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1. INTRODUCTION 

 

Research and development (R&D) of pharmaceutical preparations is a long and 

multistage process in which drug discovery and preclinical studies take a significant part 

(Shilo et al. 2020). In the pharmaceutical industry, the directions of the R&D processes 

should acknowledge the impact of finding the right tissue and to ensure the efficacy of 

the drug in the very beginning of decision-making (Morgan et al. 2018). As far as in vitro 

evaluations of targetability and ligand binding abilities are concerned, techniques such as 

fluorescence microscopy and radioligand binding assays are most frequently used 

(Bylund & Toews 2011; Dunst & Tomancak 2019). The shared disadvantages with these 

study methods are the need for additional labels and use of light wavelengths that can be 

potentially harmful for the sample, cells and tissues, and so present false results 

(Rodriguez-Lorenzo et al. 2014). Poor in vitro targetability study models impair the 

probability of making the right decision in the initial phases of drug research. 

Modern drug development needs fast and accurate ligand-receptor binding detection 

methods and surface plasmon resonance (SPR) technique has emerged as a promising 

alternative in this context. SPR is an optical microscopy technique that makes label-free 

and real-time interaction assay methods a reality (Lakayan et al. 2018; Bocková et al. 

2019). Currently, SPR is used for exploring biomolecular interactions by detecting the 

electromagnetic field of the biosensor. The SPR technique has several surface plasmon 

excitation approaches, but the most common is the Kretschmann configuration, in which 

a light source passes through a prism and reflects at the metal sensor surface, after which 

the position and the intensity of the reflected light is collected by the detector (Figure 

1a). At a certain incident light angle, the energy of the polarized light is almost completely 

absorbed due to electromagnetic resonance in the electrons of the metal layer, i.e., due to 

excitation of surface plasmons. The excitation of surface plasmons is very sensitive to 

changes in the refractive index near the sensor surface (Suutari et al. 2016). The detection 

depth of conventional SPR is less than 500 nm, thus the plasmon resonance is analyzed 

in the very close vicinity of the sensor surface (Fathi et al. 2019). When any changes in 

material accumulation happen on the sensor surface, this leads to refractive index changes 

in the vicinity of the sensor, since all materials have a refractive index. This changes the 



2 
 

conditions for surface plasmon excitation, and can be detected by the photodetector as a 

change in the incident light angle required for exciting the plasmons (Kari et al. 2017). 

Figure 1. a) Illustration of the SPR technique in the Kretschmann configuration. The thin 

gold-coated glass sensor is placed in the system with an immobilized biomolecular 

marker side towards the analyte. The refractive index changes are measured by 

determining the angular position of the absorbed light with a photodetector and analyzed 

computationally. b) Schematic illustration of cell covered SPR sensor. The monolayer of 

immobilized cells fully covers sensor surface. When the sample (e.g., nanoparticles 

(NPs)) penetrate into cells or interact with the surface of cells, it causes a refractive index 

shift due to plasmon resonance change. Nevertheless, the detection depth does not cover 

whole cells, and therefore changes in the plasmon resonance is reflected through 

morphological changes in cells, rearrangement of cell mass or activation of cell receptors 

when cells are stimulated with drugs or NPs (Suutari et al. 2020). 

 

Traditionally, an analyte sample for SPR studies can be any organic or non-organic 

material whose binding properties with the ligand are to be explored (Naraprawatphong 

et al. 2016). By detecting the change in the incident light angle where maximum loss of 

photon energy takes place, the processes of immobilized biomolecules together with 

analyte can be analyzed, and thereby, the binding kinetics and interaction affinities can 

be obtained. During the past decade, SPR has also been developed and utilized for living 

b) 

a) 
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cell measurements, enabling real-time and label-free monitoring of drug stimulation 

effects and NP cell uptake kinetics (Akl et al. 2019; Koponen et al. 2020; Suutari et al. 

2020). The essential benefit of SPR cell studies is that the SPR technique provides a very 

fast and sensitive in vitro analysis of possible interactions between the cells and the 

sample. As the SPR study does not require any labels or other arrangements which may 

interfere the result, the SPR signal recorded from the measurement fully represents the 

realistic interactive events. As with the immobilized biomolecules and receptors, cellular 

processes and morphological changes of immobilized cells can also be detected with the 

SPR (Figure 1b) (Robelek & Wegener 2010). The SPR studies of the interactive behavior 

between analyte and cells is based on cell volume growth caused by intake of the studied 

sample into cells or intracellular rearrangement caused by cell receptor activation (Liu et 

al. 2014; Suutari et al. 2020). In case of NPs, the cellular uptake is mainly based on active 

endocytosis (Sousa De Almeida et al. 2021). According to current knowledge, the use of 

the SPR technique for cell measurements was mostly done for studying lipid-based NP 

systems (i.e. vesicles as liposomes) (Koponen et al. 2020; Tavakoli et al. 2021) and some 

reported studies with silica and polymer based NPs (Baghirov et al. 2016; Suutari et al. 

2016; Akl et al. 2019). 

Conventional drug delivery methods as tablets or solutions enable rather limited ways to 

reduce possible side effects or improve the efficacy of the drug. NPs have been widely 

studied to tackle such issues, as they can be targeted to carry the drug straight to the 

specific tissue (Zhang et al. 2019; Yin et al. 2021). NPs can be formulated from versatile 

core materials, such as polymers (Lee et al. 2011; Bauleth-Ramos et al. 2017; Wang et al. 

2021), liposomes (Liu et al. 2015; Maeki et al. 2018; d’Avanzo et al. 2021;), and inorganic 

materials (Du et al. 2015; Zhang et al. 2017; Qu et al. 2021), including porous silicon 

(PSi) (Bimbo et al. 2011a; Martins et al. 2018a; Rahikkala et al. 2020). 

PSi NPs provide a potential platform for drug delivery, however, the research studies 

have not been uncomplicated. Bare PSi NPs begin to release loaded drug directly after 

the administration, which causes early degradation of the drug (Bimbo et al. 2011b; 

Shrestha et al. 2014; Martins et al. 2018b). The use of pH-sensitive coatings allows the 

PSi NPs to be protected through the harsh conditions of the gastrointestinal tract, thereby 

protecting the loaded drug (Wang et al. 2016; Figueiredo et al. 2019). In this study, 

undecylenic acid modified thermally hydrocarbonized PSi (UnTHCPSi) NPs were coated 
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with lignin to obtain a nano-sized pH-dependent oral drug delivery system. The pH-

dependent lignin coating was designed so that the lignin dissolves only in the blood 

circulation when the pH of the environment reaches pH 7.4, and only then, the drug can 

be released. 

Furthermore, according to the existing knowledge, the permeation of bare PSi NPs across 

the intestinal epithelial cells is infinitesimally poor and slow (Bimbo et al. 2011b; 

Sarparanta et al. 2011). Therefore, to resolve permeation issues, studies have contributed 

to the functionalization and surface modifications of PSi NPs (Shrestha et al. 2016; Rao 

et al. 2021). One of the recently studied targeted pathways is a neonatal Fc receptor 

(FcRn) (Azevedo et al. 2021; Martins et al. 2018a; Martins et al. 2018b). FcRn is widely 

expressed in the cells of intestinal epithelium and ensures recycling and transcytosis of 

immunoglobulin G (IgG) and albumin (Pyzik et al. 2019). In this study, the idea was to 

exploit the FcRn-targeting route by using lignin-coated UnTHCPSi NPs 

(UnTHCPSi@LNPs) functionalized with the Fc-part of IgG, thus yielding a formulation 

of an FcRn-targeted pH-sensitive NP system for oral drug delivery. 

The main aim of this study was to use the SPR technique to explore the binding 

interactions between FcRn-targeted NPs with FcRn expressing intestinal cells, as Fc-

functionalized UnTHCPSi@LNPs present a promising approach for the oral delivery of 

pharmaceutics. To attain the described aim, several intermediate steps were defined. In 

the beginning, the SPR technique was optimized and validated for FcRn targetability 

studies. The application of the SPR technique was confirmed by studying the binding 

between the free Fc-fragment and protein A at three physiologically relevant pH values. 

Then, the objective was to examine the cell interactions between free Fc-fragment 

solutions with different concentrations and FcRn expressing Caco-2 cells. Afterwards, 

the interactions between Fc-functionalized and non-functionalized UnTHCPSi@LNPs 

with Caco-2 cells were investigated. The comparison of the interaction behavior of 

functionalized UnTHCPSi@LNPs-Fc and non-functionalized UnTHCPSi@LNPs was 

done with a Caco-2 cell model on two separate SPR devices in order to study possible 

differences in the results caused by technical distinction. Finally, the concentration-

dependent binding interactions of UnTHCPSi@LNP-Fc and UnTHCPSi@LNP were 

studied with Caco-2 cells in order to ensure the targetability of the Fc-fragment 

functionalized NPs. 
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2. MATERIALS AND METHODS 

2.1. Materials 

 

BioPiva™ softwood kraft lignin was purchased from UPM Biochemicals (Helsinki, 

Finland). Fetal bovine serum (FBS) and Hank’s balanced salt solution (1×HBSS and 

10×HBSS) were purchased from Life Technologies Gibco®, (USA). 

Ethylenediaminetetraacetic acid (EDTA) 0.5 M, 2-Iminothiolane hydrochloride (Traut’s 

reagent), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), dimethyl 

sulfoxide (DMSO), bovine serum albumin (BSA), glycine, ammonium hydroxide, 

hydrogen peroxide, hydrochloric acid 37 %, ethanolamine (MEA) and protein A from 

Staphylococcus aureus were purchased from Sigma-Aldrich® (St. Louis, MO, USA). 

Dulbecco's Modified Eagle's medium (DMEM), phosphate buffered saline (10×PBS), 

non-essential amino acids (NEEA), L-glutamine 200 mM, penicillin (100 IU/mL), 

streptomycin (100 mg/mL) and trypsin 2.5 % were purchased from HyClone™, GE 

Healthcare Lifesciences (Logan, UT, USA). Dithiobissuccinimidyl propionate (DSP) was 

purchased from Thermo Scientific (Rockford, IL). 35 mm polystyrene Petri dishes and 

75 cm2 cell culture flasks were purchased from Corning® Inc. (NY, USA). Ion exchanged 

water for water-based solutions and buffers was produced by using a Milli-Q®-water 

purification system purchased from Sigma-Aldrich® (St. Louis, MO, USA). 

 

2.2. Preparation of UnTHCPSi NPs 

 

UnTHCPSi NPs was prepared by electrochemical anodization based on previous studies 

and protocols described, inter alia, in Sarparanta et al. (2011), Martins et al. (2018a) and 

Rahikkala et al. (2020). Free-standing PSi films were obtained from single-crystal boron 

doped p+-type Si  100 wafers with resistivity of 0.01–0.02 Ω·cm. The multilayered 

porous film was formed by treating the wafers with 1:1 (v/v) hydrofluoric acid (38 %)–

EtOH (ethanol) electrolyte and repeated the usages of pulsed low/high electrical current. 

To detach the formed PSi film, the current was suddenly increased to the electrochemical 

polishing area. Then, the PSi film was handled with N2 flow (1 L/min) for at least 30 min 

to remove remained moisture and oxygen. The PSi film was thermally hydrocarbonized 
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(THC) with C2H2 (1 L/min) together with N2 flow (1 L/min) for 15 min at room 

temperature (RT) followed by heat treatment for 15 min at 500 ºC under the 1:1 (volume) 

N2/C2H2 flow. The film was cooled down to RT under N2 flow. Then, the THCPSi film 

was incubated in undecylenic acid for 16 h at 120 ºC to achieve an UnTHCPSi film with 

a carboxyl acid termination. The THCPSi film was processed by wet milling in a 5 vol% 

undecylenic acid-dodecane solution using a high energy ball mill to convert the starting 

material into NPs. The output was separated by centrifugation. 

