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Abstract 

The delivery of peptides via non-invasive administration routes remains a challenge to be addressed. In this 

regard, chitosan nanoparticles (CS NPs) have shown promise. However, their current batch preparation 

methods (ionotropic gelation, polyelectrolyte complexing, emulsification solvent diffusion or micro 

emulsification) have proven difficult to scale up. Here, we established a microfluidic-assisted ionotropic 

gelation method for the manufacturing of CS NPs, ionically crosslinked with sodium tripolyphosphate (TPP), 

and loaded with a model peptide, Argireline. The microfluidic process was optimized through a design of 

experiments approach. CS concentration and pH have the greatest effect on particle size, while CS and TPP 

concentrations and pH on PDI. The optimum formulation was successfully loaded with the peptide (90% EE) 

and characterized by a size of 186.0 ± 1.0 nm and a PDI of 0.440 ± 0.002. Subsequently, Argireline-loaded 

CS-TPP NPs suspension was converted into a gel for a potential topical application, considering the non-

toxic, biocompatible, and biodegradable properties of the components used in the formulation. The NPs gel 

demonstrated appropriate mechanical properties for Argireline transdermal delivery, along with improved 

control over its release and enhanced skin permeation for up to 48 hours, compared to NPs suspension and 

free drug solution. Hence, this study demonstrated that the microfluidic-assisted ionotropic gelation method 

could be an easy-scalable platform for the manufacturing of peptide-loaded CS-TPP NPs which could be 

potentially applied for the transdermal delivery of biologics. 
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1. Introduction 

Recently, peptide therapeutics have emerged in the pharmaceutical market as an alternative to conventional 

small-molecule drugs (Pagels et al., 2015). The high selectivity, potency, and low toxicity make peptides 

propitious drugs for treating several diseases. However, the increased clinical use of these biologics 

highlighted some pharmacokinetic limitations that have led to their exclusive use as injectable formulations 

(Agrahari et al., 2016, Patel et al., 2014). Indeed, the high molecular weight, limited membrane permeability, 

chemical/enzymatic instability, and immunogenicity of peptides pose substantial challenges in developing 

non-invasive drug delivery systems (Bajracharya et al., 2019). Consequently, appropriate formulation 

strategies are needed to achieve efficient peptide administration via non-invasive routes (e.g., oral, nasal, 

pulmonary, and transdermal). 

Among these strategies, polymeric nanoparticle-based delivery systems (PNPs) are particularly promising. 

PNPs are organic-based NPs (size range from 1 to 1000 nm) in which the loaded active compound is 

entrapped within or surface-adsorbed onto the polymeric core (Zielińska et al., 2020).  PNPs offer numerous 

benefits in loading biologics as cargos, such as protection against premature degradation, bioavailability, 

retention time, targeted delivery, and improvement of intracellular penetration (Kumari et al., 2010, Yan et 

al., 2020).  

Chitosan has gained an outstanding position in manufacturing PNPs, as a biodegradable, biocompatible, and 

mucoadhesive polymer (Mikušová et al., 2021), together with its antimicrobial and antioxidant properties 

(Campana et al., 2017, Casettari et al., 2012). Commonly, chitosan nanoparticles (CS NPs) are prepared via 

ionotropic gelation, a simple, low-cost, and eco-friendly process, which is based on ionic crosslinking 

between positive amino groups of CS and negatively charged small molecules like pentasodium 

tripolyphosphate (TPP) (Hashad et al., 2016, Farahani et al., 2021). Indeed, the ionotropic gelation 

phenomenon exploits the capacity of polyelectrolytes, such as polysaccharides, to react with molecules that 

have opposite charges, and undergo the sol-gel transition, which forms structured physical materials (e.g., 

nanoparticles) (Gadziński et al., 2022). The ionotropic gelation method can be performed through different 

techniques. In this context, microfluidic technology has proven to be one of the most effective tools to 

overcome typical drawbacks, such as batch-to-batch variability and low production rate, related to 

conventional bulk mixing methods (Greco et al., 2023, Soheili et al., 2021). 

Microfluidics enables the manipulation of nanoliters scale of fluids in micron-sized channels within a 

microfluidic chip.  The in-flow process and miniaturization of the reaction environment allow accurate 

control over the NPs' physiochemical properties (e.g., size and polydispersity index (PDI)), improving batch-

to-batch reliability. Moreover, the formulation can be optimized at small volumes, by varying microfluidic 

parameters (e.g., total flow rate (TFR) and flow rate ratio (FRR)) and internal geometries of the chip. In this 

way, the NPs synthesis can be easily scaled up in a cost- and time-saving manner (Hickey et al., 2015, 

Chiesa et al., 2020, Chiesa et al., 2021, Sommonte et al., 2023). 
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In this study, a 3D-printed custom-made microfluidic chip was used to prepare CS-TPP NPs loaded with 

Argireline, as model peptide, by exploiting the ionotropic gelation method. The main aim was to develop a 

reproducible microfluidic manufacturing method of CS-TPP NPs which allows efficient encapsulation and 

appropriate delivery of peptides. Preparation conditions of drug-free CS-TPP NPs were optimized with a 

Design of Experiment (DoE) approach, by varying the flow rate, pH, and concentrations of the 

polyelectrolyte streams, and characterizing the nanoparticles concerning size and PDI. Optimized drug-free 

and loaded CS-TPP NPs were characterized by their average particle size, PDI, encapsulation efficiency 

(EE%), and stability, and their chemical composition and thermal behavior were investigated by Fourier-

transformed infrared spectroscopy (FTIR) and thermogravimetric analysis (TGA) respectively.  Moreover, in 

view of a potential topical application, we used optimized Argireline-loaded CS-TPP NPs to prepare a gel 

with enhanced retention time at the skin surface to facilitate the peptide delivery. The in vitro Argireline 

release and permeation profiles of both nanoparticles and gel formulations were determined with vertical 

diffusion cells and compared, and the mechanical and rheological properties of the gel were also assessed. 

 

2. Materials and Methods 

2.1 Materials 

Chitosan HCl (Chitoceuticals) with a degree of deacetylation of 82.2 % and a viscosity of 19 mPas (1 % in 

water, 20 ºC), and an approximate molecular weight of ~300 kDa was purchased by Heppe Medical Chitosan 

GMBH (HMC+) (Halle, Germany). Sodium Tripolyphosphate was purchased by Sigma-Aldrich (Sant Louis, 

USA). Carboxymethylcellulose sodium was provided by Galeno (Prato, Italy). Argireline was kindly donated 

by Lipotec
TM

 Active Ingredients (Wickliffe, Ohio, USA). All the reagents used were around 96-98% pure. 

