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This study aimed to revalidate an HPLC-based analytical methodology to determine tacrolimus within lipid-core 

nanocapsules and to evaluate the quality of such nanosystems. Chromatographic separation was achieved by employing a 

C18 column as a stationary phase and a ternary mixture of acetonitrile: water: phosphoric acid (700:299:1 v/v) as the 

mobile phase. The revalidated method proved to be linear in the range of 1-60 µg.mL-1 for tacrolimus (r2 >0.998). 

Detection and quantification limits were 45.38 ng.mL-1 and 137.51 ng.mL-1, respectively, which assures the methodology 

sensitivity. The method was also precise (RSD = 1.78% between samples). Besides, the methodology demonstrated 

accuracy and robustness. The lipid-core nanocapsules-loaded tacrolimus showed exclusively nanosized particles (±190 

nm and polydispersity index of ≤v0.2), negative zeta potential (-13.67±1.16), and slightly acidic pH (5.58 ± 0.06), with a 

content of 98.90 ± 2.32% and encapsulation rate of 99.23±0.32%.  Tacrolimus-loaded in lipid-core nanocapsules-loaded 

tacrolimus showed stability for at least 30 days at room temperature and a sustained release profile compared to the drug 

in solution. 
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Introduction 
Tacrolimus (TAC), a macrolide isolated from 

Streptomyces with immunosuppressive activity, is used in 

autoimmune diseases, as psoriasis (1). Its mechanism of 

action is based mainly on its high ability to inhibit the 

activation of T lymphocytes. This drug also acts on other 
cells that play a role in psoriasis, such as mast cells, 

Langerhans cells, and B lymphocytes (2). TAC has high 

hydrophobicity, and high molecular weight; those 

characteristics are the limiting factor for its topical use 

(3). Due to the low penetration in the cutaneous route, 

different strategies have been proposed to circumvent this 

limitation instead of nanotechnology.  

The employment of nanotechnology results in specific 
characteristics for the drugs that are well known (4). For 

example, improved penetration and permeation through 

the skin (5), low toxicity, controlled release of the drug 

(6), and protection of labile substances from degradation 

(7,8). Recent research on pharmaceutical formulations 

containing TAC has focused on increasing TAC solubility 

in water (9,10), controlling its release (11), and improving 

problems related to the adverse effects to achieve optimal 
therapeutic benefits in patients (9-16). Some examples of 

strategies using nanotechnology to load TAC into the 

topical treatment of psoriasis are lipospheres (9), liquid 

crystalline nanoparticles (10,11), solid lipid nanoparticles 

(11), nanostructured lipid carrier (11,12,13), liposomes 

(11), polymeric micelles (14), nanoemulsion (15) and 

polymeric nanocarriers (16). 

In this way, the lipid-core nanocapsules (LNC), 
developed by our research group has demonstrated to be 

promising for the topical application (17,18). LNC 

increased the deposition of capsaicinoids in the stratum 

corneum and epidermis, acting as a reservoir system in 

the skin and promoted their permeation without systemic 

absorption (19), and providing a controlled release 

profile. The LNC structures are formed by a polymeric 

wall arranged around an organogel as core formed by the 
mixture of medium-chain triglycerides and sorbitan 

monostearate (20). Poly(ε-caprolactone) (PCL) (Mn 45, 

50, and 80 kg.mol−1) is the polymer used to formulate 

these nanostructures (18) and has characteristics of 

biocompatibility and biodegradability. Calgaroto and 

coworkers (2018) demonstrated the PCL Mn 80 kg.mol-1 

has greater stability when compared with PCL of less 

molecular mass and the ability to protect encapsulated 

drugs (21). Also, it presents a slower degradation process 

compared to PCL with lower molecular weight (Mn 

10kg.mol-1 and the mixture of Mn 80kg.mol-1 and 
10kg.mol-1). These characteristics are due to its lower 

crystallinity and longer chains, which decrease the 

polymer chains' mobility, making the degradation slower 

and controlling the drug release.  

A recent study had developed TAC-loaded LNC, using 
PCL Mn 80 kg.mol−1 to treat autoimmune diseases where 

the potential of drug release control (22,23). An 

improvement in the pharmacodynamic effect due to TAC 

nanoencapsulation after oral administration (6 and 10 

mg.kg−1/day) in an animal model (CF1 albino mice) was 

observed (22). In another study (23), the TAC-loaded 

LNC was used to treat an autoimmune as rheumatoid 

arthritis disease in Wistar rats (2.0 mg.kg−1/day, 

intraperitoneal route for eight days). So, 

nanoencapsulation is a promising approach to treat 

diseases that deregulate the immune system. 

http://www.seer.ufrgs.br/dar
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Considering that psoriasis is an autoimmune disease that 
affects the skin, the promising results of the dermal 

applications of LNC, and the importance of a validate 

method, this study aimed to demonstrate a complete 

analytical revalidation, important for a complete study of 

quality parameters (25). In this way, this study 
demonstrated the analytical revalidation of 

chromatographic method to quantify the drug tacrolimus, 

on time this method is not present in the literature. The 

method revalidation was performed by determination of 

the linearity, specificity, precision, accuracy, robustness 

parameters and limit of detection (LD) and quantification 

(LQ), in agreement with international guidelines (25,26). 