 

2.3. Characterization of UnTHCPSi NPs 

 

The physical properties of UnTHCPSi NPs, such as specific surface area, total pore 

volume and average pore diameter were assessed by N2 adsorption method at –196 ºC 

according to the previously described methods (Martins et al. 2018a). A TriStar 3000 

(Micromeritics Inc., USA) was used for the N2 adsorption analysis. The specific surface 

area was evaluated from the Brunauer–Emmett–Teller (BET) equation (Eq. (1)). Then, 

the total pore volume was calculated from the total amount of N2 absorption at a relative 

pressure of 0.97. The shape of pores was considered to be cylindrical and based on that 

the average pore diameter was assessed. 

𝜃 =
𝑐𝑝

(𝑝0 − 𝑝) (1 + (𝑐 − 1)(
𝑝

𝑝0
⁄ ))

                   (1) 

θ = surface coverage; c = BET C-constant; p = partial vapor pressure in equilibrium; p0 

= saturated pressure 

 

2.4. Lignin coating of UnTHCPSi NPs 

 

A mixture of carboxylated lignin and maleimide-terminated lignin (7:3, w/w) was 

dissolved in 70 % EtOH in the concentration of 1 mg/mL. The lignin mixture was gently 

mixed and filtered using an Acrodisc® 13 mm Syringe Filter, 0.45 µm pore size. 1 mg of 

UnTHCPSi NPs (14.7 mg/mL) stock solution was washed with EtOH 99 % and 

centrifuged. Supernatant was removed and 1 mL of exchanged water was added to 
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redisperse the pellet of NPs. The UnTHCPSi NP dispersion was tip sonicated for 30 s 

with a Vibra-Cell™ ultrasonic processor (Sonics®, Sonics and Materials, Inc., USA). 570 

µL of the lignin mixture was added to four vials. The UnTHCPSi NP dispersion was 

divided into each vial and 430 µL of ion exchanged water was added to each mixture. 

Then, the mixtures were stirred overnight for evaporation of the EtOH, leading to the 

formation of lignin-coated NPs (UnTHCPSi@LNPs). Then, the NPs were centrifuged for 

5 min at 16100×g (Micro Centrifuge, Model 5415D, Eppendorf®, USA) to remove the 

excessive lignin from the solution. The UnTHCPSi@LNP pellet was washed once with 

ion exchanged water and collected by centrifugation. 

 

2.5. Fc-fragment conjugation to UnTHCPSi@LNPs 

 

UnTHCPSi@LNPs were functionalized with the Fc-fragment. For this, Traut’s reagent 

(5.5 µL from a 5 mg/mL solution in 5 mM ethylenediaminetetraacetic acid (EDTA) in 

phosphate-buffered saline (PBS)) was mixed with 43 µL of Fc fragment (2.3 mg/mL) to 

modify the NH2 groups of the Fc fragment with thiol groups, and stirred for 1 h at 37 °C. 

UnTHCPSi@LNPs were dissolved in PBS-EDTA (pH 6.5, 3 mg/mL) and mixed with the 

thiolated Fc-fragments. The mixture was stirred for 1 h at 4 °C. UnTHCPSi@LNPs-Fc 

were centrifuged for 5 min at 16100×g (Micro Centrifuge, Model 5415D, Eppendorf®, 

USA) to remove the excess Fc-fragments from the solution. The pellet was washed using 

1 mL of ion exchanged water, collected by centrifugation and stored at 4 °C for further 

studies. 

 

2.6. Dynamic light scattering (DLS) analysis 

 

5 µL of UnTHCPSi@LNP-Fc and UnTHCPSi@LNP solutions (1 mg/mL) were re-

dispersed in 995 µg/mL of ion exchanged water. The hydrodynamic diameter (z-average), 

polydispersity index (PdI) and zeta (ζ)-potential of UnTHCPSi@LNP and 

UnTHCPSi@LNP-Fc were evaluated with Zetasizer ZS Nano (Malvern Instruments Ltd., 

UK). 
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2.7. Cell line and culture conditions 

 

Caco-2 cells were purchased from the American Type Culture Collection (ATCC, USA). 

Passage numbers of Caco-2 cells were between 30–40. The cells were grown in an 

incubator (Functionline BB 16, Heraeus Instruments GmbH, Germany) at 37 °C and 5 % 

CO2 in a water-saturated atmosphere. The growth medium was DMEM supplemented 

with 10 % (v/v) heat inactivated FBS, 1 % (v/v) antibiotic mixture of 100 IU/mL 

penicillin and 100 IU/mL streptomycin, 1 % (v/v) NEEA and 1 % (v/v) L-glutamine. The 

medium was changed every other day and cells were sub-cultured when reaching over 80 

% confluency. For the subculturing, the growth medium was removed, the cells washed 

with 10 mL of PBS−EDTA and then incubated with 5 mL of trypsin-PBS−EDTA for 

5 min at 37 °C. Hereafter, trypsin-PBS-EDTA was neutralized with 7 mL of the growth 

medium. The cells were collected by 5 min centrifugation, dispersed in the fresh pre-

warmed growth medium and sub-cultured on cell culture flasks. 

 

2.8. SPR analysis 

 

SPR measurements were performed on two types of SPR devices. SPR Navi™ 200 OTSO 

(BioNavis Ltd, Tampere, Finland) was equipped with four flow channels, whereas SPR 

Navi™ 210A VASA (BioNavis Ltd, Tampere, Finland) was equipped with two flow 

channels. Both devices had two wavelengths (670 nm and 780 nm) of linear p-polarized 

laser lights and the detection system is based on the Kretschmann configuration. The 

incident light wavelength used in these studies was 670 nm. The temperature control with 

protein A sensor measurements was turned off and the measurements were performed in 

RT, while with Caco-2 cell sensors the temperature was set to 37 °C. During the 

measurements, the SPR spectra was recorded between 55 and 77 ° every 3 s. Both SPR 

devices were attached to a peristaltic pump (Ismatec Reglo Digital MS-2/12, Cole-

Parmer, Germany). The measurement data was collected in the BioNavis Dataviewer 

software and the SPR responses in the form of angular changes were extracted from the 

recorded SPR spectra with a centroid method. The gold-coated SPR sensors (SPR102-

AU, Bionavis LTd., Finland) had a ~50 nm thick gold layer deposited on a ~2 mm thick 
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glass slide. Before use, the gold sensors were boiled by placing the gold side downwards 

for 15 min in a cleaning solution of 1:1:5 (v/v/v) ammonium hydroxide, hydrogen 

peroxide and ion exchanged water. Cleaned sensors were rinsed with ion exchanged water 

and dried with nitrogen. After the cleaning procedure, the gold sensors were stored until 

further use. 

 

2.8.1. Immobilization of protein A on SPR sensors 

 

The cleaned gold sensors were functionalized with DSP by incubating the sensors with 

the gold side up in 0.01 M of DSP in DMSO for 30 min at RT. Sensors were then rinsed 

with DMSO followed with PBS. Then, sensors were incubated with protein A in PBS 

solution (0.5 mg/mL) for 12–18 h at 4°C. After protein A incubation, the sensors were 

gently rinsed with PBS and incubated in 1 M of MEA pH 8.6 for 30 min at RT to block 

residual reacting sites. The sensors were rinsed with ion exchanged water and dried at 

RT. The protein A functionalized sensors were stored dry at 4°C. 

 

2.8.2. Immobilization of Caco-2 sensor 

 

Caco-2 cells were seeded on the gold sensors. The old medium was removed from cell 

culture flask and rinsed with 3 mL of PBS−EDTA. Then, 3 mL of trypsin−PBS−EDTA 

was added and incubated for 5 min at 37 °C and 5 % of CO2. After the incubation, cells 

were visually checked to confirm that detachment from the cell culture flask has taken 

place. Trypsin was neutralized with 7 mL of growth medium. 20 µL of the cell dispersion 

was taken for the Neubauer cell counting chamber. The rest of the cell dispersion was 

centrifuged for 5 min. Supernatant was removed and the cell pellet was gently re-

dispersed in the growth medium. The volume of the medium for re-dispersion was 

determined, according to Eq. (2): 

  𝑉 =  

𝑐𝑒𝑙𝑙𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑
4  × 10 000 ×  𝑉𝑡𝑟𝑦𝑝𝑠𝑖𝑛−𝑚𝑒𝑑𝑖𝑢𝑚 𝑐𝑒𝑙𝑙 𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛

4.4 ×  105 𝑐𝑒𝑙𝑙
𝑚𝐿⁄

           (2) 
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Before the cell seeding, the gold sensor was moistened with 70% of EtOH and let to air 

dry inside the laminar. The dried sensor was placed with the gold side up in a 35 mm Petri 

dish and 2 mL of cell dispersion was gently poured on top of the gold surface. The final 

concentration of cells seeded on one sensor was 8.8×105 cells/mL. The freshly seeded cell 

sensor was incubated for 24 h at 37 °C and 5% of CO2. Then, the sensor was placed into 

a new 35 mm Petri dish and filled with 2 mL of fresh growth medium. The growth 

medium was changed every other day. After each SPR measurement with Caco-2 cells, 

gold sensors were re-used by incubating them in 1 mL of Deconex 1 % at RT for 24h and 

cleaned as described above for new sensors. 

 

2.8.3. SPR measurement of Fc-fragment with protein A sensor 

 

The SPR Navi™ 200 OTSO device was used for the Fc-fragment interaction studies with 

protein A. The protein A sensor was placed in the flow channel with the immobilized side 

towards the analyte. The flow rate was set to 30 µL/min. The system was primed with 

HBSS−HEPES at pH 6.5, 7.4 and 8.2. Since the SPR device had four channels and we 

had three samples to examine, it was decided that two of the channels would be used for 

measurements with the buffer at pH 6.5, as pH 6.5 was of primary interest. HBSS−HEPES 

was stored at RT and bath sonicated for 15 min before use. BSA (1 mg/mL) was injected 

in the system for 5 min to block unspecific binding sites. After that, HBSS−HEPES at 

different pH values was injected again until a stable baseline was achieved. The Fc-

fragment samples were diluted in HBSS−HEPES (pH 6.5, 7.4 and 8.2) to a concentration 

of 10 µg/mL. In each of the four channels, the pH value of the priming buffer 

corresponded to the pH value of the injected sample. Sample injection lasted for 40 min. 

Protein A sensors were re-used for several measurements. Re-generation removed the 

analyte from the sensor surface. For re-generation of the protein A sensor, 0.2 M of 

glycine-HCl was injected for 5 min followed by rinsing with HBSS−HEPES for 15 min. 

Then, the re-generated protein A sensor was changed into a cleaning sensor (clean, non-

handled gold-coated SPR sensor) and the fluidics was cleaned by 5 min injections of 2 % 

Hellmanex, 70% EtOH and ion exchanged water. 
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2.8.4. SPR measurement of Fc-fragment interactions with Caco-2 cells 

 

SPR Navi™ 210A VASA was used for Fc-fragment interaction studies with Caco-2 cells. 

HBSS–HEPES buffer with 1 % (v/v) antibiotic mixture (HBSS–HEPES–PEST) at pH 6.5 

was ran into the system and stopped when reaching the flow channel. The sensor cultured 

with Caco-2 cells for 7 days was placed in the flow channel so that the immobilized 

golden side faced the flow channels and the cleaned glass side of the sensor was pressed 

against the prism. The flow rate was set to 25 µL/min. The sample injection started only 

after a stable baseline with the free buffer was achieved (after 40–60 min). Fc-fragment 

samples (50 and 100 µg/mL) were prepared right before the injection. 28 µL and 45 µL 

of Fc-fragment stock solutions were diluted in HBSS−HEPES−PEST ad 1 mL and gently 

mixed. The sample injection lasted for 20 min. 

 

2.8.5. SPR measurements of NP interactions with Caco-2 cells 

 

HBSS−HEPES−PEST pH 6.5 was injected into the system and stopped when reaching 

the flow channel. A sensor cultured with Caco-2 cells for 14 days was placed into the 

flow channel the glass side of the SPR sensor pressed against the prism and the gold side 

with the cells towards the analyte side. During the whole experiment, the flow rate was 

set at 25 µL/min. Then, the injection of running solution was continued (40–60 min) until 

a stable baseline was reached. The interaction studies were done on two separate SPR 

devices, as described below. In both experiment types, NP samples were prepared right 

before the sample injection. 