All the solvents used were analytical grade. 

 

2.2 3D printing of microfluidic chips 

The design and printing of the 3D-printed chips were done as previously mentioned (Tiboni et al., 2021). A 

computer-aided design (CAD) was used to optimize the microfluidic chip's architecture and achieve an 

efficient passive micromixing with “split and recombine‟‟ channels (C-chip). The devices were then printed 

using polypropylene filament with a fused deposition modeling (FDM) 3D printer (Ultimaker 3, Ultimaker, 

The Netherlands) at a print speed of 25 mm/s and with a nozzle temperature of 220 °C (0.25 mm nozzle). 

Finally, probe needles were utilized to link, through polyethylene tubing, the 3D-printed chip to two syringes 

mounted on two syringe pumps (Aladdin, WPI Europe, Germany). 
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2.3 Microfluidic formulation of drug-free nanoparticles (NPs) 

For the preparation of drug-free NPs (CSTPP@NPs) by microfluidics, a defined amount of chitosan (CS) 

was dissolved into a solution of acetic acid (1% v/v) in water. Three different final CS concentrations were 

evaluated, i.e., 2, 2.5, and 3 mg. The pH of this phase was adjusted using sodium hydroxide 3M until 

reaching the desired pH of 3, 4, or 5. Meanwhile, a solution of sodium tripolyphosphate (TPP) in water was 

prepared, taking into account three different final TPP concentrations, i.e. 0.4, 0.5, and 0.6 mg/ml. The two 

phases were then mixed through the microfluidic device (Figure 1) with a FRR 1:1 and different TFR of 4, 8 

and 12 ml/ml. Finally, the flow-out NPs were collected from the chip‟s outlet.  

A Design of Experiment approach (DoE) was used to evaluate the main effects of the process parameters 

(independent variables) such as CS concentration, TPP concentration, pH, and TFR, as well as their 

interactions on the particle size and PDI (dependent variables). The Box-Behnken design was used to define 

the numbers and kinds of experiments (Table 1); while the ANOVA analysis was performed to define and 

validate the multiple regression mathematical model. To this end a statistically significant level of 5 % was 

considered and regression coefficients R², adjusted-R² (adj-R²), and predicted R² (pred-R²)
 
were discussed. 

The R² coefficient is a measure of how well a regression model predicts an outcome. However, R
2
 always 

increases when new terms are added to the regression model, even if they are not significant (overfitting). 

The modified adj-R
2
 is a modified version of R

2
, which increases only if the new term of the models 

improves the fitting of the experimental data; otherwise, it decreases. Therefore, the adj-R
2
 allows the 

comparison of regression models differing by the number of terms. The pred-R
2
 indicates how well a 

regression model makes predictions. The adj-R
2
 and pred-R

2
 have to be in good agreement (i.e. their 

difference must be less than 0.2). Matlab 2022Rb and OriginPro software were used to create the DoE and to 

elaborate the results.  

 

Table 1. Optimization of the microfluidic manufacturing process of CSTPP@NPs by the design of experiment (DoE): 

size and polydispersity index (PDI) of the different batches (Run (No.) 1–27). 

 INPUT OUTPUT 

RUN pH 
CS concentration 

(mg/mL) 

TPP Concentration 

(mg/mL) 
TFR 

Size 

(nm) 
PDI 

                   

1 5 2.5 0.5 12 97 0.24 

2 5 2 0.5 8 75 0.20 

3 5 2.5 0.6 8 90 0.22 

4 5 2.5 0.4 8 92 0.26 

5 5 3 0.5 8 108 0.31 
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2.4 

Microfluidic formulation of Argireline-loaded nanoparticles (NPs) 

To obtain Argireline-loaded NPs (Arg@NPs), the drug was dissolved in the CS solution with a weight ratio 

(Argireline/CS) of 2:1. The rest of the process was performed by using the conditions of run 2 (Table 1) 

which are a CS concentration of 2 mg/mL, a TPP concentration of 0.5 mg/mL, a pH of 5 and a TFR of 8 

mL/min. 

 

2.5 Physicochemical characterization of NPs  

2.5.1 Dynamic Light Scattering (DLS)  

Prepared formulations were investigated by measuring their average particle size (Z-average) and 

polydispersity index (PDI) with a Malvern Zetasizer Nano S instrument (Malvern Instrument Ltd, UK). The 

6 5 2.5 0.5 4 106 0.26 

7 4 3 0.5 4 129 0.47 

8 4 2.5 0.4 4 100 0.34 

9 4 2 0.4 8 76 0.36 

10 4 2 0.5 4 102 0.31 

11 4 2.5 0.5 8 100 0.44 

12 4 3 0.4 8 99 0.45 

13 4 2.5 0.6 4 100 0.29 

14 4 3 0.5 12 102 0.40 

15 4 2 0.6 8 79 0.26 

16 4 3 0.6 8 92 0.38 

17 4 2.5 0.5 8 87 0.30 

18 4 2.5 0.4 12 81 0.34 

19 4 2.5 0.5 8 86 0.33 

20 4 2 0.5 12 76 0.28 

21 4 2.5 0.6 12 80 0.32 

22 3 2.5 0.4 8 131 0.64 

23 3 3 0.5 8 119 0.42 

24 3 2.5 0.5 4 121 0.43 

25 3 2.5 0.6 8 115 0.42 

26 3 2.5 0.5 12 111 0.42 

27 3 2 0.5 8 98 0.42 
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concentration of the prepared nanoparticles was 1 mg/ml. Prior to the measurements, the formulations were 

diluted at 1:10 in distilled water to obtain a final nanoparticles concentration of 0.1 mg/ml. Stability tests 

were performed on all formulations (Table 1) by storing them at 4 °C for 30 days and measuring their size 

after 7 and 30 days of production. 

