toxicity of
AS-48 toward healthy THP-1 cells. We optimized the design of PLGA[AS-48-BMNPs] in terms of size,
colloidal stability, and hyperthermia activity (either magnetic or photothermal). The stability of the
nano-formulation at physiological pH values was evaluated by studying the AS-48 release at this
pH value. The influence of pH and hyperthermia on the AS-48 release from the nano-formulation
was also studied. These results show a slower AS-48 release from PLGA[AS-48-BMNPs] compared
to previous nano-formulations, which could make this new nano-formulation suitable for longer
extended treatments of intracellular pathogens. PLGA[AS-48-BMNPs] are internalized in THP-1
cells where AS-48 is liberated slowly, which may be useful to treat diseases and prevent infection
caused by intracellular pathogens. The treatment will be more efficient combined with hyperthermia
or photothermia.

Keywords: BMNPs; PLGA; AS-48; photothermia; hyperthermia; magnetic nanoparticles; antimicrobial
peptide; monocytes; Mycobacterium tuberculosis

1. Introduction

Directed chemotherapy to treat local infections is not only necessary to avoid undesired
secondary effects, but also to reduce the number of drugs needed to control the infection.
This advantage becomes crucial in the context of antibiotics. In fact, the World Health
Organization (WHO) is warning about the increase in the failure of common antibacterial
therapies due to the development and selection of multidrug-resistant (MDR) bacteria,
mainly due to the generalized and/or extended drug administration [1]. As an example,

Pharmaceutics 2022, 14, 2744. https://doi.org/10.3390/pharmaceutics14122744 https://www.mdpi.com/journal/pharmaceutics
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NIR Circularly Polarized Luminescence from water stable or-

ganic nanoparticles containing a chiral Yb(III) complex 

   

 

 

 

 
 
Cavalli et al. Chem. Eur. J. https://doi.org/10.1002/chem.202200574   
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5.1 Aim 
 

Chiral small metabolic molecules are important to control physiological processes 

and verify the health status of humans. Changes in the enantiomer distribution in 

biofluids and tissues are related to several diseases, including cancer, kidney, and 

brain diseases.  

Circularly polarized luminescence (CPL), as bioassay, could be employed for the 

detection of such chiral molecules. CPL provides insight into the excited state prop-

erties of chiral molecular systems linking differential emission intensity of right and 

left circularly polarized light. Current applications of circularly polarized lumines-

cence (CPL) in bioimaging would greatly benefit from its extension and consolida-

tion in the near-infrared (NIR) region, where tissues, skin, blood and water are quite 

transparent and scattering is also relatively low 10. The 1000–1400 nm range is 

sometimes called the second biological window and it is emerging as a very attrac-

tive region for biological imaging. In general, lanthanide (Ln) complexes suffer 

from quenching phenomenon limiting their use in water environment.  

 

In previous studies 86, we successfully showed an elegant solution to preserve Eu3+ 

complex emission in water environment such as PBS pH 7.4, a common buffer used 

for bioassay, thus we encapsulated the lanthanide into PLGA via single emulsion 

method. Interestingly, PLGA was able to preserve Eu emission in water environ-

ment by preventing multiphonon relaxation quenching, opening the way for using 

Ln complex in imaging applications. The reason why these kinds of complexes are 

interesting is related to the huge Stokes shift which allows the narrow-size emission 

pattern to be clearly recognized from the background. Near infrared range, where 

tissues, skin, blood and water are quite transparent and the scattering is very low, is 

widely used in imaging. Furthermore, 1000–1400 nm range is sometimes called the 

second biological window and it is emerging as a very attractive region for biolog-

ical imaging.  In this work, we designed the first example of very efficient NIR 

Circularly Polarized Luminescence (around 970 nm) in water, obtained thanks to 
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the combined use of a chiral Yb complex and of poly lactic-co-glycolic acid nano- 

particles.  

 

Being part of collaboration, we will describe here only the chemico-physical char-

acterization of the nanoparticles, while the development of the dye and spectros-

copy studies are available in the article68. We thank prof. Fabio Piccinelli and his 

team for providing the complexes. 
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5.2 Introduction 
 

The detection of specific disease-related biomarkers is an important feature for 

early diagnosis and therefore to increase the chances of treatment success. Several 

chiral small metabolic molecules are important to control physiological processes 

and provide clues on the health status of humans. Changes in the enantiomeric dis-

tribution of specific compounds in biofluids and tissues are related to several dis-

eases 193. For instance, a reduction in D-Asp was observed in the substantia nigra 

of patients suffering Parkinson's disease 194. Abnormal concentrations of D-lactate 

and L/D-2-HG were detected in urine, plasma and saliva of patients with diabetes195. 