1) The cell interaction studies with NPs were executed with the SPR Navi™ 210A 

VASA instrument by using two types of NP samples. 60 µL of 

UnTHCPSi@LNP-Fc stock solution and 54 µL of UnTHCPSi@LNP stock 

solution were diluted in HBSS−HEPES−PEST ad 1 mL to a final concentration 

of 100 µg/mL. 

2) The concentration dependent cell interaction studies with NPs were performed 

with the SPR Navi™ 200 OTSO  instrument. In this study, HBSS−HEPES−PEST 
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pH 6.5 was bath sonicated for 15 min before use. The NP samples at 

concentrations of 50 and 100 µg/mL were injected into system. 

In both measurement setups, the sample injection lasted for 30 min, followed by a 30 min 

injection of HBSS−HEPES−PEST. 

 

2.9. Statistical analysis 

 

Statistical analysis was performed using OriginPro® (OriginLab Corporation, 

Northampton, MA, USA). The measured values from DLS and SPR studies are presented 

as mean ± standard deviation. Statistical analysis of the results was performed with the 

use of descriptive statistics. 

 

 

3. RESULTS 

3.1. DLS analysis 

 

After the preparation of UnTHCPSi@LNP and functionalization with the Fc fragment, 

the physicochemical properties of the NPs, i.e., particle size, PdI and ζ-potential were 

studied with DLS (Figure 2). UnTHCPSi@LNP showed the particle size of 205 ± 3 nm, 

whereas the particle size of UnTHCPSi@LNP-Fc was slightly higher, i.e. 212 ± 4 nm. 

UnTHCPSi@LNP presented the PdI value of 0.12 ± 0.01. The PdI value of functionalized 

NPs, in turn, was 0.13 ± 0.02. The surface charge slightly increased after the Fc-fragment 

functionalization, as UnTHCPSi@LNP showed a ζ-potential of −39 ± 0.2 mV and 

UnTHCPSi@LNP-Fc presented a ζ-potential of −35 ± 1 mV. 
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Figure 2. DLS measurements (n = 3). A) Size and PdI, and B) ζ-potential of 

UnTHCPSi@LNP and UnTHCPSi@LNP-Fc. Size and ζ-potential values are presented 

as mean  standard deviation. 

 

3.2. SPR-based interaction studies of Fc-fragment with protein A 

 

Targetability studies with the use of SPR technique started with protein A measurements. 

Since protein A examination is much simpler and a prompt method when compared to 

cell measurements, it was chosen to be used for the validation of the used Fc-fragment 

functionality. According to the literature, the optimal binding affinity of Fc-fragment with 

protein A is at pH 8.2 (Nezlin 1998). However, in this study, the main aim was to study 

targetability to FcRn and the optimal binding pH for the ligand with FcRn is at pH 6.5 

(Vaughn & Bjorkman 1998). Therefore, in order to verify functionality of the used Fc-

fragments it was important to examine the binding tendency towards protein A at different 

and physiologically relevant pH values (6.5, 7.4 and 8.2). 

Hence, the free Fc-fragment samples were studied on the gold-coated SPR sensor 

immobilized with protein A at three different pH values to establish possible differences 

in the SPR response, which reflects the binding affinity. After BSA injection, 

HBSS−HEPES at pH values 6.5, 7.4 and 8.2 expressed a stable baseline nearly directly. 

To ensure the reliability of the baseline, the HBSS−HEPES injection was continued for 

at least 5 min. Fc-fragment samples presented a very high binding tendency towards 

protein A at each pH value (Figure 3). According to the change in the SPR peak angular 

position (PAP), each Fc-fragment sample presented significant affinity towards protein 
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A. All samples showed a rapid interaction response as soon as sample injection started. 

The binding equilibrium was reached for every sample. Overall, Fc-fragment interaction 

at all three pH values did not show any significant differences in the SPR responses. The 

SPR response indicated that every sample was binding to protein A in the same extent 

despite the varying pH conditions. This result supports the biological activity of protein 

A immobilized on the SPR sensor, as well as the functionality of the used Fc-fragment. 

Since the repetitions were done by switching injection channels for the samples, the 

possible differences in the responses caused by incomplete protein A sensor surface 

coverage or flow conditions can be excluded. As the results presented no difference 

between the three pH conditions tested, it can be suggested that the levels of interactions 

were not directly associated to the pH of the Fc-fragment sample solution. Based on this 

observation, the use of Fc-fragment as a targeting ligand to functionalize the NPs was 

considered prospective. 

Figure 3. Representative SPR PAP responses to the nteractions of free Fc-fragments with 

protein A at pH 6.5, 7.4 and 8.2. Before the sample injection, protein A was stabilized 

with HBSS-HEPES until the stable baseline was observed. The injection of all three types 

of samples starts at time = 0 s. Results are presented as mean ± standard deviation (n ≥ 

3). 
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3.3. Optimization of SPR technique for Caco-2 cell studies 

 

To the best of our knowledge, the SPR technique has so far not been reported for the 

analysis of the interactions between PSi-based NP systems with Caco-2 cells immobilized 

on SPR sensors. Previous reports were mainly based on HeLa, HT-29 and PC3 cell studies 

(Suutari et al. 2016; Akl et al. 2019; Koponen et al. 2020). Nishiguchi et al. (2015) have 

reported Caco-2 cell seeding on the SPR sensor surface, but those sensors were used for 

the SPR measurements already at day 3 of incubation. For this reason, to ensure the proper 

functionality of the technique with Caco-2 cells, several optimization steps in the 

measurement protocols were needed for this study. In the beginning, it was observed that 

long sample injection (over 30 min) times was not possible for studying FcRn 

targetability with Caco-2 cells, because all samples with different concentrations 

presented similar SPR responses in the end (data not shown). The issue already arose with 

Caco-2 SPR measurements with free Fc-fragment solutions when the sample injections 

lasted over 1 h. 

The incubation time for Caco-2 immobilized sensors was thereby optimized. Caco-2 cells 

achieved 100 % confluency on SPR gold sensors at the 7th day of incubation. Fully 

covered SPR sensors were necessary to ensure appropriate results from the SPR 

measurements, because an SPR sensor that is not fully covered with cells may lead to 

false signals due to sample accumulation on the surface of a partly empty sensor. In 

contrast, an SPR sensor fully covered by a confluent Caco-2 cell monolayer yield SPR 

responses entirely emerging from binding interactions between samples and cells. 

Caco-2 cells were grown on SPR sensor surfaces for 7, 14 and 21 days. However, the 

incubation period significantly affected the attachment of the cells to the surface of the 

SPR sensors. At days 7 and 14 of incubation, Caco-2 cells remained attached to the 

sensors and did not show any signs of detachment. However, after 21 days of incubation, 

Caco-2 cells started to detach from the sensor surfaces during incubation, hampering a 

successful SPR analysis. 

The appropriate sample concentration was optimized with both SPR devices. 10 and 20 

µg/mL of functionalized and non-functionalized UnTHCPSi@LNPs revealed to be 

unsuccessful for this study, as the SPR was not able to detect any changes with these 
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concentrations (data not shown). Therefore, the sample concentration was increased to 

100 µg/mL for further optimization. For the concentration-dependent binding studies, the 

sample concentration was increased up to 200 µg/mL; however, this caused clogging of 

the tubing of the SPR devices. Based on this knowledge, the concentration-dependent 

interaction studies were performed with concentrations of 50 and 100 µg/mL. 

With the experiments on SPR Navi™ 200 OTSO it was noticed that the presence of air 

bubbles increased during the measurements, probably because the temperature of the 

pumping device increased during the study. Therefore, in order to reduce the possibility 

of getting air into the system, the running solutions were always bath sonicated prior to 

injections. With Caco-2 cell SPR measurements, the air bubble issue was not that severe 

as the flow channel was pre-warmed before the measurements. Since the Fc-fragment 

measurements with protein A sensor was done at RT, each stage of the measurement was 

shortened to the minimum. As a result, it was possible to perform the measurements 

before the air bubble issue appeared in the SPR response graphs. If several measurements 

were done on the same day, the SPR device was let to cool down properly between 

repetitions. 

 

3.4. SPR-based interaction studies of Fc-fragment with Caco-2 cells 

 

The binding interaction studies continued with the Caco-2 cell studies. The aim was to 

ensure the affinity of the free Fc-fragment towards the FcRn, which is expressed in Caco-

2 cells (Hornby et al. 2014). Since the previous SPR study with the protein A already 

showed the potential targeting ability, this study focused on evaluating the right sample 

concentration for the cell studies and examine the interactive properties of the ligand and 

FcRn-expressing cells. 

The Caco-2 cell sensor was primed with the running solution to get a stable baseline. 

After the free Fc-fragment samples were injected in the system, a rapid increase of the 

SPR signal responses was observed in both, 50 and 100 µg/mL, concentrations. The real-

time SPR responses confirmed the concentration dependent binding affinity towards the 

Caco-2 immobilized SPR sensor (Figure 4). Also, a higher concentration of Fc-fragment 

(100 µg/mL) presented a more intense response in the SPR peak angular position than the 
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lower concentration (50 µg/mL), suggesting that, even though the samples presented very 

large standard deviations between repetitions, a concentration-dependent binding was 

observed. The signals stabilized rather quickly at time point 500 s, which indicates that a 

binding equilibrium was reached within this time. The SPR responses showed that the 

free Fc-fragment samples in both concentrations indicated interactive properties with 

FcRn-expressing Caco-2 cells. 

Figure 4. Real-time SPR PAP responses during interaction of Fc-fragments with Caco-2 

cells. Fc-fragment sample concentrations of 50 µg/mL (blue curve) and 100 µg/mL (red 

curve). First Caco-2 cells were stabilized with HBSS–HEPES–PEST (pH 6.5) for the 

control baseline, and the samples were injected at time = 0 s. Results are presented as 

mean ± standard deviation (n ≥ 3). 
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presented clearly the more intense SPR signal than the 50 µg/mL sample. Thus, this study 

was performed using this NP concentration. 

The Caco-2 cell sensor was firstly stabilized with the running solution until a stable 

baseline was achieved. The SPR response of both samples increased immediately when 

the sample injection started. The signals for UnTHCPSi@LNP-Fc and UnTHCPSi@LNP 

were significantly different from each other (Figure 5). UnTHCPSi@LNP-Fc presented 

from the very beginning of sample injection a higher affinity towards Caco-2 cells when 

compared to the non-functionalized NPs. The signal increased during the whole 

measurement for both types of NPs, even after the buffer flushing started. 

Figure 5. SPR PAP responses of UnTHCPSi@LNP (dashed curve) and 

UnTHCPSi@LNP-Fc (solid curve) with Caco-2 cells grown for 14 days. Before the 

sample injection, the control baseline was stabilized with HBSS−HEPES−PEST (pH 6.5). 

After the sample injection (at 1 800 s), HBSS−HEPES−PEST flushing started. Results 

are presented as mean ± standard deviation (n = 3). 

 

Importantly, the Fc-functionalized NPs presented a significantly higher SPR response 

when compared to the non-functionalized NPs throughout the whole study. This indicates 

that the presence of Fc-fragments on the surface of UnTHCPSi@LNPs induces a clear 
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which could be translated into an increased permeation of PSi NPs across the cell 

monolayers. 

 

3.6. SPR-based concentration-dependent interaction studies of NPs with Caco-2 

cells 

 

After confirming the different interaction behavior of Fc-functionalized and non-

functionalized NPs with Caco-2 cells, the concentration-dependent behavior of the NPs 

with the cells was evaluated. UnTHCPSi@LNP and UnTHCPSi@LNP-Fc samples 

present a clear correlation in the SPR responses when comparing two different 

concentrations of the NPs, i.e., 50 and 100 µg/mL (Figure 6). More importantly, these 

measurements showed the concentration-dependent binding fashion of the injected 

samples. The 100 µg/mL sample of UnTHCPSi@LNP-Fc presented a clearly stronger 

binding efficacy when compared with the lower sample concentration of 50 µg/mL. 