 

2.5.2 Nanoparticles Tracking Analysis (NTA) 

To further characterize the NPs, Nanoparticles Tracking Analysis (NTA) measurements were performed by 

using a NanoSight LM10 instrument (NanoSight, Malvern, UK).  Before the test, all the samples were 

serially diluted with a Phosphate Buffer Saline solution (PBS at pH=7.4) to reach a particle concentration 

suitable for analysis with NTA. After that, each sample was injected into the LM unit with a 1 ml sterile 

syringe, and five 60-second videos were recorded and then analyzed with the Nanoparticle Tracking 

Analysis (NTA) 3.1 Analytical software (Nanosight, Malvern, UK). Data are presented as the mean ± SD of 

the five video recordings. 

 

2.5.3 Environmental Scanning Electron Microscopy (ESEM) 

An environmental scanning electron microscope (ESEM) (FEI, Hillsboro, OR, USA) was used to investigate 

the surface morphology of the Arg@NPs. For ESEM analysis, the instrument was utilized in low-vacuum 

mode, with a specimen chamber pressure set from 0.6 to 0.80 mbar, an accelerating voltage of 25 kV, a 

working distance of 10.4 mm, and a magnification ranging between 8000 and 165000×. The images were 

obtained using a secondary electron detector. 

 

2.5.4 Fourier Transformed Infrared Spectroscopy (FT-IR) 

FT-IR spectra of pure TPP, CS, Argireline, and the selected CSTPP@NPs (run 2, Table 1) and Arg@NPs 

formulations were taken with FTIR spectrophotometer (ATR-FTIR, Spectrum Two FT-IR spectrometer with 

ATR accessory, Perkin Elmer, MA, USA) with the resolution of 4 cm⁻¹ in the range of 450–4000 cm⁻¹. Prior 

to analysis NPs samples were frozen at -20 °C, and, the following day, freeze-dried for 24 h using an 

Edwards Modulyo freeze dryer (Edwards, Burgess Hill, UK). 

 

2.5.5 Thermogravimetric Analysis (TGA) 

The thermal stability of raw materials and selected CSTPP@NPs and Arg@NPs were investigated through 

thermogravimetric analysis (TGA 4000, Perkin Elmer, USA). TGA was performed in the range of 30 to 600 

°C at a heating rate of 10 °C/min under a nitrogen flow rate of 30 mL/min. TGA tests were carried out on 

freeze-dried nanoparticles. Pyris Manager software (Perkin Elmer, USA) was used for data collection and 

analysis. 

 

2.5.6 Encapsulation Efficiency (EE %) studies 
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Encapsulation Efficiency (EE %) studies were carried out using the indirect method. A precise amount of 

Argireline-loaded NPs was ultracentrifuged at 17.200 RCF at room temperature for 30 minutes. Thereafter, 

the amount of unloaded Argireline was measured in the supernatant of the preparation medium using high-

performance liquid chromatography (HPLC, Agilent 1260 Infinity II, Agilent, USA). Before the analyses, a 

calibration curve of Argireline standard was performed with several concentrations in the range of 0.001 to 1 

mg/mL with a correlation coefficient (R²) of 0.9987. 

 

The EE % of Argireline was calculated with the following equation (Eq. 1): 

     
           

     
                                          (Eq. 1) 

where       is the total amount of drug used for the formulation and       is the amount of drug in the 

supernatant measured with HPLC. 

 

2.6 Arg@NPs gel preparation 

The Arg@NPs formulation was pre-treated to remove the non-encapsulated active compound. Specifically, 

10 mL of sample were placed into a dialysis bag (MW cut off 12 k-14 k Da, Spectra/Por™, Spectrum Labs, 

USA) immersed into 2 L of a solution of acetic acid (1 % v/v) in water for 30 minutes, under stirring, at 

room temperature. The purified NPs suspension was then converted into a gel by adding sodium 

carboxymethylcellulose (5 % w/v) upon continuous and gentle stirring. The prepared gel was kept at room 

temperature overnight for complete polymer hydration.  

 

2.7 Gel characterization  

2.7.1 pH evaluation 

1 g of the Arg@NPs-based gel was dissolved in 25 ml of distilled water and the resulting solution was used 

to measure the pH using a digital pH meter (HI2211-02 Basic pH/ORP Benchtop Meter, Hanna Instruments, 

USA) (Singh et al., 2019). Experiments were performed in triplicate and average pH values were calculated. 

2.7.2 Rheological measurements  

Rheological measurements of Arg@NPs gel were carried out using a coaxial rotation viscometer 

(RheolabQC, Anton Paar, Austria) with a cylinder-in-cylinder type measuring geometry. The rheological 

characteristics were determined in the range of shear rates from 1 to 100 s⁻¹. Tests were performed in 

triplicate.  

2.7.3 Texture Profile Analysis (TPA) 

Textural measurements were performed with a TA.XT plus Texture Analyzer (Stable Micro Systems, UK) 

which was set in compression mode. About 40 g of the Arg@NPs gel was placed approximately one inch 
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below the instrument‟s 18 mm cylindrical probe. In each test, the probe was initially lowered to the surface 

of the sample at a pre-test speed of 1 mm/s until reaching contact.  Contact was detected by a triggering force 

of 0.049 N, and then the probe produced an additional 8 mm deformation of the sample at a test speed of 2 

mm/s before rising to the calibration height (at a post-test speed of 2 mm/s). After 5 s, the measurement cycle 

was repeated on the same sample. Six replicate analyses were performed at room temperature using a fresh 

sample in each case. The resulting force-time curve was used to calculate some mechanical parameters, such 

as hardness, compressibility, adhesiveness, and cohesiveness (Carvalho et al., 2012, Tai et al., 2014). 

2.7.4 Drug content 

100 mg of the Arg@NPs-based gel was dissolved in 20 ml of phosphate buffer saline solution (PBS at pH 

7.4) under magnetic stirring. The solution was then filtered using Whatman filter paper no.1 and the filtered 

solution was analyzed with HPLC (HPLC Agilent 1260 Infinity II, Agilent, USA) (Singh et al., 2019). 

 

2.8 HPLC method for the quantitative analysis of Argireline 

The amount of Argireline released from NPS was evaluated by high-performance liquid chromatography 

(HPLC Agilent 1260 Infinity II, Agilent, USA). The mobile phase consisted of a mixture of 0.05 % of TFA 

in water and ACN and a gradient elution method (Table 2) with a flow rate of 0.5 mL/min was used. The 

injection volume was 5µL in an Agilent Poroshell 120 EC-C18, 100 × 4.6 mm, 2.7 μm column (Agilent, 

USA), and the detection signal was recorded at 215 nm, keeping the analysis system at room temperature.  