Besides that, it aimed to develop and characterize LNC-

loaded TAC (TAC-LNC) and prepared with PCL Mn 

80kg.mol-1 to provide sustained release of the drug. 

Experimental Section  

 

Materials 

Tacrolimus was purchased from Fagron (São Paulo, 

Brazil), Poly(ε-caprolactone) (Mn = 80,000 Da) was 

kindly provided from Perstorp UK limited (Warrington, 
England). Caprylic/capric triglyceride and polysorbate 80 

were delivered by Delaware (Porto Alegre, Brazil). 

Sorbitan monostearate (Span 60®) were acquired from 

Sigma-Aldrich (São Paulo, Brazil). All other chemicals 

and solvents were of analytical or pharmaceutical grade 

and were used as received. 

Development of analytical method 

Chromatographic analyses were performed using Perkin 

Elmer S-200 equipment (HPLC-UV, Series 2000, 
PerkinElmer, Waltham, MA, USA). Data were obtained 

and processed using the LC Solution software. 

Chromatographic separation was performed using a 

Spherisorb ODS2 (4.6×250 mm, 5 µm) Waters® column. 

The HPLC method developed was based on Friedrich and 
coworkers (2014) (22). The mobile phase was composed 

of acetonitrile: acid water (with phosphoric acid 

(70:30v/v) and filtered in a 0.45mm membrane filter 

(Millipore, Bedford, USA) and degassed using an 

ultrasound bath for 30 min. The flow was 1.5 mL min  -1, 

the temperature was maintained at 50°C. TAC was 

detected at 210 nm after 100 µL of samples injection. 

Preparation of samples and standard solution 

The standard solution of TAC was prepared from 
weighing 5 mg of drug in a 5 mL volumetric flask 

supplemented with water: ethanol (1:1v/v), which was 

maintained in an ultrasound bath for 30 min, resulting in a 

solution of 1 mg.mL-1. From this standard solution, 

dilutions were performed to evaluate the analytical 

parameters. TAC-LNC sample was prepared to dissolve 

the formulation (0.25 mL) in 10 mL of acetonitrile, which 

was maintained in an ultrasound bath for 45 min, 

resulting in a solution of 20 µg. mL
-1

. 

Analytical method revalidation 

The parameters evaluated were linearity, accuracy, 
specificity, intra- and inter-day precision, robustness, 

detection limit (LD), and quantification (LQ). According 

to the Brazilian Health Regulatory Agency (25) and the 

International Conference on Harmonisation of Technical 

Requirements for Registration of Pharmaceuticals for 

Human Use (26) and all parameters were developed and 

adequately validated.   

Linearity 

Eight different concentrations were used: 1, 3, 5, 10, 15, 

20, 40 and 60 µg.mL-1. All analyses were performed in 

triplicate, and the mean of three independent curves was 

used.  The correlation and determination coefficients were 
considered to analyze the linearity of the method. The 

linearity results were analyzed by one-way ANOVA to 

significance. 

Specificity 

The specificity was evaluated by the absence of 
interferents in the same retention time of TAC and the 

peak purity index. A lipid-core nanocapsules without drug 

(LNC) formulation prepared the same way described in 

section “Development of characterization of the lipid-

core nanocapsules” was used as control. 

Precision 

Intra-day precision was evaluated by preparing a solution 

(20 µg.mL-1 of TAC), prepared on the same day (n = 3). 
Inter-day precision was performed by repeating the same 

procedure on three different days (n = 9 replicates). The 

results were expressed as percentage of the drugs content 

(%) and by the relative standard deviation (RSD). 

Accuracy 

Accuracy was determined by calculating the percentage 
of drug recovery in three concentration levels (10, 20, and 

40 µg.mL-1). In this case, the matrix was the LNC. This 

procedure was performed in triplicate (n=3) and the 

results were expressed as percentage of the drugs content 

(%) and by the relative standard deviation (RSD). 