Besides the clear concentration correlation in the SPR signal, it is clear that the Fc-

functionalized NPs presented a higher binding to Caco-2 cells than the non-functionalized 

NPs. A small concentration-dependent behavior can also be seen with the 

UnTHCPSi@LNPs, but this is not as remarkable as with the targeted NPs. Thus, the Fc-

functionalization of the NPs significantly increased the SPR responses during interaction 

with Caco-2 immobilized cells. Based on this, it can be suggested that FcRn-targetability 

was successfully achieved with the UnTHCPSi@LNP-Fc NPs, and that these NPs have a 

great potential to take advantage of the FcRn transcytotic pathway for oral drug delivery. 
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Figure 6. SPR PAP response comparisons of UnTHCPSi@LNP (blue curves) and 

UnTHCPSi@LNP-Fc (red curves) in concentrations of 50 µg/mL (dashed curves) and 

100 µg/mL (solid curves). The control baseline was stabilized with the running solution 

at pH 6.5 (HBSS–HEPES–PEST). After the sample injection (at 1 800 s), the channels 

were flushed with the running solution. Results are presented as mean ± standard 

deviation (n ≥ 2). 

 

 

4. DISCUSSION 

 

The results of DLS measurements supported the successful development of homogeneous 

NPs with narrow size distribution. A slight increase in the ζ-potential of the targeted NPs 
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did not present any significant difference in binding affinity with protein A at varying pH 

values (6.5, 7.4 and 8.2). Thus, it can be stated that there is no significant effect on the 

binding tendency between pH 6.5 and 8.2. Results confirmed that a significant interaction 

of bare Fc-fragments with protein A exists at pH 6.5. Consequently, it could be ensured 

that the following studies with the FcRn-expressing Caco-2 cells could be performed in 

the natural pH of the upper intestine (i.e. pH 6.5), in which the interaction between the 

FcRn and the ligand is optimal (Vaughn & Bjorkman 1998; Hornby et al. 2014). 

The optimization of the SPR protocols was crucial to establish the adequate parameters 

for the analysis of the interactions of NPs with Caco-2 cells, and to achieve reproducible 

measurements. Unlike in the previously reported SPR cell studies using NPs, in which 

sample injection lasted up to 90 min, in this study, the injection times were shortened 

(Suutari et al. 2016; Akl et al. 2019; Koponen et al. 2020). Overall, long sample injections 

were not suitable for any of the performed experiments. Prolonged injection times caused 

highly variable SPR responses as the samples were clogging the microfluidics. Based on 

these findings, prolonged sample injections were excluded from the protocols. 

The SPR measurements of bare Fc-fragments with Caco-2 cells supported the hypothesis 

of FcRn targetability (Foss et al. 2016; Ternant et al. 2016). The outcome of the SPR 

results presented indicative correlation between the bare Fc-fragment concentration and 

the strenght of the signal. The high stardard deviation could be explained by the use of 

Caco-2 cells at day 7 from seeding. At day 7, Caco-2 cells are not fully differentiated, and 

can be considered rather unstable since they act as individuals, not as a unit (Vachon & 

Beaulieu 1992), and the expression of the Fc-fragment is highly variable at this point 

(data not shown). SPR detects even a small change that happens on the surface of the 

sensor, thus the unstability of Caco-2 cells at day 7 can cause unwanted variation of the 

results. Despite the variation, the SPR responses from independent measurements 

indicated a distinct binding behavior of the Fc-fragment to Caco-2 cells. The binding 

affinity of the free Fc-fragment samples with Caco-2 cells confirmed the rational 

correlation between the sample concentration and the intenstity of the SPR signal. 

Since bare Fc-fragment studies presented promising results regarding FcRn targetability, 

the next step consisted in analysing the interactions of Fc-functionallized NPs with FcRn 

expressing Caco-2 cells (Hornby et al. 2014). The results seen in the first measurements 
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with the SPR Navi™ 210A VASA and a NP concentration of 100 µg/mL indicated a 

binding behavior and possible cellular uptake by Caco-2 cells. The SPR signal of 

UnTHCPSi@LNP-Fc was much stronger than that of the non-functionalized NPs, thus 

indicating the successful targeting of FcRn. Since the difference between NP samples was 

only functionalization with Fc-fragment, it can be assumed that the higher binding of 

UnTHCPSi@LNP-Fc to the cells is related to the targeting of FcRn present in the cells. 

The continuous increase of the SPR signal could be a sign of cellular uptake and moving 

of transcytotic vesicles towards the gold surface of the SPR sensor. 

The SPR measurements on SPR Navi™ 200 OTSO were performed to further investigate 

the putative concentration-dependent interactions of the NPs when in contact with the 

cells. According to the results, UnTHCPSi@LNP-Fc showed clear correlation between 

concentrations. By contrast, the SPR signals of UnTHCPSi@LNPs were nearly on the 

same level, despite the significant difference in concentration. This could indicate that the 

interaction of UnTHCPSi@LNPs to Caco-2 cells is unspecific and is quickly saturated. 

Since the SPR results suggest that non-functionalized UnTHCPSi@LNPs bind off-target 

with the Caco-2 cells, it would have been worthwhile to study the interaction of Fc-

functionalized and non-functionalized PSi NPs with the protein A covered SPR sensor. 

This study set-up could have provided further proof of the targetability capability of the 

Fc-functionalized NPs. 

In Caco-2 cell measurements, the increase of SPR response and the increase in the 

standard deviations after starting the flushing step could be explained by putative 

aggregation of the NPs in the tubes of the SPR devices. As both NPs have an organic 

lignin polymer modification and UnTHCPSi@LNPs-Fc are additionally functionalized 

with Fc-fragments, which are protein-based fragments, they might show susceptibility to 

stick in silicone tubing. Consequently, the presence of samples in the system even during 

the flushing could be the reason for the observed continuous increase in the SPR response. 

In order to clarify this hypothesis, and to exclude the probability of incomplete flushing 

of the flow channel, the effect of longer buffer injection sequences on the SPR response 

could be examined. By prolonging the experiment with longer buffer flushing times, the 

signal might slowly stabilize. As for now, reaching an equilibrium in the SPR response 

was not possible in this study due to the short injection protocols used. 
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The differences between the results obtained from the two different SPR devices were 

minimal. Both measurements of NPs with Caco-2 cells indicated higher binding affinity 

for Fc-functionalized NPs. The noticeable difference was that, despite the use of similar 

experimental conditions, the SPR Navi™ 210A VASA device presented slightly lower 

SPR responses for the interactions of UnTHCPSi@LNP-Fc (100 µg/mL) than SPR 

Navi™ 200 OTSO. The difference in the SPR PAP response between the samples was 

around 0.25 degrees at the 30 min time point. The small difference in the results is most 

likely caused by the height of the flow channel. The flow channel in SPR Navi™ 210A 

VASA is much higher than in the SPR Navi™ 200 OTSO, which means that it takes more 

time for the NPs to diffuse to the cell surface in a higher flow channel compared to a 

lower flow channel. Nevertheless, both Caco-2 studies with PSi NPs showed several 

similar series of incidents with both SPR devices. 

Previous in vitro and in vivo studies of NPs with Fc-fragment modification suggest that 

Fc-functionalization significantly improves the retention time in the gastrointestinal tract 

and the cellular uptake of NPs (Shi et al. 2018). Our studies further support this 

hypothesis, specifically for the NP system developed herein (i.e., UnTHCPSi@LNP-Fc). 

Our study also demonstrates the relevance of the SPR cell sensing approach as a real-time 

and label-free technique for monitoring and confirming the targetability of NPs. These 

results suggest that the targeting of FcRn merits further investigation as a functional 

pathway for increasing the intestinal permeation of orally delivered drugs. Hence, 

UnTHCPSi@LNP-Fc NPs could potentially be used for successful oral delivery of poorly 

water-soluble or easily degradable drugs. 

 

 

5. CONCLUSIONS AND FUTURE PERSPECTIVES 

 

In the present study, the SPR technology was successfully exploited for studying FcRn 

targetability of Fc-functionalization of lignin-encapsulated PSi NPs. The SPR responses 

obtained from protein A measurements showed no significant differences in the binding 

behavior of Fc-fragments at three physiologically relevant pH values. Most importantly, 
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the results validated the functionality of the used Fc fragment as a targeting ligand. The 

SPR technology was also successfully optimized for measurements performed with Caco-

2 cells immobilized on SPR sensors. Interactions between NPs and Caco-2 cells showed 

significant difference between the Fc-modified and non-modified NPs. 

UnTHCPSi@LNP-Fc presented a clearly higher interaction tendency towards Caco-2 

cells in a concentration-dependent manner when compared with UnTHCPSi@LNPs. The 

results can be explained by successful FcRn targetability of UnTHCPSi@LNP-Fc.  

In the future, FcRn targetability studies with the SPR technology could be further 

investigated. The interactions between UnTHCPSi@LNP-Fc and UnTHCPSi@LNP 

could be explored in detail using protein A -coated sensors, as they represent a more 

simple approach when compared to cells. Nonetheless, as the interactive behavior 

between NPs and FcRn expressing cells is the most substantial information, the SPR cell 

measurements with Caco-2 cells could also be further improved. It would be important to 

optimize the immobilization of Caco-2 cell on the SPR sensor surface to enable 21 days 

incubation time. At 21st day of incubation, Caco-2 cells would be fully differentiated and 

express FcRn to a greater extent. The use of additional coating with extracellular matrix 

proteins (i.e., fibronectin or collagen) could help to prolong the incubation period. In 

contrast, it may also increase the possibility for non-specific binding if the cell coverage 

is not complete (Zaytseva et al. 2013). Furthermore, the seeding of smaller amount of 

Caco-2 cells per sensor could be attempted, as it may affect the residence of the cells on 

the SPR sensor surface. Moreover, the FcRn targetability could be studied with simpler 

NP systems that present less non-specific interactions with the cells. Changing the 

running solution by cell culture medium may also improve the stability of the cells during 

the SPR measurements. In the particular case of UnTHCPSi@LNPs-Fc, the SPR cell 

studies may also be improved by prolonging the flushing after the sample injection. 

Longer flushing could have shown if the exhaustive rinsing of flow cell could have 

provided more information in the comparison between functionalized and non-

functionalized NPs. Overall, these results support the use of FcRn-targeting as a potential 

pathway for oral drug delivery via NP-based systems and the use of SPR as a label-free 

technique to evaluate, in real-time, the interations between targeted and non-targeted NPs. 
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ABBREVIATIONS AND SYMBOLS 

 

ζ 

θ 

BET 

BSA 

c 

Caco-2 

DLS 

DSP 

DMEM 

DMSO 

EDTA 

EtOH 

FBS 

FcRn 

HBSS 

HEPES 

IgG 

MEA 

NEEA 

NP 

p 

p0 

PAP 

PBS 

PdI 

PEST 

PSi 

R&D 

RT 

SPR 

THC 

UnTHC 

UnTHCPSi@LNP 

 

UnTHCPSi@LNP-Fc 

Zeta 

Surface coverage 

Brunauer–Emmett–Teller 

Bovine serum albumin 

BET C-constant 

Human colorectal adenocarcinoma 

Dynamic light scattering 

Dithiobissuccinimidyl propionate 

Dulbecco's Modified Eagle's medium 

Dimethyl sulfoxide 

Ethylenediaminetetraacetic acid 

Ethanol 

Fetal bovine serum 

Neonatal Fc receptor 

Hank’s balanced salt solution 
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1. INTRODUCTION 

 

Diabetes mellitus (DM) is a chronic metabolic disorder in which the blood sugar level 

(BSL) is constantly high, because the pancreas cannot produce enough insulin or the body 

cells cannot make the most of available insulin (International Diabetes Federation 2020). 

DM has many subclasses that are so far roughly divided into three categories as type 1 

(T1DM), type 2 (T2DM) and gestational. In T1DM beta cells in the pancreas are 

destroyed by an autoimmune process, which causes the loss of the inherent insulin 

production. By contrast, in T2DM body cells are not capable to use insulin or the basic 

need for insulin has significantly increased. 

Anti-diabetic drug therapies include several drugs with various mechanisms of action to 

ensure stable blood sugar balance and prevent hypoglycemia (International Diabetes 

Federation 2020). Insulin is the only possible drug for T1DM treatment, but the field of 

T2DM drug therapies is much wider. In addition to insulin, T2DM can be treated with, 

e.g., metformin, gliptins or glucagon-like peptide-1 (GLP-1) agonists (Diabetesliitto 

2020; World Health Organization 2018). As a result of the complicated and diversified 

illness, in many cases insulin or GLP-1 agonists may be the only appropriate and suitable 

drug therapy choices. 