 

Table 2. Gradient elution program for HPLC analysis. 

Time (min) A% (H₂O + 0.05 % TFA) B% (ACN + 0.05 % TFA) 

0.00 95 5 

15.00 45 55 

15.10 95 5 

20.00 95 5 

 

 

2.9 In vitro release and permeation studies using Franz-type diffusion cells 

To perform the release and permeation studies the Arg@NPs formulation was pre-treated as described in 

section 2.6. The in vitro release and permeation profiles of Argireline from Arg@NPs and Arg@NPs gel 

were evaluated using Franz-type diffusion cells with a receptor compartment volume of 7 mL and an 

effective diffusion area of 1.766 cm². PBS (pH= 7.4) was used as receptor media and the receptor 

compartment was stirred continuously at 400 rpm by a magnetic stirrer. The system was thermostated at 32 ± 

0.5 °C with a circulating jacket. A dialysis membrane (MW cut off 12 k-14 k Da, Spectra/Por™, Spectrum 
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Labs, USA) and a Strat-M
®
 membrane (Merck Millipore, USA) were applied as partitioning membranes for 

the in vitro drug release study and in vitro permeation study respectively. At predetermined sampling 

intervals (1, 2, 4, 6, 8, 24, and 48 hours), samples were withdrawn from the receptor compartment and 

replaced with an equal volume (0.2 mL) of fresh buffer. The content of Argireline in each sample was then 

determined by HPLC (HPLC, Agilent 1260 Infinity II, Agilent, USA). Triplicate measurements were made 

for each sample. 

 

2.10 Mathematical modeling of the kinetics release 

To study the release kinetics of Argireline from both Arg@NPs and Arg@NPs gel formulations, the release 

data were fitted and compared with first-order, Higuchi, Korsmeyer-Peppas, and Peppas-Salhin 

mathematical models using Origin Software (Origin Pro 2021, OriginLab, USA). The best-fitting model was 

chosen taking into consideration the adjusted coefficient of determination (adjusted-R
2
). 

 

2.11 Stability studies  

To investigate the stability of Arg@NPs and Arg@NPs gel, formulations were stored at different 

temperatures (room temperature and refrigerator temperature) for 1 month and analyzed periodically (0, 15, 

and 30 days). NPs formulation was evaluated for size, PDI, and EE %, while gel formulation for pH, drug 

content, and rheological and mechanical properties. All the experiments were performed in triplicate. 

Statistical significance of the differences between the experimental (Arg@NPs gel, day 0 of storage) and 

control (Arg@NPs gel, day 15 and 30 of storage at room and refrigerator temperature) groups was assessed 

via a two-tailed Student's t-test (2-tailed), considering p value <0.05 as a significant result. 

 

3. Results and Discussion 

 

3.1 Optimization of the chitosan nanoparticles manufacturing process by microfluidic 

The chitosan nanoparticles ionically crosslinked with TPP (CSTPP@NPs) were successfully prepared by 

microfluidic technology. Practically, the chitosan nanoparticles were obtained through a continuous mixing 

process carried out in the C-Chip microchannels (Figure S1) between a chitosan solution and a solution 

containing the ionic crosslinker TPP, as schematized in Figure 1a. The nanoparticles‟ formation was induced 

by the reversible electrostatic interactions between the positively charged chitosan amino groups and the 

negatively charged tripolyphosphate anions (Figure 1b).  
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Figure 1. A) Microfluidic synthesis of CSTPP@NPs; B) Ionic crosslinking between chitosan and TPP. 

 

To optimize the CSTPP@NPs manufacturing process by microfluidic, a DoE approach was used to 

understand the effects of pH, chitosan concentration, TPP concentration, and TFR on particle size and PDI. 

To this end, the responses observed for the 27 runs (Table 1) were first fitted to the quadratic mathematical 

model (equation 2) whose equation is reported below, and the fit summary for each response is reported in 

Table 3: 

 

   ∑   
 
      ∑    

 
        ∑    

 
     

                                                                                                   (Eq. 

2) 

 

After that, the quadratic mathematical model applied for size and PDI was refined by eliminating the 

insignificant terms of equations (whose p-value > 0.05), as summarized in Table S1. 

  

3.1.1 Effect of input parameters on size (  ) 

The refined mathematical model for size only includes the linear terms   ,    and    and the quadratic 

term   
 ; while the other terms are not significant. The refined equation (equation 3) for size can be written 

as follow: 

 

                                      
                                       (Eq. 3) 

 

Compared to the quadratic mathematical model, the refined one has a significantly lower p-value and a 

higher Adj-R
2
 suggesting that the model can be considered more accurate. Moreover, Pred-R

2
 is in good 

agreement with the Adj-R
2
, being their difference lower than 0.2.  
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Therefore, the particle size is affected by pH, CS concentration, and TFR, while the TPP amount seems to 

not significantly affect it, in agreement with what was stated by Rázga et al. (Rázga et al., 2016). 

Figure 2 shows the 3D response surface plots related to the correlations between particle size and pH and CS 

concentration (Figure 2a) as well as pH and TFR (Figure 2b). The pH plays a dominant role in determining 

particle size, since it regulates the electrostatic interactions between the carboxyl groups (    ) of TPP and 

amino groups (   
 ) of CS (Rázga et al., 2016). Presumably, the smallest nanoparticles are obtained when a 

greater number of electrostatic interactions occur between carboxyl groups and protonated amino groups. 

Nevertheless, with decreasing the pH, the ionization degree of TPP decreases (due to the protonation of 

COO- groups), while the one of chitosan increases (due to the protonation of NH2 groups). Therefore, the 

smallest nanoparticles will be obtained at an optimal intermedium pH value, corresponding to the maximum 

number of electrostatic interactions. As observed in Figure 2a, the smallest CSTPP@NPs were obtained with 

an intermedium pH of 4.0-4.5. Moreover, the particle size tends to increase with increasing the CS 

concentration and with decreasing the TFR.  

 

3.1.2 Effect of input parameters on PDI (  ) 

The refined mathematical model for PDI, described in the equation 4, only includes the linear terms   ,    

and   : 

 

                                                           (Eq. 4) 

 

Also for PDI, compared to the quadratic mathematical model, the refined one has a significantly lower p-

value and a higher Adj-R
2
. Moreover, the Pred-R

2
 and the Adj-R

2
 are in good agreement (their difference is 

lower than 0.2), therefore the model can be considered more accurate (Table 3). The PDI is mainly affected 

by the pH, CS concentration and TPP amount, while the TFR does not influence it. 