Hepatocellular carcinoma causes a decrease in serum D-glutamic acid (D-Glu) and 

D-glutamine (D-Gln) in patients who develop the disease196. Thus, chiral small mol-

ecules are suitable biomarkers for disease diagnosis, drug effect monitoring, and 

pharmacodynamic studies. 

 

Circularly polarized luminescence refers to the differential emission of left versus 

right circularly polarized light that allows the study of chiral interactions of lumi-

nescent molecular systems, providing a new tool for the investigation of chiral mol-

ecules in biological complex systems. For instance, efficient CPL probe complexes, 

especially lanthanide coordination complexes, can be used to detect chiral mole-

cules in cell imaging analysis 197. Current applications of circularly polarized lumi-

nescence (CPL) in bioimaging would greatly benefit from its extension and consol-

idation in the near-infrared (NIR) region, where tissues, skin, blood and water are 

quite transparent and scattering is also relatively low 10. The 1000–1400 nm range 

is sometimes called the second biological window and it is emerging as a very at-

tractive region for biological imaging. CPL in this region benefits from the speci-

ficity, selectivity and sensitivity, which are typical of the chiroptical counterpart of 

emission spectroscopy, in the context of biological applications, like microscopy 

and bioassays 198–201 Complexes of NIR emitting lanthanide ions like Yb(III), hav-

ing small size and metal-centred emission properties, may provide good candidates, 

thanks to the 1 μm emission band of Yb(III), associated with its low toxicity and to 



Università degli Studi di Verona  
Area Ricerca – U.O. Dottorati di Ricerca Nazionali ed Internazionali 

tel. 045.802.8608 - fax 045.802.8411 - Via Giardino Giusti n. 2 - 37129 Verona  
 
 
 

121 

the well-known chemistry developed for using other lanthanides in biomedicine. 

Only few examples of such complexes have been reported within literature so far. 
11,202–204 In order to switch to practical applications of NIR-CPL in the field of bio-

assays, it would be important to devise systems that can be dissolved/dispersed in 

aqueous media while still retaining their (chiro) optical properties. With Yb(III)-

based complexes this is challenging, because the emission efficiency of Yb(III) 

complexes in solution can be significantly affected by multiphonon relaxation 

(MPR) processes 9. 

 

In previous studies 86, we demonstrated poly lactic-co-glycolic acid (PLGA) is suit-

able for encapsulating and thus protecting organic molecules and metal complexes. 

In fact, once [EuL(tta)2(H2O)]CF3SO3 complex (Figure 33), where L stand for N, 

N’-bis(2-pyridylmethylidene)-1,2- (R,R or S,S) cyclohexanediamine, respec-

tively ,was embedded in PLGA, Eu red emission was collected in water environ-

ment upon excitation. These findings suggested that PLGA is suitable for preserv-

ing the so-called antenna effect by shielding the metal from water molecules. Since 

Yb complex share the same antenna structure of Eu complex we decided to verify 

once again, if PLGA nanoparticles could protect the NIR-emitting dye in water en-

vironment paving the way in the field of NIR-CPL bio-assays.  

 

 

 
Figure 33. Molecular structure of the complexes discussed in this contribution. The R,R isomer of 

L ligand is reported. 
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5.3 Experimental section 
 

Preparation of [YbL(tta)2]·CH3COO loaded PLGA nanoparticles. Loaded na-

noparticles have been prepared by modifying the nanoprecipitation method reported 

in the work of Reisch et al67. Firstly, 2 mg of PLGA and 1 mg of the complex were 

dissolved in acetonitrile. The polymeric solution was diluted 60 times into an aque-

ous phase of glycine pH 9. Nanoparticles are instantly formed by exploiting the 

nano precipitation. Subsequently, they were purified by two washing with water 

(centrifugation 11000rpm/ 30- 40 minutes) and then they were resuspended in the 

desired buffer. The same protocol was followed to prepare empty nanoparticles by 

avoiding the complex in the polymeric phase. 

 

Physico-chemical Characterization of the Nano-Formulations. Nanoparticles 

obtained were characterized in terms of size (Nanoparticle Tracking Analysis-NTA 

Atomic Force Microscopy-AFM and Dynamic Light Scattering-DLS). Moreover, 

the colloidal stability was assessed by checking surface charge (ζ-potential). 

Dynamic light scattering (Nano Zeta Sizer ZS ZEN3600, Malvern Instruments, 

Malvern, Worcestershire, UK) was performed by diluting samples (1:20) in PBS 

pH 7.4 before starting the analysis. The ζ-potential at pH 7.4 and 25 °C (10 mM 

NaClO4) was also analysed. 