Insulin and GLP-1 agonists are both injectable peptide drugs and the need for a dose 

varies from one time to several times a day. Worldwide over 422 million people suffer 

from DM and the number grows exponentially each year (World Health Organization 

2016). Despite the small population in Finland, over 400000 people are diagnosed with 

DM, which is around one out of ten from the whole population (Diabetesliitto 2020). This 

means that the majority of DM patients are obliged to inject themselves every day and 

typically for many times a day. In this case, an oral non-invasive administration route of 

insulin or similar drugs, would be desirable. 

There have been many attempts to develop orally administrable protein drugs (Wong et 

al. 2016). The main problems encountered are to cross numerous biological barriers and 

maintain the pharmacological properties and usability of the proteins in the body when 

orally administered (Delbeck and Heise 2020). As a result, the use of nanoparticles (NPs) 

may provide a potential solution to overcome these challenges. 
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In nanoscience everything culminates in the size of particles that ranges in between 1 

nanometer (nm) to 100 nm in diameter (Food and Drug Administration 2014). By 

reducing the particle size, various physicochemical properties of the whole particle 

changes. The change in particle characteristics is caused by increasing the surface area in 

relation to the decrease of their size. Nanostructures have been present in the nature all 

the time, but for the latest decades nanotechnology has been applied and expanded into 

the field of pharmaceutics (Food and Drug Administration 2020). 

When using NPs as drug delivery systems (DDSs), it is possible to improve characteristics 

of drug therapies (Ghosh et al. 2019). Positive effects of nanomedicines, such as 

improving solubility and decreasing the toxic side effects of the drug, along with the 

opportunity for specific targeting therapy, are highly desired in present-day drug 

development. Moreover, nanosized DDSs provide alternative methods for the oral 

administration of drugs, which are only in injectable form so far (Martins et al. 2018a). 

The aim of this literature review is to examine current existing literature on the fabrication 

of NPs as DDSs for protein oral delivery. Over the years, many positive results have been 

presented in studies for the oral administration of insulin and GLP-1 agonists using 

nanocarriers. Nonetheless, the development of orally administrable protein drugs for DM 

has not produced any approved medicines so far. 

 

 

2. CHALLENGES IN ORAL ADMINISTRATION OF PROTEIN DRUGS 

 

Orally administered drugs face several barriers before they can be absorbed into the blood 

stream (Figure 1). Barriers in the GI-tract forms from the body’s natural protection 

system against foreign substances (Yun et al. 2013; Alp and Aydogan 2020). Similarly, 

NP-based drug carriers as foreign particles are exposed to the harsh processing in the GI-

tract and encountered physical barriers, such as tight junctions in the intestinal epithelium 

(Gupta et al. 2020). Furthermore, proteins are quite sensitive to environmental changes, 
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which requires a well-thought NP system to carry them through the GI-tract (Pridgen et 

al. 2015). 

Figure 1. Schematic representation of the faced challenges to deliver drugs/peptides after 

oral administration. Before the drug passes through to the systematic circulation, every 

absorption step decreases a significant proportion of biologically active peptide drug. 

Figure reproduced with permission from Lundquist and Artursson (2016). 

 

As mentioned before, insulin and GLP-1 agonists are both polypeptide drugs. Insulin 

analogues for anti-diabetic drug therapy are produced to mimic the natural human insulin 

(Østergaard et al. 2020). Insulin forms from amino acid chains connected with disulfide 

bridges. With the small structural changes, as amino acid substitution or hexameric 

formation, the characteristics of insulin analogues can be improved and modified to 

ensure the proper onset of action and duration of the effect. Anti-diabetic GLP-1 receptor 

agonist (e.g., liraglutide, exenatide) is an incretin mimetic hormone (PubChem 2020a–b). 

Structure-wise, GLP-1 agonists are formed from forked amino acid chains. Oftentimes, 

GLP-1 is studied as co-loaded with the enzymatic DPP-4 (dipeptidyl peptidase 4) 

inhibitor, which proactively stimulates GLP-1 secretion (Shrestha et al. 2015). GLP-1 

drug therapy enhances the body’s natural insulin production. This is the reason why GLP-

1 is not the effective drug for the T1DM treatment. 
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2.1. The biochemical barrier 

 

Orally administered drugs are exposed to the harsh handling and environments in the GI-

tract, which causes a biochemical barrier for protein drugs and their NP carriers (Yun et 

al. 2013). The enzymatic activity and pH variation in the GI-tract are necessary to enable 

a better absorption of nutrients and to protect the body from external pathogens, but 

simultaneously it challenges the oral administration of drugs and especially proteins. The 

way of the drug moves through the GI-tract includes the heavy enzymatic activity of 

various digestive enzymes as lipases, amylases and peptidases. In addition, digestive 

enzymes need the right pH to function properly and the pH variation challenges the oral 

administration of proteins even more. The pH in the GI-tract varies from acidic pH 1 to 

alkaline pH 8, while the protein drug is moving from the stomach to the intestine (Pridgen 

et al. 2015). 

When the proteins are administered without any “protection”, they denature at low pH 

and are degraded by peptidases (i.e. pepsin) in the stomach or trypsin in the intestine 

(Follett and Follett 2008; Patel et al. 2014). Therefore, new strategies have been studied 

in order to create NP DDS that could provide an option for the oral administration of 

protein drugs by protecting them from the harsh environment in the GI-tract. Nonetheless, 

some of NP structures might be sensitive to the biochemical exposure by the same way 

as pure proteins, which also needs to be considered (Ghosh et al. 2019). 

Studies have shown that polymeric particles do overcome enzymatic activity and protect 

the loaded drug from degradation caused by pH variation (Ibie et al. 2019). A protecting 

layer can be added on the surface of the NPs, as described by Martins et al. (2018a) when 

using insulin loaded porous silicon (PSi) NPs. In this study, insulin was loaded in PSi and 

further encapsulated in hypromellose acetate succinate (HPMC) to prevent the harmful 

interactions of the particle in the stomach’s low pH. HPMC is a pH-sensitive polymer 

that protects NPs in the acidic pH, but then degrades from the surface as the pH increases 

in the intestine. 
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2.2. The mucus barrier 

 

One of the main functions of the mucus in the GI-tract is to create a diffusion barrier and 

to protect the body from pathogens and harmful endogenous digestion factors, such as 

enzymes and major pH changes (Khanvilkar and Donovan 2001; Ensign et al. 2012). The 

intestinal mucus consists mainly of water (around 95%) along with glycoproteins (e.g. 

mucin), lipids, electrolytes and other free proteins (Peppas et al. 1984). Mucin, a 

macromolecular glycoprotein, is the main component that modifies the mucus into a 

viscoelastic gel and is a key factor of trapping foreign particles into the mucus (Alp and 

Aydogan 2020). The thickness, pH and consistence of the mucus vary in different parts 

of the body, because of the changing surroundings (Boegh and Nielsen 2015). 

Figure 2. The mucus barrier consists of two layers: outer LML and inner AML. The AML 

is a thicker layer and mucus penetrating particles (MPPs) do penetrate there easier than 

plain particles (Lai et al. 2009). Better penetration ensures longer and closer proximity 

with the intestinal epithelium and consequently generates a higher absorption rate. Figure 

reproduced with permission from Matijašić et al. (2016). 

 

As external substances, orally administered NPs can get trapped in the mucus and be 

rapidly cleared from the epithelium, hereby not been able to permeate through the 

intestinal wall and deliver the drug into the bloodstream (Lai et al. 2009; Alp and 

Aydogan 2020). The turnover time of the mucus layer in the intestinal mucus is only 
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around 50–270 min. The mucosal surface consists of two layers where the outer luminal 

mucus layer (LML) is rapidly cleared in about 20 min (Figure 2). The inner adherent 

mucus layer (AML) is cleared much slower and that is the layer where DDS must adhere 

rapidly to avoid clearance. As a result of the risk to get trapped and cleared in the mucus, 

mucoadhesive properties of DDS are favorable to find their way faster to the AML and 

prolong their time in there (Zhang et al. 2012). 

The mucus barrier can be overcome with NPs by the favorable modulation of their surface 

properties. For example, in order to avoid getting trapped and cleaned in the mucus layer, 

it is beneficial to fabricate NPs with a hydrophilic surface for ensuring mucoadhesion 

(Lai et al. 2009; Shan et al. 2015). Many polymers, such as chitosan (CS), have shown 

beneficial results in increasing the mucoadhesion of NPs when added on the surface of 

particles (Sheng et al. 2015; Shrestha et al. 2016a). Sheng et al. (2015) conducted in vitro 

studies and have shown that CS-coated polymeric NPs have significantly better results 

for permeation through simulated mucus and intestinal epithelium layers compared with 

non-coated anionic NPs. Nevertheless, excessive mucoadhesion is also not desired, 

because particles may get trapped in the mucus and cleared with time. Mucoadhesion 

properties need to be balanced to ensure the adhesion of NPs to the mucus along with not 

preventing the absorption. 

 

2.3. The intestinal epithelium 

 

After passing the mucus barrier, the next challenge is to cross the tight intestinal 

epithelium, which creates a physical barrier for absorption, as it is shown in Figure 3. 

The intestinal epithelium is made-up of the several different cell types with diverse 

functions (Abreu 2010). The cells of the intestinal epithelium are attached to each other 

with tight junctions to prevent pathogens and unwanted foreign particles to cross into the 

blood circulation (Lee et al. 2018). The small intestine is the main part of the GI-tract 

where medicines are absorbed, because of the large surface area of the intestinal villus. 

NPs can pass the epithelium barrier by different potential routes: passive transcellular, 

paracellular, carrier mediated and/or facilitated transcellular (Gupta et al. 2020). Studies 
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have shown that NPs permeate mainly via transcellular transportation, but other routes, 

such as paracellular, are also possible (Shahbazi and Santos 2012; Wang et al. 2018). 

In general, the intestinal epithelium along with the mucus barrier forms the most 

challenging barrier to the oral administration of nanosized DDSs. Nonetheless, by 

modifying the surface and other physicochemical properties of nanocarriers, the 

bioavailability of the drugs can be increased. The size of the NPs plays a significant role 

in the intestinal uptake (Zhang et al. 2012). Smaller particles pass the intestinal barrier 

easier than bigger (over 500 nm in diameter) ones. Besides the particle size, many 

physicochemical properties of NPs, such as surface charge, have an impact on the ability 

of the NPs to cross the barrier (Lundquist and Artursson 2016). 

Figure 3. Schematic representation of encapsulated drug’s release and absorption in the 

intestinal epithelium. To overcome the intestinal barrier, first DDS passes the mucus layer 

and then faces tight junctions and the physiological barrier of epithelium cells. Figure 

reproduced with permission from Ahadian et al. (2020). 

 

Targeting to the surface of intestinal cells takes important part of aiding to pass drugs 

throughout the intestinal barrier. Cell-penetrating peptides (CPPs) on the surface of the 

NP may improve the intracellular transportation in intestinal epithelial cells (Shrestha et 

al. 2016a). The favorable impact on transportation originates from the positive charge of 

the added peptide. The use of CPP in DDSs is common due to not causing a cellular 

response while improving permeability of the NP (Araújo et al. 2016). Also, neonatal Fc 

receptors are considered as a potentially effective targeted way to aid NPs to pass the 

intestinal barrier (Martins et al. 2018b). 
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2.4. First pass metabolism 

 

The first pass metabolism (FPM) is the part of the oral absorption in the GI-tract when 

the drug is already absorbed in the blood stream and then goes through clearance in the 

liver (Maheshwari et al. 2018). When the drug absorbs in the intestine, it goes into a 

hepatic portal vein system, which carries absorbed NPs to the liver for the hepatic 

clearance. This metabolic part is the kind of the final barrier to orally administered drugs 

to enter the systematic circulation of the body. 