The 3D response surface plots related to the correlations between PDI and pH and CS concentration, as well 

as pH and TPP amount are shown in Figure 2c and 2d, respectively. As observed, the PDI decreases with 

increasing the pH and the TPP concentrations and with decreasing the CS concentration. Indeed, as 

previously stated, the increased protonation of the CS amino groups takes place at an intermediate pH of 4.0-

4.5, allowing for higher interaction with anionic TPP ions. Furthermore, the greater availability of TPP 

molecules to interact with the free amino groups of CS is the outcome of the elevated TPP concentration. 

Thus, since cross-linking with TPP reduces the availability of free primary amino groups in chitosan, self-

aggregation between the nanoparticles is prevented, resulting in the formation of NPs more homogeneously 

distributed in size and with lower PDI values (Masarudin et al., 2015). 
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Figure 2. 3D surface plot response of the main effect of a) solution pH and CS concentration, and b) solution pH and 

TFR on CSTPP@NPs size; and c) solution pH and CS concentration, and d) solution pH and TPP concentration on 

PDI. 

 

Table 3. Analysis of variance (ANOVA) of quadratic and refined models (for size and PDI). 

 

 

 

 

 

 

 

 

 

 

 

SIZE (Y1)/nm 

MODEL R
2 

Adj-R
2 

Pred-R
2 

Quadratic model (Eq. 1) 0.8539 0.6834 0.2203 

Refined model (Eq. 2) 0.7797 0.7396 0.6537 

PDI (Y2) 

MODEL R
2 

Adj-R
2
 Pred-R

2 

Quadratic model (Eq. 1) 0.8411 0.6557 0.2286 

Refined model (Eq. 3) 0.7766 0.7475 0.6839 
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3.2 Stability of the CSTPP@NPs 

Experimental settings of nanoparticles' manufacturing, not only affect their size but also their stability in 

time (Jonassen et al., 2012). Previous studies reported opposite results regarding the long-term stability of 

CS-TPP NPs. Some (López-León et al., 2005) illustrated a significant increase in NPs size after 7 days of 

preparation due to spontaneous aggregation, erosion of particles' spherical shape, hydrolysis of chitosan 

chains, or swelling. Others (Fan et al., 2012, Morris et al., 2011, Rampino et al., 2013) described no or 

modest NPs size changes up to one month of storage (Rázga et al., 2016). Similarly, our long-term stability 

data (Figure 3), based on one month of storage of CSTPP@NPs at 4 °C, displayed only a moderate increase 

in their size. However, the pH of the CS solution seemed to have a major impact on the size and stability of 

CSTPP@NPs regardless of the other investigated parameters (CS concentration, TPP concentration, and 

TFR), since the NPs prepared at pH 5, especially the ones prepared using conditions of run 2, possessed both 

lower size and higher long-term stability. 

 

 

Figure 3. Long-term stability-to-storage study for CSTPP@NPs prepared at pH 3 (A), 4 (B), and 5 (C), over one 

month. 
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3.3 Characterization of Arg@NPs formulation  

3.3.1 Percentage encapsulation efficiency (EE %), particle size, and morphology 

Based on the nanoparticles‟ size and stability, conditions of run 2 (Table 1) were selected to obtain the 

optimized Argireline-loaded NPs formulation. Moreover, preliminary encapsulation efficiency studies (data 

not shown) highlighted that the 2:1 weight ratio of Argireline:CS allowed the obtaining of the highest 

encapsulation of the peptide in the nanoparticles. Effectively, the EE% of the optimized Arg@NPs 

formulation, investigated by HPLC, was 90.2 % ± 0.7.  

Physical characterization of Arg@NPs by DLS showed an average size and PDI of 186.0 ± 1.0 nm and 0.440 

± 0.002 respectively. Instead, the average size distribution of Arg@NPs using the NTA method was 172.5 ± 

3.51 nm, and the NPs system exhibited more than one particle population (Figure 4). The difference between 

the data acquired with DLS and NTA techniques could be due to the several dilutions to which NPs are 

subjected in the NTA analysis, which may have led to the rupture of aggregates, resulting in smaller average 

size values, compared to the DLS data (Maruyama et al., 2016). Nevertheless, both analyses revealed a 

significant increase in the NPs size and PDI after loading with Argireline. This behavior, observed by other 

authors with other peptides (e.g., bovine serum albumin and human hemoglobin), has been ascribed to the 

electrostatic interactions between the negatively charged peptide and positively charged chitosan (Rampino 

et al., 2013). Furthermore, Arg@NPs‟ concentration calculated from the NTA results was 1.01 x 10
11

 

particles/mL.  

 

 

Figure 4. Calculated mean ± SD of size distribution detected by NTA analysis of Arg@NPs. 

 

Finally, the surface morphology of the Arg@NPs, after cast drying on an aluminum surface, was observed 

with an ESEM, as shown in Figure 5. The nanoparticles were fairly smooth and spherical in shape, and the 
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average size was about 200 nm. However, clusters of the nanoparticles formed probably due to unavoidable 

aggregation during the drying process (Khoerunnisa et al., 2021). 

 

Figure 5. ESEM images of the synthesized Arg@NPs a) at lower magnification and b) at higher magnification. 

 

3.3.2 Fourier-Transform Infrared Spectroscopy (FTIR) 

FT-IR spectroscopy measurements were performed to thoroughly understand the NPs‟ formation as well as 

to study the entrapment of Argireline peptide in CSTPP@NPs. FTIR spectra of CS, TPP, Argireline, 

CSTPP@NPs, and Arg@NPs, are reported in Figure 6. CS profile shows a strong broad peak at 3325 cm
-1

 

which is attributed to -NH2 and -OH groups stretching vibration, two adsorption bands at 1652 cm
-1

 and 1590 

cm
-1

, which are ascribed to C=O stretching of amide I and to N-H bending of amide II respectively, and 

adsorption bands at 1080 and 1030 cm
-1

 due to the skeletal vibrations involving O-C bonds. The main 

vibrations of TPP fall at 1210 cm
-1

 (P=O stretching vibrations), 1130 cm
-1

 (O-P=O stretching vibrations), 

1090 cm
-1

 (stretching vibrations of PO3 groups), and 888 cm
-1

 (asymmetric stretching vibrations of P-O-P 

groups) (Loutfy et al., 2016). As shown in Figure 6a, a sharper peak at 3325 cm
1
 can be observed in the NPs 

spectrum, indicating enhanced hydrogen bonding. Moreover, the absorption bands at 1652 cm
-1

 and 1590 

cm
-1 

of CS are shifted to 1640 cm
-1

 and 1548 cm
-1

 in NPs because of the electrostatic interactions between 

NH3
+
 groups of CS and phosphate groups of TPP (Figure 6a). In addition, the significant band at 1411 cm

-1
 

observed in the NPs is due to the -CH2 wagging vibrations, strongly enhanced because of the increased C=O 

polarization upon interactions (de Carvalho, et al., 2019). Furthermore, the NPs profile exhibits a signal at 

1019 cm
-1

 that is indicative of P=O stretching vibrations from phosphate groups (Hosseini et al., 2018, 

Lustriane et al., 2018).  