Thus, for the AFM analysis, 20 μL drops of each previously sonicated sample were 

deposited on 20 mm diameter mica discs. An NT-MDT Solver Promicroscope 

(Moscow, Russia), with a single-crystal silicon–antimony-doped probe and a gold-

coated tip (NSG-01 from NT-MDT), was used to collect images. The microscope 

was calibrated using a calibration grating (TGQ1 from NT-MDT) to reduce non-

linearity and hysteresis in the measurements. The obtained images were processed 

using the program SPIP©, and a statistical analysis as a function of the diameters on 

different nanoparticles of each sample was conducted. 

Nanoparticle tracking analysis (NTA) was performed using a Malvern NanoSight 

NS300 instrument (Worcestershire, UK) on diluted samples (1:1000) at 25 °C. For 
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each sample, three sequences of 30 s with 25 FPS were recorded. The data analysis 

was carried out using NTA 3.4 Build 3.4.003 software. 

 

Encapsulation efficiency. The entrapped amount of lanthanide complex was esti-

mated by absorbance spectroscopy. Briefly, PLGA NPs were dissolved in acetoni-

trile and the obtained solution was analysed using a calibration curve. Encapsula-

tion efficiency  was calculated by applying the following Equation:  

 

𝐸𝐸(%) = 	
𝐿𝑛	𝑐𝑜𝑚𝑝𝑙𝑒𝑥!"#$%$
𝐿𝑛	𝑐𝑜𝑚𝑝𝑙𝑒𝑥&%$

	𝑋	100	
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5.4 Results 
 

5.4.1 Physico-chemical characterization 
 

To make the Yb(III) complex stable in aqueous solution, we prepared a nanofor-

mulation in which this complex is embedded in PLGA by means of a modified 

nanoprecipitation method at 20°C 205 The obtained NPs showed a monodispersed 

distribution of the size as it is demonstrated by the NTA diagram (figure 35), in line 

with the small PDI of 0.053 ± 23. By means of dynamic light scattering (DLS), the 

average size was 118 ± 3 and 102 ± 3 nm for the R,R and S,S enantiomers respec-

tively with negative surface charge for both enantiomer (-13 mV). AFM picture 

shows round shaped nanoparticles confirming the size collected by NTA and DLS. 

 
Figure 35. Nanotracking analysis (NTA) of (a) S,S and (b) R,R isomers of [YbL(tta)2] · CH3COO 

loaded nanoparticles. Diagrams are obtained as average of three independent measurements. 
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Figure 36. AFM images of PLGA NPs embedded with Yb(III) complex: (a) 2D image; (b) detail of 

a single section in which it is possible to observe the single nanoparticles with dimensions close to 

100 nm; (c) 3D prospective. 

  

(a)

(b)

(c)

125 nm

105 nm
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5.4.2 Spectroscopy studies 
 

The encapsulation efficiency was quantified by absorbance spectroscopy. As ex-

pected from both enantiomers, we achieved the same value of 64.5 ± 4.5 %. The 

luminescence emission spectra were fully consistent with those recorded in DCM, 

suggesting that the complexes preserve their identities when incorporated in the 

PLGA matrix (Figure 37). 

 

 
Figure 37. Excitation spectra (left) and emission spectra (right) of both enantiomers of Yb(III) com-

plex embedded in PLGA nanoparticles, in aqueous solution. R,R (red line); S,S (black line). 

 

Furthermore, the luminescence decay profile of the complexes embedded in PLGA-

NPs is a double- exponential (Figure 38) with the dominant long-lived component 

having a time constant of 13 μs and 11.7 μs, for the S,S and R,R enantiomers, re-

spectively; i.e. rather similar to that observed in DCM (Figure 38). The origin of 

the faster component of the decay is still unknow as it had been already observed 

in previous studies for Eu(III) complex86. Likely, it could be a consequence of in-

teractions of the molecules of the complex with each other or with the donor groups 

(i.e. OH and COOH) of the PLGA polymer.  
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Interestingly, the two enantiomers of [YbL(tta)2] · CH3COO embedded in the NPs 

show again a NIR CPL mirror image (Figure 39b). In fact, these spectra are almost 

superimposable to those recorded in DCM solutions (Figure 39a). 
 

 
Figure 38. Comparison between the emission decay profiles of S,S-[YbL(tta)2] · CH3COO in DCM 

solution and encapsulated in PLGA NPs in water solution. 