FPM is a major absorption step that in the case of non-NP DSSs can cause a significant 

decrease of the bioavailability of the drug. As a result of the barriers in the GI-tract and 

the FPM, protein drugs as insulin and GLP-1 have a very poor bioavailability when they 

are orally taken without a shielded carrier. However, studies have shown that small 

particles, such as NPs in the size range 120–200 nm can easily pass through FPM without 

any decrease in the drug bioavailability (Nazief et al. 2020). Since the NPs avoid the 

FPM, it is noteworthy that the drug incorporated in the NPs also bypasses the metabolic 

barrier (Italia et al. 2007). 

 

2.5. Maintaining 3D-structure of proteins 

 

Proteins are monomeric structures that are formed from multiple amino acids bonded with 

covalent peptide bonds. Between the covalently bonded amino acids there are numerous 

weaker bonds which form the final secondary 3D-structure of a protein. The shape and 

right formation of most weak interactions are important to ensure the proper biological 

activity of proteins as medicines (Delbeck and Heise 2020). Especially, in the case of 

industrial manufacturing and transportation it is a significant quality feature to consider. 

Also, in the manufacture of NPs, the ability of loading intact protein drugs inside the DDS 

needs to be verified. 

The shelf-life of proteins depends on many parameters besides the correct storage 

temperature. For example, proteins tend to aggregate very easily and under stress 

exposure, such as shaking and shearing, it accelerates their aggregation (Wang et al. 
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2010). Shear stress causes aggregation because of several new interfaces emerge with air 

bubbles. Also, studies show that shearing causes the increase of β-sheet and random coil 

structures and a decrease of α-helixes in insulin (Mauri et al. 2015). Excessive β-sheet 

formation is unwanted because it stimulates insulin fibrillation. Usually, the sensitivity to 

aggregation and fibrillation is acknowledged in the formulation of the drug and accurate 

excipients are added to prevent the event from happening (Egbu et al. 2020). 

By loading a drug inside the NP, proteins like insulin and GLP-1, are protected from the 

challenging environment in the GI-tract. Polymeric NPs have been shown to be stable 

DDSs even in severe pH changes and harsh enzymatic conditions, which would normally 

cause remarkable degradation of the protein structure without the nanocarrier (Pridgen et 

al. 2015). By means of nanotechnology, drugs that have not been possible to be 

administrated orally before, are nowadays showing steps of progress towards their safe 

formulation to be prepared for oral intake. Studies have shown that proteins do preserve 

their original α-helix and β-sheet contents, even after simulated drug release from the 

drug nanocarrier (Sarmento et al. 2007). 

 

2.6. Stability and biocompatibility 

 

As a result of the small size, NPs tend to aggregate according to the DLVO theory, and 

thus, significantly impair the intended advantages of the physicochemical properties of 

the DDSs (Rausch et al. 2010; Horinek 2014). The facility for aggregation is due to 

colloidal behavior among NP structures where attractive and repulsive forces are 

essential. The strength of attractive or repulsive forces is depending on the size, the shape 

and surface characteristics as electrostatic interactions of particles. Moreover, in the GI-

tract and blood circulation NPs are exposed to numerous different environments, which 

directly may affect the stability of the NPs and so cause early drug release (Moore et al. 

2015). To improve the stability of NPs, repulsive forces can be strengthened and that can 

be done by steric stabilization with polymer surface coating (Horinek 2014). 

Biocompatibility includes all the interactions of NPs with the tissues after administration 

(Williams 2008). Since NPs are utilized as DDSs, biocompatibility is an important factor 
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to observe for the suitable risk-benefit balance. Cell viability can be studied with cell line 

models in in vitro cytotoxicity studies (Sheng et al. 2016; Zhu et al. 2016; Martins et al. 

2018b; Costa et al. 2020). So far, nano DDSs like polymeric NPs and hybrid PSi-based 

NPs, have shown positive results for the cell viability studies (Shrestha et al. 2015; Sheng 

et al. 2016; Zhu et al. 2016). Remarkable toxic effects were not observed since over 85 % 

of the incubated cells remained viable in most of the reported studies. Despite positive 

results for the biocompatibility studies of the NP structures, also negative results have 

been observed. For example, Martins et al. (2018a) have shown in in vitro studies that 

bare PSi NPs turned out to be toxic in a concentration dependent manner on C2BBe1 

(clone of human colonic adenocarcinoma) and mucus secreting HT29‐MTX (goblet‐like 

cell) cell lines. However, significant improvement in the biocompatibility of PSi NPs was 

achieved by using albumin (Alb) and chitosan (CS) to modify the surface of the NPs 

(Martins et al. 2018a–b). 

PEGylation and other possible surface modifications can also be used to achieve long 

circulation times in the blood stream and ensured drug release (Tong et al. 2011; Ferreira 

et al. 2017). The addition of PEG (polyethylene glycol) phospholipids on the surface of 

NPs increases the surface hydrophilicity and prolongs the biological half-time of 

degradation by preventing opsonin binding, and thus, decreasing the reticuloendothelial 

system clearance (Mozar and Chowdhury 2018). However, nanocarriers should be 

biodegradable in the body since non-biodegradability may cause toxic effects by 

accumulating especially in the liver and the spleen (Ferreira et al. 2017). Along the 

addition of phospholipids or other surface modifications, the possible impact on the drug 

release rate must be ensured as the physicochemical properties of the NPs change 

significantly even after a small modification of their structure or surface (Zhang et al. 

2019). 
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3. FABRICATION METHODS OF NANOPARTICLES 

 

Fabrication methods of nanoparticles can be approached from two possible means: 

bottom-up like solvent evaporation or top-down like electrochemical anodization 

(Paswan and Saini 2017; Park et al. 2019). In every fabrication method, the last phase is 

to confirm the quality and properties of NPs, such as the size and the surface charge. The 

methods to study these properties can be, e.g. dynamic light scattering (DLS) or 

transmission electron microscopy (TEM) imaging (Kaasalainen et al. 2017). 

 

3.1. Electrochemical anodization 

 

Electrochemical anodization is the most common fabrication method to produce PSi NPs. 

This method is based on applying an electric current in a mixture of hydrofluoric acid 

(HF) and ethanol on the silicon wafer (Kafshgari et al. 2015). Since current density and 

chemical factors are applied simultaneously in the electrochemical anodization, the 

process produces a porous structure on the silicon wafer (Figure 4) (Park et al. 2019). 

High electronegative fluorine affects the properties of silicon in the presence of a power 

supply and consequently remove silicon atoms from the wafer. 

Particles with different pore size and porosity can be fabricated by modifying the volume 

ratio of the electrolyte liquids and the applied current density (Figure 4) (Park et al. 2019). 

Commonly, larger pores are formed when the electrolyte mixture consists for the most 

part of ethanol. The porosity of the formed film increases by prolonging the electric 

current processing time. By increasing the porosity of the NP structure, a free surface area 

for the coating decreases accordingly (Kafshgari et al. 2015; Liu et al. 2018a). The 

porosity of the PSi NPs is an important factor due to its impact on drug loading, drug 

release and surface coating rate. 
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After drying, the PSi film needs to be broken-down to obtained the desired NP sizes. 

Milling is the easiest way to downsize the wafer to the wanted NP size (Park et al. 2019). 

The formation of wanted particle sizes is controlled by regulating the milling time and by 

confirming the size of the particles in the end. The final particle size can be verified with 

DLS measurements (Martins et al. 2018a). Besides milling, there are other downsizing 

methods, such as ultrasonication and micro fluidization (Park et al. 2019). 

Figure 4. (Upper) The electrochemical anodization process where first the PSi film is 

produced and then after milling small nanosized particles are obtained. (Lower) The pore 

size can be regulated by regulating the current density. Figure reproduced with permission 

from Park et al. (2019). 

 

3.2. Solvent evaporation 

 

Solvent evaporation methods are commonly used to produce polymeric NP formulations 

like polylactide-co-glycoside (PLGA) (McCall and Sirianni 2013; Singh et al. 2017). The 

solvent evaporation methods can be divided into single (oil-in-water, O/W) and double 

(water-in-oil-in-water, W/O/W) emulsion methods based on the layering practices. 

The formation of polymeric NPs is based on the use of two phases: organic and non-

organic (Figure 5) (Paswan and Saini 2017). On one hand, in the non-organic phase are 

dissolved stabilizers and emulsifiers, i.e. surfactants, such as polyvinyl alcohol (PVA). 
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On the other hand, the polymers are dissolved in the organic phase. The concentration 

combinations of the PVA and polymers are important to balance out in order to ensure 

right formation of spherical structures (Singh et al. 2017). The organic phase is slowly 

added into the non-organic phase (water) with continuous stirring (Paswan and Saini 

2017). After addition of the organic-polymeric solvent into the water, intensive and long 

lasting stirring ensures the formation of small sized particles (Singh et al. 2017). After the 

droplets are formed, the organic solvent is evaporated, and the NP structures can be 

collected and washed properly. 

Figure 5. Illustration of the solvent evaporation using single O/W emulsion technique to 

form the drug loaded PLGA NPs. Figure reproduced with permission from Paswan and 

Saini (2017). 

 

Moreover, solvent evaporation is used for encapsulating already formed NP structures 

(like PSi NPs) into surface polymers, such as HPMC, and thus forming nano-in-nano 

structures (Martins et al. 2018a). Martins et al. have coated PSi NPs with HPMC by using 

the double emulsion method to protect them from the pH variation in the GI-tract. The 

fabrication starts by making a primary O/W emulsion. PSi NPs are then dissolved in the 

water phase, thus already in the primary solution. HPMC polymers are dissolved in the 

oil phase and consequently forming the outer layer of the droplets. The second emulsion, 

W/O/W, forms the final structure when PSi NPs are encapsulated into the HPMC. 

Polymeric and coated NPs formulated with the use of the solvent evaporation technique 

have notable challenges with possible toxicity issues (Youan et al. 2003; Paswan and 

Saini 2017). Toxic surfactants or organic solvent may not be purified well enough from 

the surface of porous structure, and thus cause adverse reactions. Harsh purification 

methods as centrifugation or ultracentrifugation cause unwanted aggregation of 

polymeric particles. Paswan and Saini (2017) presented the effective way of purification 
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with ultrafiltration technique without causing negative impact on the structure of 

polymeric NPs. 

 

3.3. Microfluidics 

 

As in the solvent evaporation technique, microfluidic methods are based on the well-

controlled and balanced use of two different solvents: organic and aqueous (Liu et al. 

2018b). Nano- or sub-nanoliter volumes of these separate solvents are directed towards 

each other through the microchannel chip construction and then flow streams come across 

(Martins 2018b; Costa et al. 2020). At that point with the use of an inner fluid with self-

assembly lipids or polymers, the formation of homogeneous particles is obtained. As 

Figure 6 illustrates, the fabrication of NP DDSs can be obtained by suing different types 

of microfluidic approaches, which are based on the droplet generation and continuous 

flow of the solvents (Rezvantalab and Keshavarz Moraveji 2019). 

Figure 6. Schematic illustration of several continuous flow and droplet microfluidic 

devices. Upper figures demonstrated how microfluidic systems can be constructed in 

various channel geometries: T-junction (left), co-flow (middle) or flow-focusing (right). 

Lower figures represent the possibilities to produce different types of particles based on 

single (left) and double (right) emulsion methods with the glass-capillary approach. 

Figure reproduced with permission from Li et al. (2018). 

 

Glass-capillary microfluidic devices are mostly used in the DDS fabrication (Araújo et 

al. 2015; Costa et al. 2020). By changing the flow rates and optimizing the initial self-

assembly lipid or polymer concentrations, the effect on the final size and structure can be 
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modulated. The higher flow rate ratio between the inner and outer solutions produces 

smaller spherical NPs. Furthermore, smaller NPs are obtained by decreasing the building 

blocks of NPs in the inner fluid. 

Significant advantage compared to many other fabrication methods is that the 

microfluidic technique produces consistent sized particles in the range from micro-to-

nano size scale (Costa et al. 2020). Furthermore, the loss of solution or non-capsulated 

drug is non-existent. The possible changes in the total flow rate does not affect the final 

size and production is consistent batch-to-batch. In addition, with the use of two-step 

microfluidic technique nano-in-nano hybrid structures and coated NPs can be formed by 

running inner solution with already formed nanostructures again through the system, and 

thus creating the new surface (Figure 7) (Araújo et al. 2015; Martins et al. 2018b). 