The Argireline spectrum is characterized by the typical adsorption peaks of peptides such as amide A at 3230 

cm
-1

, amide I at 1637 cm
-1

, and amide II at 1537 cm
-1

 (Figure 6b). The spectrum of Arg@NPs shows some 
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differences from CSTPP@NPs in the 1623-1750 cm
-1

 range, which means the formation of peptide-NPs 

complex (Figure 6b). Specifically, the broadening of the peak related to amide I and its shift to a lower 

wavenumber probably indicate the electrostatic interactions between the negative charges of peptide 

fractions and positive charges of CS (Du et al., 2019).  

 

 

Figure 6.  FT-IR spectra of A) CS, TPP, and CSTPP@NPs, and b) Argireline, CSTPP@NPs, and Arg@NPs. 

 

3.3.3 Thermal stability 

The thermal stability of CS, TPP, Argireline, CSTPP@NPs, and Arg@NPs was investigated by TGA and is 

given in Figure 7. For CS, the first weight loss (about 9.2 %) occurred at around 30-100 °C and probably 

corresponds to a loss of adsorbed and bound water, proving the hydrophilic nature of CS. At 200 °C, the 

decomposition of the polymer starts, and it is indicated by the noticeable weight loss (about 60 %) between 

200 °C and 400 °C that most likely results from the anhydro-glucosidic ring's dehydration (Hafizi, et al., 

2023). In the thermograms of CSTPP@NPs, three stages of decomposition can be observed. The first 

occurred between 30 °C and 160 °C, which can be due to moisture loss, with a loss in weight of 6.4 %. This 

is followed by the second stage between 160 °C and 330 °C, which is probably attributed to the cleavage of 

glycosidic linkages via dehydration and deamination, corresponding to a weight loss of 19.1 %. At the end of 

the third stage (550 °C) a weight loss of 45% is registered, which is caused by the degradation of the 

polysaccharide backbone (Gomathi et al., 2017). In general, these findings confirm higher thermal stability 
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of CSTPP@NPs than that of pure CS, which can be attributed to interactions caused by the cross-linking of 

CS molecules with TPP. The TGA of Arg@NPs also depicts three phases for weight loss that are comparable 

to CSTPP@NPs. However, in the case of Arg@NPs, the remaining residue (50 %) was lower than the one of 

CSTPP@NPs (55 %). The additional weight losses at the second and third stages in the drug-loaded NPs can 

be assigned to the incorporation of Argireline in the CSTPP@NPs (Sabbagh et al., 2019). 

 

 

Figure 7. Thermograms of CS, TPP, Argireline, CSTPP@NPs, and Arg@NPs. 

 

3.4 Physiochemical, rheological, and textural properties of Arg@NPs gel 

Arg@NPs gel was successfully prepared to enhance the retention time of the nanoparticles at the skin surface 

facilitating the peptide delivery (Korkmaz et al., 2013). The produced gel appeared colorless and silky 

smooth to the touch, with a measured pH of 5.4 ± 0.2, which is considered acceptable for skin application 

(Lukić et al., 2021), and drug content of 99.2% ± 0.4.  

To further understand its rheological properties the flow curve of the Arg@NPs gel was compared with that 

of the gel without nanoparticles (control sample) (Figure 8). To this end both flow curves were analyzed 

using power law (equation 5), Bingham (equation 6), Casson (equation 7), and Herschel–Bulkley (equation 

8) models: 

                   

     ̇                                                                                                                    (Eq. 

5)          ̇                                                                                                                                              

(Eq. 6)             
           ̇                                                                                                                                                  
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(Eq. 7)          ̇
                                                                                                                                                          

(Eq. 8) 

  

where   is shear stress (Pa),   ̇ is the shear rate (s
-1

),    is yield stress (Pa),   is plastic viscosity (Pa∙s), κ is 

consistency index (Pa∙s
n
), and n is flow index.  

 

The calculated R
2
 for the control gel and Arg@NPs gel are listed in Table 4.  

 

Table 4. R
2
 values resulting from the fitting of the flow curves of the control gel and Arg@NPs gel with different 

rheological models. 

Sample R
2 

 Power law model Bingham model Casson model Herschel-Bulkley 

model 

Control gel 0.9979 0.9264 0.9585 0.9818 

Arg@NPs gel 0.9990 0.8975 0.9524 0.9976 

 

As can be seen in Table 4, based on the R
2
 values, the best-fitting model for both flow curves is the power 

law model. The rheological parameters specific to this model were found an n value of 0.469 ± 0.003 and a k 

of 32.6 ± 0.4 (Pa∙s
n
) for Arg@NPs gel, and an n value of 0.564 ± 0.006 and a k of 20.3 ± 0.5 (Pa∙s

n
) for the 

control sample. 

The flow index value smaller than 1 indicates a shear-thinning behavior (Ortan et al., 2011) that is 

considered an advantageous characteristic of topical semisolid systems since it allows the material to flow 

easily under relatively high shear rates facilitating the application (A-sasutjarit et al., 2005). Moreover, 

Arg@NPs contribute to significantly increasing the consistency index by strengthening the gel.  
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Figure 8. Flow curves of Arg@NPs gel and control sample (gel without nanoparticles). 