 

 
Figure 39. NIR CPL spectra of S,S (blue line) and R,R (red line) enantiomers of the 

[YbL(tta)2] · CH3COO complex in DCM solution (a) and embedded in water stable PLGA polymer 

(b). 
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5.5 Discussion 
 
 

In this work, we demonstrated the possibilities of using nanoprecipitation instead 

of single emulsion to prepare PLGA nanoparticles embedded with NIR-emitting 

lanthanide complexes. Nanoprecipitation led to smaller nanoparticles (~100 nm) 

than those prepared by single emulsion (~150-250 nm) 86. We prepared a monodis-

persed PLGA[Yb complex] colloidal suspension, stabilized by a negative surface 

charge of -13 mV. Interestingly, empty nanoparticles showed particles size close to 

1000 nm suggesting the non-innocent role of the complex in the formation of the 

nanostructure. Furthermore, close interaction between PLGA and Ln complex 

could be demonstrated by the different emission decay in comparison with the free 

complex in DCM. These findings suggested no water molecules were present either 

in the inner or outer coordination spheres of the metal ion also in the PLGA envi-

ronment. The double- exponential luminescence decay was observed also in previ-

ous studies86 where we have highlighted the presence of two different species of the 

complex within the same nanoparticle. Although further studies are needed to better 

underline the interaction between the complex and the polymer, we have demon-

strated that PLGA encapsulation technology does not perturb the luminescent qual-

ity of the lanthanides but preserves the NIR-CPL signal from quenching phenomena 

caused by water, enabling imaging and biological sensors applications. Remarkably, 

after one week, the NPs containing the complexes are still emissive and the shape 

of the decay curves remains almost identical, even though a decrease of the lumi-

nescence intensity is detected (data no shown). 
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5.6 Conclusion 
 

In this work, we demonstrated the possibility to use nanoprecipitation instead of 

single emulsion to prepare loaded nanoparticles with hydrophobic compounds. 

Compared to single emulsion evaporation method, this one allows nanoparticles to 

be prepared in few minutes skipping overnight step. Nanoprecipitation allows to 

have dyes prepared on the spot and possibly 100% performing, which is a useful 

feature to in-crease the quality of biological investigations by imaging. Moreover, 

nanoprecipitation allowed to obtain nanoparticles smaller (~100 nm) than those of 

the single emulsion method used in several works (~150-250 nm): this could en-

hance penetration into tissues, easily overcoming natural barriers such as tight junc-

tions of epithelial cells. 

 

 In conclusion, we demonstrated that PLGA nanoparticles are a suitable delivery 

system to incorporate the complex and protect the metal ion from the intrusion of 

solvent molecules, while ensuring biocompatibility, water solubility and stability to 

the complex. We gave a proof of concept in developing hydrophilic NIR-CPL op-

tical probes based on Yb(III) complex and PLGA NPs. Therefore, PLGA nanopar-

ticles incorporate the complex and protect the metal ion from the intrusion of sol-

vent molecules, while ensuring biocompatibility, water solubility and stability to 

the complex.  
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Conclusion 
 
Among the biomaterials, Polylactic-co-glycolic acids (PLGA) could be considered 

the “golden standard” for precision medicine purpose: indeed, it is a material suit-

able to design nano and microstructures, such as particles and scaffolds, enhancing 

the properties of the cargo (hydrophobic molecules, nanoparticles, cells and so on) 

while overcoming several drawbacks, such as chemical instability and lower bioa-

vailability. Furthermore, the polymeric composition can be easily modified to con-

trol drug release pattern and to add new functionalities such as active targeting. 

 

Nevertheless, we wanted to add some insights on PLGA nanoparticles as delivery 

system that we found out during the last three years: 

 

I. PLGA nanoparticles are biocompatible as it was established by the U.S. 

Food and Drug Administration (FDA) and European Medicines Agency 

(EMA). However, such nanomaterials could cause some undesired effects 

due to unexpected “cell priming”. To overcome this issue, it could be rec-

ommended to insert in the design of the PLGA NPs loadings able to reduce 

or avoid “cell priming activation”. In the work of Gaglio et al38, we high-

lighted that in the design of nanoparticles-based delivery systems the cargo 

should also be chosen properly in order to add features to the carrier. There-

fore, consideration should be given not only to the benefits added to the 

loading but also to those that the loading could potentially bring to the car-

rier 
 

II. PLGA nanoparticles are suitable for plant extract-based delivery since they 

can increase bioavailability and chemical stability37,38. We also demon-

strated the ability to penetrate natural barrier by shielding the loading and 

letting it penetrate as intact. This feature could be useful to preserve the 

biological activity of label-molecules130 
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III. We demonstrated PLGA could be used to produce nanoplatforms, encapsu-

lating BMNPs bounded to chemotherapy agents (Doxorubicin or antibacte-

rial peptide AS-48) 32,35 . These complex structures can provide dual treat-

ment combining hyperthermia (either magnetic or photothermic) together 

with the preserved action of the molecule bound to BMNPs. We also 

demonstrated the non-toxicity of this nanoplatforms against macrophages, 

paving the way for its potential use as intracellular drug-carrier 
 

IV. We showed how to produce a NIR-CPL optical probes based on Yb(III) 

complex and PLGA. In this regard, the shielding from the environment is 

crucial to avoid quenching phenomenon. Thus, we used PLGA nanoparti-

cles to preserve lanthanide complex emission from water molecules by 

avoiding the so-called Multiphoton Relaxation phenomenon  
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