Figure 7. Schematic representation of the glass capillary microfluidic fabrication method 

to form targeting nano-in-nano structure. Figure reproduced with permission from Araújo 

et al. (2015). 

 

 

4. NANOPARTICLES AS DRUG DELIVERY SYSTEMS 

 

Nowadays, NPs are extensively studied to provide new opportunities in pharmaceutics 

(Souto et al. 2019). The idea of using NPs in the drug formulation is based on beneficial 
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investigations, where NPs like DDSs improve the drug delivery efficacy and safety along 

with enabling the non-invasive routes of the drug administration (Araújo et al. 2016; 

Martins et al. 2018a). NPs can improve the solubility of poorly water-soluble drugs by 

encapsulating them inside nanostructured particles. The solubility and other properties of 

NPs can be processed and targeted by modifying the surface of the nanocarriers. The main 

purpose of NPs is to work like a host and the encapsulated drug inside is a guest, which 

is released from the carrier when the target is reached. 

Figure 8 represents the most promising nanostructures for anti-diabetic drug therapies. 

Despite the existence of an enormous amount of different nanocarriers, in this review we 

will discuss only a few of them. PSi, polymeric and hybrid NPs have been actively studied 

for protein oral delivery (Araújo et al. 2016; Shrestha et al. 2016b; Martins et al. 2018a; 

Ismail et al. 2019; Jaradat et al. 2020). These DDSs have had positive results and are 

considered promising for the successful development of oral delivery of insulin and GLP-

1 for anti-diabetic applications. As a result of the NPs’ small size, numerous 

physicochemical characteristics and surface modulations do affect the biological activity 

and biocompatibility of the NPs and some of them are discussed in more detail in the 

chapters below. 

Figure 8. Illustration of several most promising nanostructures for anti-diabetic drug 

therapies. Polymeric carriers are represented as nanospheres. Drug positioning is 

exemplified with colored shapes. Figure reproduced with permission from Simos et al. 

(2020). 
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4.1. Porous silicon (PSi) nanoparticles (NPs) 

 

Silicon has wide applications like a material due to its favorable properties and one of the 

developed usages is the PSi (Ko et al. 2016). Usually, PSi NPs are fabricated using the 

electrochemical anodization method along with the electrochemical etching (Kovalainen 

et al. 2013; Liu et al. 2018a). Typically in pharmaceutical studies, PSi NPs are in spherical 

form, but semi-spherical are also studied as possible drug carriers (Yokoi et al. 2013). 

PSi NPs are highly stable despite their nano-size. The physicochemical properties of PSi 

NPs can be controlled during the fabrication and modification of the surface can refine 

some of their characteristics. For example, by regulating the size of the pores or the 

particles themselves, the absorption of PSi NPs and the rate of drug release can be 

modified to be preferable (Savage et al. 2013). Also, as shown in Figure 9, the 

degradation kinetics of the PSi is depending on the pore size as PSi NPs with small pores 

degrade much slower than PSi NPs with larger pores (Godin et al. 2010). Furthermore, 

the porosity and the maximum amount of incorporated drug increases when prolonging 

the etching time (Kulathuraan et al. 2016). 

Figure 9. PSi NPs with small pores (10 nm diameter) degrade much faster than particles 

with larger pore size. Degradation was simulated in vitro in pH 7.2 and in fetal bovine 

serum serum (FBS). Figure reproduced with permission from Godin et al. (2010). 

 

Most often PSi NPs are fabricated with the surface treatment to improve, e.g., the drug 

loading ability or the surface stability of the NPs (Tsang et al. 2012; Kovalainen et al. 

2013; Kafshgari et al. 2015; Liu et al. 2018a). Typical treatments for PSi NPs are thermal 

carbonization (TC), thermal hydro carbonization (THC) and thermal oxidation (TO). 

These treatments change the hydrophobicity and functional groups of the PSi’s surface, 
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and thus, the coating of the particle’s surface and the sustained drug release can be 

improved. 

PSi NPs have also been studied as DDSs in various disease types, including DM. Insulin 

loading is usually implemented by an immersion method, wherein NPs are immersed in 

an insulin solution and then stirred for a proper time for loading (Martins et al. 2018a). 

After that, centrifugation is used to separate the excess of unloaded insulin. The insulin 

loading rate can be confirmed by using the high performance liquid chromatography 

(HPLC) method. Huotari et al. (2013) did implement a corresponding loading method in 

their study with GLP-1. 

 

4.2. Polymeric nanoparticles 

 

Polymeric NPs can be formed form synthetic, natural or pseudosynthetic polymers. Most 

often used polymer as DDSs for insulin and GLP-1 is PLGA (Sheng et al. 2015). 

Polymeric matrix-type nanospheres are usually fabricated by using the solvent 

evaporation or the microfluidic method like they are self-assembly systems (McCall and 

Sirianni 2013; Liu et al. 2018b). As polymers form vesicle structures, they can naturally 

incorporate hydrophobic and hydrophilic drugs inside themselves. The benefit of 

polymeric particles is that they can encapsulate even amphiphilic molecules on the inner 

interface of particles. Polymeric NPs form a controlled release drug delivery core for 

incorporated drug molecules, which in case of anti-diabetic drug is an important factor. 

Studies have shown that polymeric NPs are promising for the oral administration of 

insulin and GLP-1 (Sheng et al. 2015; Zhu et al. 2016; Ibie et al. 2019; Ismail et al. 2019). 

As an advantage represented in Figure 10, polymeric NPs seem to protect the 

incorporated drug from various enzymatic activities in the GI-tract (Ismail et al. 2019). 

In case of the oral administration of polymeric NPs, the surface charge plays a crucial 

role to overcome the negatively charged mucus and intestinal epithelium barriers (Sheng 

et al. 2015). The challenge with negatively charged polymeric NPs is to pass through the 

repulsive mucus and intestinal epithelium layers. The surface charge can be modified by 

coating polymeric NPs with positively charged CS or CPPs, and thus, improve the 
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crossing of the epithelium barrier (Araújo et al. 2015; Zhu et al. 2016). Remarkable 

advantage with PLGA NPs is their high biocompatibility without any notable cytotoxic 

signs (Ismail et al. 2019). 

Lira = liraglutide, SGF = simulated gastric fluid, SIF = simulated intestinal fluid 

Figure 10. In vitro stability studies of GLP-1 (liraglutide) encapsulated in PLGA NPs 

represents the promising results of PLGA NPs’ ability to protect loaded peptide from 

enzymatic degradation. Figure reproduced with permission from Ismail et al. (2019). 

 

4.3. Hybrid nanoparticles 

 

As its name implies, hybrid particles are the combinations of at least two different 

nanosystems forming the so-called nano-in-nano system (Figure 11). The most common 

fabrication techniques of hybrid NPs are microfluidic methods and solvent evaporation 

(Liu et al. 2015; Yu et al. 2015; Martins et al. 2018a–b; Costa et al. 2020). As usually, the 

combination is formed by using organic and inorganic materials (Ma 2018). The 

overriding aim is to unite the best properties of various types of NPs to improve 

pharmacokinetics and possibilities as DDSs. Besides these improvements, hybrid NPs 

can avoid the challenges and disadvantages of individual NP systems. Especially in case 

of oral administration, hybrid NPs have shown promising results for the protection of the 

loaded drug in the harsh environment in the GI-tract (Shrestha et al. 2015; Martins et al. 

2018b). pH stimuli-responsive hybrid nanosystems, which have shown improvements in 

the bioavailability of the loaded proteins can be achieved by using the encapsulation 

method. 
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Insulin and GLP-1 loaded hybrid NPs have recently been highly studied and proving 

promising results in the improved peptide’s bioavailability, targeting abilities and pH-

responsive controlled drug delivery (Shrestha et al. 2015; Martins et al. 2018a–b). Nano-

in-nano structures effectively protect the loaded peptide and the core NP from the 

enzymatic activity in the GI-tract, and thus, ensures proper cellular permeation in the 

small intestine. The mainly used polymer in the studies of anti-diabetic hybrid NPs DDSs 

is HPMC, but overall, there are various types of promising polymers, such as acetalated 

dextran, AcDX (Liu et al. 2015). 

Figure 11. Schematic representation of PSi-based hybrid NPs. First, PSi NPs can be 

coated with various targeting surface moieties and performed drug loading. Afterwards, 

the PSi NPs are encapsulated in HPMC, and thus, forming a nano-in-nano structure. 

Reproduced with permission from Martins et al. (2018a). 

 

 

5. PREVIOUS STUDIES FOR ORAL DELIVERY OF PROTEIN-BASED 

NANOMEDICINES 

 

As shown in Table 1, NP-based systems have been actively studied for the delivery of 

drug therapies of DM, including oral insulin and GLP-1 administration. In the case of 

anti-diabetic drug therapy, it is favorable that the orally administrable drug should be 

fabricated in a controlled release formulation to avoid the severe hypoglycemia effect and 

ensure steady drug release in the blood (Zhu et al. 2016). Besides the controlled release 

drug delivery, targeting to specific receptors of the cells is a significant factor for ensuring 

the proper absorption of NPs. 
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Table 1. Summary of the in vitro and in vivo studies with insulin and GLP-1 oral 

administration using various types of PSi, polymeric and hybrid NPs. 

Type of NP Preparation 

method 

Used in vitro or 

in vivo model 

Loaded 

drug 

Main conclusions Reference 

Ins@MP 

(InsLip-CS 

encapsulated 

in HPMC-

AS) 

Glass-

capillary 

double 

emulsion 

microfluidic 

Caco-2 and 

HT29-MTX cell 

lines 

Human 

insulin 

pH-Responsive structure, 

mucoadhesive, 

improvement in insulin 

permeation through the 

intestinal epithelium 

Costa et al. 

2020 

LMWP 

coated 

PLGA MNP 

Double 

emulsion 

solvent 

evaporation 

Caco-2 and 

HT29-MTX cell 

lines 

Porcine 

insulin 

LMWP coating increased 

cellular uptake of insulin, 

minor enzymatic 

degradation of insulin 

Sheng et 

al. 2016 

LMWP 

coated 

PLGA MNP 

Double 

emulsion 

solvent 

evaporation 

Streptozotocin 

induced diabetic 

rats 

Porcine 

insulin 

Enhanced hypoglycemia 

effects, enhanced PA, 

permeation through 

mucus and epithelial 

barrier achieved 

Sheng et 

al. 2016 

Virus-

mimicking 

nanosized 

SDS@PEC 

Solvent 

evaporation 

Small intestinal 

segments 

freshly isolated 

from rats 

Porcine 

insulin 

Improved enzymatic 

stability, enhanced 

mucus permeability 

Liu et al. 

2019 

Virus-

mimicking 

nanosized 

SDS@PEC 

Solvent 

evaporation 

Healthy rats Porcine 

insulin 

Enhanced insulin PA Liu et al. 

2019 

Sec-

Pen@PLGA 

Emulsion 

solvent 

evaporation 

method 

Caco-2 cells Porcine 

insulin 

Transcellular 

permeability increased in 

comparison to NPs 

without Sec and 

unmodified NPs 

Zhu et al. 

2016 

Sec-

Pen@PLGA 

Emulsion 

solvent 

evaporation 

method 

Normal male 

Sprague-

Dawley rats 

Porcine 

insulin 

BA% of insulin 

(19.10 ± 2.58%) was 

3.18-times (p < 0.01) 

higher and decreased 

BSL lower in 

comparison to p.o. non-

coated PLGA 

Zhu et al. 