 

Moreover, the texture profile of Arg@NPs gel was evaluated to determine mechanical parameters such as 

compressibility, hardness, adhesiveness, cohesiveness, and elasticity, which affect the performance of topical 

semisolid formulations. Figure 9 compares the force-time curves resulting from the texture profile analysis of 

Arg@NPs gel and gel without nanoparticles (control sample). The absence of shoulders in the curves‟ peaks 

indicates no point of rupture or obvious mechanical failure. In addition, a weakening of the internal structure 

is underlined by the fact that the second peak is smaller than the first (Rosenthal, 2010). The formulas used 

to calculate the mechanical properties of the gels are reported in the Box of Figure 9, while the calculated 

parameter values are listed in Table 5.  

Briefly, hardness is defined as the force necessary to achieve a certain deformation, while compressibility 

represents the work required to deform the sample during the first compression of the probe. Arg@NPs gel 

showed low values of hardness and compressibility, indicating that it could be easily removed from the 

container and spread over the skin (Korkmaz et al., 2013). However, compared to the control sample, the gel 

loaded with the nanoparticles showed higher hardness and compressibility values and this agrees with the 

higher consistency index evaluated through rheological measurements. Hence, interactions between the gel 

and the nanoparticles contributed to strengthening the gel network (Ozcan et al., 2013).   

Adhesiveness is defined as the work necessary to separate the probe from the sample and it is related to 

bioadhesion. Cohesiveness shows how repetitive shearing stresses affect the structural properties of the 
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formulations. Finally, the rate at which the deformed sample returns to its undeformed condition is 

represented by the elasticity value. Compared to the control sample, Arg@NPs gel showed a slightly higher 

adhesiveness and, thus, appropriate retention at the application site, leading to higher absorptivity (Rai et al., 

2014). The cohesiveness values for both Arg@NPs gel and control sample were close to unity, indicating 

that the gel matrix was not broken during the first compression and, consequently, the same energy was 

required by the probe to enter the gel matrix during the second compression (Carvalho et al., 2012). Finally, 

both formulations exhibited an acceptable elasticity value compared with previous literature findings (Ay 

Şenyiğit et al., 2015, Ozcan et al., 2013, Cevher et al., 2008). 

 

 

Figure 9. Texture profile analysis graph of Arg@NPs gel and control sample (gel without nanoparticles). 

 

Table 5. Mechanical properties of Arg@NPs gel and control sample (gel without nanoparticles). 

 
Compressibility 

(N∙mm) 

 

Hardness 

(N) 

Adhesiveness 

(N∙mm) 

Cohesiveness 

 
Elasticity 

Control sample 

 
0.34 ± 0.02 0.14 ± 0.01 0.05 ± 0.01 1.25 ± 0.01 1.02 ± 0.02 

Arg@NPs gel 0.52 ± 0.04 0.22 ± 0.01 0.09 ± 0.01 0.98 ± 0.03 

 

1.02 ± 0.01 
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3.5 Argireline release from Arg@NPs and Arg@NPs gel  

Drug release studies were carried out in PBS (pH 7.4) at 32 °C to mimic the physiological conditions. Figure 

10 illustrates the cumulative percentage of Argireline released from Arg@NPs and Arg@NPs gel over 48 

hours. Both formulations exhibited a biphasic pattern characterized by an initial fast release followed by a 

period of much slower and sustained release. The „‟burst‟‟ phase occurred in the first 2 hours and was 

presumably caused by a rapid release of Argireline trapped or adsorbed on the outer layer of NPs. The 

subsequent slowing of the release rate was instead due to the diffusion of drug molecules through the CS 

matrix (He et al., 2020, Wu et al., 2017). In the Arg@NPs gel, drug release from the NPs occurred first and 

then diffused through the gel matrix, producing a further sustained release effect (Ullah et al., 2022). Indeed, 

at the end of the 48 hours of incubation, 40.3 % ± 0.9 and 32.2 % ± 0.3 of Argireline was released from 

Arg@NPs and Arg@NPs gel respectively. Furthermore, this overall low drug release from both formulations 

can be explained by the influence of the pH of the release medium on the release rate from CSTPP@NPs. In 

fact, previous findings (Papadimitriou et al., 2008, Makhlof et al., 2011, Zhang et al., 2004) revealed that in 

an acidic environment, the ionic interaction between CS and TPP weakens and CS dissolves quickly, 

allowing for faster drug release from NPs in a low pH medium than at pH 7.4.  

 

 

Figure 10. Argireline cumulative release from Arg@NPs and Arg@NPs gel. Data are presented as mean ± SD,  

where n = 3. 
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3.6 Kinetic of drug release from Arg@NPs and Arg@NPs gel 

To understand the kinetics of Argireline release from Arg@NPs and Arg@NPs gel, drug release data were 

fitted by the first-order, Higuchi, Korsmeyer-Peppas, and Peppas-Salhin models. The simulated equations, 

their respective kinetic constants, and the correlation coefficients (R
2
) are listed in Table 6, where    is the 

first-order rate constant,    is the dissolution constant,   is the release-rate constant,    is the Fickian 

diffusional contribution, and    is the matrix swelling contribution (Khorshid et al., 2022).  

 

Table 6. Kinetic parameters resulting from fitting experimental Argireline release data with different kinetic equations. 

 

As can be seen in Table 6 and Figure 11, the drug release profile of Arg@NPs and Arg@NPs gel best fitted 

the Korsmeyer-Peppas and Peppas-Salhin models as indicated by the R
2
 values. In the Korsmeyer-Peppas 

model, the value of the release exponent (n) was below 0.5, indicating a Fickian diffusion mechanism of 

Argireline release from both formulations. This is also confirmed by the Peppas-Salhin model, in which the 

not-significant negative value of    means that any significant contribution of the matrix swelling or erosion 

occurs (Maurizii et al., 2023). 

 

Sample Mathematical model Kinetic constants R
2 

Arg@NPs First-order: 
  

  
           0.62 ± 0.17 0.79 

 Higuchi: 
  

  
          17.91 ± 0.93 0.88 

 

Korsmeyer-Peppas: 

  

  
     

   23.49 ± 0.64 

   0.14 ± 0.01 
0.99 

 
  
  

    
     

   

Peppas-Salhin:     26.97 ± 0.97 

    -4.28 ± 0.62 
0.99 

Arg@NPs gel First-order: 
  

  
           0.58 ± 0.18 0.81 

 Higuchi: 
  

  
          14.86 ± 0.84 0.86 

 

Korsmeyer-Peppas: 

  

  
     

   19.63 ± 0.88 

   0.13 ± 0.02 
0.98 

 
  
  

    
     

   

Peppas-Salhin:     21.97 ± 1.19 

    -3.74 ± 0.42 
0.99 
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Figure 11.  Release data of Argireline from A) Arg@NPs and B) Arg@NPs gel fitting to Korsmeyer-Peppas 

and Peppas-Salhin models. 