2016 

FcRn 

targeted 

Alb‐

PSi@HPMC 

Electrochem

ical 

anodization 

method / 

Solvent 

evaporation 

Caco-2 and 

HT29‐MTX co-

culture 

Insulin pH-responsive structure, 

insulin permeation 

increased with FcRn-

targeting 

Martins et 

al. 2018a 

CS-Fc-

PSi@HPMC

-AS 

Glass 

capillary 

microfluidic 

Caco-2 and 

HT29-MTX co-

culture 

GLP-1 pH-responsive structure, 

GLP-1 permeation 

increased with FcRn-

targeting 

Martins et 

al. 2018b 

CS-CPP-

PSi@HPMC

-AS 

Glass 

capillary 

microfluidic 

Caco-2 and 

HT29-MTX co-

culture 

GLP-1 / 

DPP4 

inhibitor 

pH-responsive structure, 

faster release and higher 

transcellular permeation 

compared to CS-CPP-

PLGA@HPMC-AS NPs 

Araújo et 

al. 2015 

CS-CPP-

PGLA@HP

MC-AS NPs 

The droplet 

microfluidic

s technique 

Male Wistar rats GLP-1 / 

DPP4 

inhibitor 

Decreased BSL in 

sustained and prolonged 

manner, improved drug 

Araújo et 

al. 2016 
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Type of NP Preparation 

method 

Used in vitro or 

in vivo model 

Loaded 

drug 

Main conclusions Reference 

permeability, increased 

efficacy 

PLGA NPs Double 

emulsion 

solvent 

evaporation 

method 

Caco-2 cells GLP-1 GLP-1 protected from 

enzymatic degradation, 

low cytotoxicity, 1.5-fold 

higher permeation 

compared to free GLP-1 

Ismail et 

al. 2019 

CS-PSi 

NPs@HPM

C-AS 

Aerosol flow 

reactor 

method 

Caco-2, HT29-

MTX and Raji 

B co-culture 

GLP-1 / 

DPP4 

inhibitor 

Increased 

mucoadhesiveness, 

increased drug 

permeability 

Shrestha et 

al. 2015 

CS-PSi 

NPs@HPM

C-AS 

Aerosol flow 

reactor 

method 

T2DM induced 

Wistar rats 

GLP-1 / 

DPP4 

inhibitor 

Improved interaction 

with intestinal cells, 

decreased BSL in 

sustained and prolonged 

manner, high pancreatic 

insulin levels 

Shrestha et 

al. 2016b 

Micro-

particles 

@INS-

PLGA-lipid-

PEG NPs 

Solvent 

evaporation 

method 

Caco-2 cells Insulin Stable pharmaceutical 

storage, improved 

cellular uptake, improved 

cellular permeability 

Yu et al. 

2015 

Micro-

particles 

@INS-

PLGA-lipid-

PEG NPs 

Solvent 

evaporation 

method 

Diabetic rats Porcine 

insulin 

Hypoglycemic effect, 

insulin protection 

achieved, increased 

cellular permeability, 

BA% 12.23 ± 0.23% 

Yu et al. 

2015 

Amine and 

heparin 

sulfate 

conjugated 

PLGA NPs  

Microfluidic Caco-2/HT29-

MTX/Raji B co-

cultured cells 

Porcine 

insulin 

Slow and controlled 

release of insulin, 

structural changes in 

insulin due the 

encapsulation, low 

cytotoxicity, 10% 

improvement for 

permeation 

Jaradat et 

al. 2020 

BA% = Relative bioavailability, 

HPMC-AS = Hydroxypropylmethylcellulose acetylsuccinate, 

Ins@MP = Insulin loaded nano-in-microparticle, 

InsLip-CS = Chitosan-coated liposome, 

LMWP = Low molecular weight protamine, 

MNP = Mucoadhesive nanoparticle, 

PA = Pharmacological availability, 

p.o. = per os / orally, 

SDS@PEC = Sodium dodecyl sulfate coated polyelectrolyte complex, 

Sec = Secretion peptide 

Pen = Penetratin 

 

5.1. In vitro studies 

 

In vitro studies are important especially at the beginning of research to confirm the 

stability and degradation rate of the NPs. Surroundings of sample particles can be 
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modified by changing the pH or adding GI-tract simulated agents, such as FBS (Godin et 

al. 2010). Spectroscopy methods, such as scanning electron microscopy (SEM) and 

labelled fluorescence spectroscopy, are used for measuring the degradation rate and 

kinetics. Degradation rate studies are used to ensure the effective protection of particles 

from the erosion, which ensures that the incorporated drug is protected from damaging 

conditions in the GI-tract. 

Moreover, besides the degradation rate of the carrier, it is important to know how well 

the incorporated drug tolerates pH variation and enzymatic treatment in the GI-tract after 

oral administration. For example, Martins et al. (2018a) studied the stability of insulin in 

Alb and HPMC coated PSi NPs by exposing the particles to a simulated environment of 

the GI-tract. The treatment included 2 h of SGF exposure and after that, a fasted state 

simulated intestinal fluid (FaSSIF) for 6 h. Studies confirmed the retention of 

incorporated insulin in the coated PSi NPs despite the long-lasting harsh treatment. The 

control sample proved the need for the HPMC coating because without HPMC insulin 

was released directly during SGF exposure. 

Shrestha et al. (2015) provided comparable results when studied GLP-1 loaded PSi NPs 

with the CS coating and HPMC encapsulation (Figure 12). GI tract mimicking SGF and 

FaSSIF incubation of CS-PSi@HPMC NPs showed positive results for the stability of 

NP and the bioavailability of GLP-1. CS coating enhanced permeability of the DDS on 

Caco-2/HT29-MTX/Raji B triple co-culture cell model by increasing the 

mucoadhesiveness. Moreover, in this study CS-PSi@HPMC NPs with only GLP-1 and 

GLP-1/DDP4 dual-loading were compared, which confirmed statistically significant 

benefit of using DPP4 as permeation improving factor for GLP-1. 

Oral peptide drug delivery with PLGA NPs are widely studied as well. Jaradat et al. 

(2020) studied insulin loaded amine and heparin sulfate conjugated PLGA NPs on Caco-

2/HT29-MTX/Raji B co-cultured cells. The results were promising and showed 

improvements in remaining insulin through the GI tract and enhanced permeation due 

heparin coating. However, heparin coated PLGA NPs seemed to have an impact and 

changed the 3D structure of loaded insulin when measured after drug release which may 

possibly indicate loss of biological activity. 
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H-CSUn = CS-PSi@HPMC NP, (D) = DPP4 inhibitor included 

Figure 12. pH dependent degradation of HPMC coating. The left panel shows confirming 

results for the GLP-1 release only at a higher pH. The right panel of the in vitro 

permeation studies confirms improved permeation rate of GLP-1 when loaded in HPMC 

coated PSi NPs. Figure reproduced with permission from Shrestha et al. (2015). 

 

 

5.2. In vivo studies 

 

Studies on diabetic rats have shown that oral insulin administration in NP systems has 

been better achieved when NP systems are coated with polymers (Shan et al. 2015; Yu et 

al. 2015). Shan et al. (2015) confirmed in their studies that the drug bioavailability was 

doubled when compared with nanocarriers without polymeric coating. Regardless of 

improvements, major differences appear in comparison with s.c. insulin injections, 

wherein bioavailability is 100% and maximum insulin concentration was achieved 
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significantly faster. The drug bioavailability was modified to ensure a required dose of 

the drug, but the time delay to reach the maximum concentration may turn out to be the 

biggest challenge, especially in insulin therapy, wherein a rapid increase of a blood 

concentration is necessary. 

Confirming results have been observed by Sheng et al. (2015) in an in vivo study on 

diabetic rats. PLGA NPs did cause a lowering of the BSL better than bare oral 

administered insulin. Especially, the CS-coating did protect insulin better and the BSL of 

diabetic rats was lowered most effectively for orally administrated samples. Still, results 

were not reaching comparable results with the s.c. administration of insulin. A remarkable 

difference with the s.c. administered insulin is that BSL did not increase after 10–12 h 

post-dosing of insulin encapsulated in the NPs. Prolonged activity needs to be controlled 

to ensure right balancing with the BSL in order to not cause hypoglycemia. In addition, 

increasing the dosage did not induce a notable decrease in BSL, which was suspected to 

be associated with NP aggregation in the GI-tract. 

HSUn = PSi@HPMC-AS NP 

Figure 13. Microscope images of the ex vivo study (left) on the rat intestine and in vivo 

results (right). Green spots on Alexa Fluor® 488 column represent conjugative properties 

of CS-PSi@HPMC-AS NPs with the intestine cells. Yellow spots on Merged column 

represent positive mucoadhesive properties of CS-PSi@HPMC-AS NPs. The in vivo 

studies show comparable and statistically significant results of BSLs after the oral 

administration of the free drug (green line) and the encapsulated drug (blue line). Figure 

reproduced with permission from Shrestha et al. (2016b). 
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PSi NPs present promising results for solving the issue with oral peptide drug delivery as 

well. Shrestha et al. (2016b) studied GLP-1/DPP4 dual-loaded CS-PSi@HPMC-AS NPs 

with ex vivo and in vivo study models and came to positive results (Figure 13). 

Permeation improvement was confirmed with the qualitative evaluation on rat intestine 

and in vivo study presented significant BSL decrease after oral administration when 

compared to the free drug. 

 

5.3. Targeting therapies 

 

Targeting of drugs to specific cells/tissues is an important function since medicines can 

be more efficiently reaching their final destination. In the case of DM and oral drug 

nanocarriers, the main aim is to ensure absorption from the GI-tract, and thus, increase 

the bioavailability of the peptide-based anti-diabetic drugs. Commonly used CPPs like 

R8, Tat and Pen, are peptides which increase the transcellular permeation of NPs and they 

are often used on the surface of various NP structures (Araújo et al. 2016; Zhu et al. 2016). 

Zhu et al. (2016) have showed improvements on the transcellular transportation of PLGA 

NPs with the co-modified surface, including CPP and Sec. 

Recently, membrane proteins, such as neonatal Fc receptor (FcRn), have been studied for 

the intestinal targeting of NPs (Martins et al. 2016). FcRns are pH-sensitive receptors and 

they are expressed in the inter alia on the intestinal epithelium of the small intestine, 

which is the main part of the GI-tract where drugs are absorbed. The interesting part of 

using FcRns as a targeted gateway to NPs’ drug delivery is that despite their neonatal 

nature, they are expressed in humans throughout the adulthood in intestines. IgG 

(immunoglobulin G) and Alb are indicated as natural ligands for FcRn, thus the receptor 

transports them through the intestinal epithelium (Figure 14). The affinity of ligands for 

FcRn is highly pH-dependent. In the acidic pH, the affinity is higher and stronger in 

comparison with the functionality of FcRn in basic pH. Targeting interactions between 

IgG or Alb and FcRn significantly improved the transcellular permeation of the drug 

(Figure 15). 
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Figure 14. IgG uptake and transcytosis through the intestinal FcRn expressed cell, which 

can be used as targeting method for NP DDSs. By identifying the ligand on FcRn, the 

complex goes through endocytosis that do not include lysosome processing that could 

potentially harm the targeted NP. FcRn targeting works the same way with Alb as it does 

with IgG in this figure. Figure reproduced with permission from Martins et al. (2016). 

 

Figure 15. IgG coated PSi NPs (lower) show improved permeation through the Caco-

1/HT29-MTX monolayer in in vitro studies when compared to PSi NPs without FcRn 

targeting fragment. Figure reproduced with permission from Martins et al. (2018b). 
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6. CONCLUSIONS 

 

Despite many challenges and barriers peptide-based drugs face, studies using NPs have 

shown promising results to ensure safe and efficient way for oral administration of insulin 

and GLP-1. In vitro and in vivo studies represent significant improvements of insulin and 

GLP-1 bioavailability by loading the drug into nanocarrier systems. By improving the 

targeting abilities of the nanocarriers with various surface modifications, such as CS and 

Fc-fragments, the efficacy of the nano-sized DDSs is enhanced manifold. 

In the future, there is a need for more in vitro and especially in vivo studies for the 

development of functional nanocarrier systems, to provide the patient-friendly alternative 

drug administration route for peptide drugs as insulin and GLP-1. So far, nano-in-nano 

hybrid NP systems provide the most promising results as they combine advantageous 

characteristics of two different nanostructures. Hybrid PSi-based NPs have shown 

beneficial results on the protection of the loaded drug from degradation in the harsh pH 

environment and have ensured the best basis for absorption of biologically active drugs. 

So far, polymer coated PSi NPs have demonstrated increased permeation of the peptide-

based drug and resulting in a statistically significant hypoglycemic effect (Araújo et al. 

2016; Shrestha et al. 2016b). 
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