 

3.7 In vitro permeation studies through Strat-M® membranes 

The in vitro Arg@NPs and Arg@NPs gel permeation behavior was determined using Franz-type diffusion 

cells. Free Argireline solution was used as the control. Strat-M® were mounted as partitioning membranes 

since they were extensively reported to mimic the morphology and the lipid chemistry of human skin (Haq et 

al., 2018). According to the in vitro drug release studies‟ results, both Arg@NPs and Arg@NPs gel showed a 

biphasic permeation pattern (Figure 12), indicating the initial rapid partitioning of Argireline close to the 

NPs surface which was followed by gradual diffusion of the drug trapped into the CS matrix (Hasanovic et 

al., 2009). As shown in Figure 12, Argireline reached a higher membrane permeation when encapsulated in 

CS NPs. After 48 hours of experimentation, the cumulative amount of Arigireline permeated was 110.66 ± 

9.27 µg/cm
2
 for free Argireline solution and 472.70 ± 27.63 µg/cm

2
 for Arg@NPs. Indeed, it was already 

reported that chitosan forms hydrogen bonding with the lipids blend of the top layer of the Strat-M
®
 

membrane, facilitating the deposition of the nanoparticles in the membrane‟s surface and thus enhancing the 

peptide permeation (Campos et al., 2022). Moreover, considering the low average particle size of the 

produced Arg@NPs, they could enhance the penetration of the encapsulated peptide through the skin thanks 

to the ability of small polymeric nanoparticles (particle size < 200 nm) to deposit in the hair follicles, 

producing a high local concentration of the encapsulated drug which can then diffuse into the surrounding 

skin cells (Desai et al., 2010). Finally, after 48 hours of experimentation, the cumulative amount of 

Argireline permeated was lower for Arg@NPs gel (330.66 ± 37.23 µg/cm
2
) than for Arg@NPs, since the 

additional diffusion of the peptide through the gel matrix has delayed its permeation through the membrane. 

Overall, having Arg@NPs gel a better control over peptide release, it could provide the skin with the peptide 

over a longer period than Arg@NPs (Al-Kassas et al., 2016). 
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Figure 12. In vitro permeation profiles of Argireline solution, Arg@NPs suspension, and Arg@NPs gel through Strat-

M® membrane. 

 

3.8 Stability of Arg@NPs and Arg@NPs gel  

The stability of Arg@NPs and Arg@NPs gel was tested by keeping the formulations at room and refrigerator 

temperature for one month and evaluating them periodically (0, 15, and 30 days). NPs formulation was 

evaluated for size, PDI, and EE %, while gel formulation for pH, drug content, and rheological and 

mechanical properties. During storage time, a higher increase in NPs size was observed for formulation kept 

at room temperature compared to that stored in the refrigerator (Table 7), which may be due to the 

spontaneous aggregation of nanoparticles. In fact, a temperature of about 4 °C was reported to reduce the 

aggregation rate compared to room temperature, most likely by lowering the frequency of particle collisions 

(López-León et al., 2005; Morris et al., 2011). Moreover, the EE % decreased negligibly after one month 

(Table 7), indicating that the formulation was chemically stable at both storage conditions (Vaghasiya et al., 

2013). Similarly, little variation in pH and drug content of Arg@NPs gel was observed (Table 8), 

demonstrating its stability. Finally, no significant differences were found in the rheological and mechanical 

parameters calculated during the storage of the gel both at room and refrigerator temperature (p > 0.05) (data 

not shown).  
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Table 7. Stability data of Arg@NPs showing the change in % encapsulation efficiency (EE%) and particle size (nm) 

when stored at different temperature conditions. 

 EE% Particle size (nm) 

 
Room temp. 

(25 ± 2 °C) 

Refrigerator 

temp. (2-4 °C) 

Room temp. 

(25 ± 2 °C) 

Refrigerator 

temp. (2-4 °C) 

Initial 90.2 ± 0.7 90.2 ± 0.7 186.0 ± 1.2 186.0 ± 1.2 

After 15 days 89.1 ± 0.1 89.8 ± 0.2 194.2 ± 2.7 189.3 ± 4.1 

After 30 days 88.2 ± 0.5 89.5 ± 0.1 203.8 ± 6.3 192.7 ± 1.9 

 

 

Table 8. Stability data of Arg@NPs gel showing the change in % drug content and pH when stored at different 

temperature conditions. 

 % Drug content pH 

 
Room temp. 

(25 ± 2 °C) 

Refrigerator 

temp. (2-4 °C) 

Room temp. 

(25 ± 2 °C) 

Refrigerator 

temp. (2-4 °C) 

Initial 99.2 ± 0.4 99.2 ± 0.4 5.4 ± 0.2 5.4 ± 0.2 

After 15 days 97.9 ± 0.5 98.9 ± 0.2 5.3 ± 0.1 5.5 ± 0.1 

After 30 days 96.5 ± 1.2 98.2 ± 0.2 5.3 ± 0.2 5.4 ± 0.1 

 

 

4. Conclusions 

This study demonstrated that the microfluidic-assisted ionotropic gelation method is a robust and 

reproducible platform for the manufacturing of peptide-loaded CS-TPP NPs. By using a custom-designed 

microfluidic chip and by tuning process parameters (pH, TFR, and CS and TPP concentration), nanoparticles 

with small size, narrow size distribution, and long-term stability have been prepared. Argireline, a model 

peptide, was successfully encapsulated (90 % of EE %) in the optimized CSTPP NPs, and the results 

confirmed nanoformulation‟s ability to regulate the release of the peptide. Moreover, considering a potential 

topical application of the Argireline-loaded CS-TPP NPs, the formulation was gelled to increase its retention 

time at the skin surface, facilitating peptide delivery. The formulated gel showed suitable mechanical 

characteristics (e.g. hardness, compressibility, adhesiveness, cohesiveness, and elasticity) for transdermal 

administration of Argireline and better control over its release and permeation through the skin. Hence, 
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Argireline-loaded CSTPP NPs assembled via microfluidic mixing could represent a promising strategy for 

non-invasive peptide delivery. 
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