Robustness  

In this study, the chromatographic parameters were 
evaluated by small changes (n=3) in phase flow (±0.1 mL 

min-1), in temperature of column (50±2oC), and the 

composition of mobile phase (710:290 v/v ACN:H2O and 

690:310 v/v ACN:H2O). Based on recommendations, 

these parameters were defined (25,26). The analysis used 

a standard solution of TAC and TAC-LNC, both with a 

concentration of 20 µg. mL-1 of the drug. The values 

obtained were calculated by the mean recovery compared 
with the proposed method conditions and analyzed by 

one-way ANOVA to significance. 

Limit of detection (LD) and quantification (LQ) 

LD and LQ were determined based on calibration curve 

parameters using these equations (25,26):  

𝐿𝐷 = 3.3
𝜎

𝐼𝐶
 

Eq. (1) 

http://www.seer.ufrgs.br/dar
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𝐿𝑄 = 10
𝜎

𝐼𝐶
 

Eq. (2) 

Where IC is the calibration curve inclination; σ is the 
standard deviation obtained from the residual standard 

deviation of the regression line. 

Development and characterization of the lipid-core 

nanocapsules  

TAC-LNC was prepared by self-assembling using the 
solvent displacement method (22).  In summary, the 

organic phase constituted by PCL (Mn 80 kg.mol−1) 

(0.1g), Span 60® (0.04g), caprylic/apric triglyceride 

mixture (160 µL) and TAC (0.008g) dissolved in acetone 

at 40oC was injected under moderate magnetic stirring 

into an aqueous solution containing polysorbate 80 

(0.08g). The turbid solution was stirred for 10 min. Then, 

acetone was removed, and the suspension was 

concentrated under reduced pressure to 10 mL. The final 

concentration of TAC-LNC was 0.80 mg.mL−1. All 
formulations were prepared in triplicate (n = 3). 

Determination of particle size distribution  

The particle size distribution was determined by laser 

diffraction (LD) (Mastersizer 2000®, Malvern 

Instruments, UK). The formulations (200 µL) were added 
to the equipment sampling apparatus containing distilled 

water until the laser obscuration of 2% was achieved. The 

diameter was expressed as volume-weighted mean 

diameter (d4,3), and the volume-weighted particle size 

distribution was used to calculate the polydispersity 

(SPAN) using Equation 3: 

 

𝑆𝑝𝑎𝑛 =
(𝑑0.9−𝑑0.1)

𝑑0.5
                           Eq. (3) 

 

Where d0.1, d0.5, and d0.9 correspond to the 10th, 50th, and 

90th percentiles of the cumulative size distribution, 

respectively. 

TAC-LNC and LNC were also characterized by photon 

correlation spectroscopy (PCS) using a Zetasizer® Nano-

ZS ZEN 3600 model (Malvern Instruments Ltd., UK). 

The z-average diameters and polydispersity index (PdI) 

were determined after dilution (1:500 v/v) of the samples 
(20µL) in ultrapure water (10mL). 

Nanoparticle tracking analysis (NTA) was also performed 

(NanoSight LM 10 & NTA 2.2 Analytical Software, 

NanoSight Ltd., Amesbury, UK). TAC-LNC and LNC 
were previously diluted in ultrapure water 10,000 times 

and injected into the sample chamber cell. The CCD 

camera was coupled to an optical microscope, and a laser 

light (635 nm) was focused on the sample. Images were 

registered for 60 s. Data were collected and analyzed 

using software to identify and track the light individually 

scattered by the nanoparticles under Brownian motion. 

This movement's speed is related to the hydrodynamic 

radius of a sphere calculated using the Stokes-Einstein 

equation [Eq. (4)]: 

 

(𝑥, 𝑦)2̅̅ ̅̅ ̅̅ ̅̅ ̅ =
2𝑘𝐵𝑇

3𝑟ℎ𝜋𝜂
 

Eq. (4) 

Where kB is the Boltzmann constant and (𝑥, 𝑦)2̅̅ ̅̅ ̅̅ ̅̅ ̅  is the 
mean-squared speed of a particle at a temperature (T), in a 

medium of viscosity (η), with a hydrodynamic radius of 

(rh). 

The results correspond to the arithmetic average of the 
calculated sizes of all the particles analyzed. All 

measurements were carried out at 25 oC and all samples 

were analyzed in triplicate batches (n = 3). 

Zeta potential 

The zeta potential was measured by electrophoretic 

mobility using a Zetasizer Nano-ZS ZEN 3600 model 

(Malvern Instruments Ltd., UK). The measurements were 

performed at 25oC after diluting the samples (1:500 v/v) 
in 10 mM NaCl aqueous solution. All the samples were 

performed in triplicate batches (n = 3). 

Determination of pH  

After preparation, the pH values were measured using a 
calibrated potentiometer directly in the aqueous 

suspensions without previous treatment. All 

measurements were performed in triplicate batches (n = 

3). 

Determination of drug content and encapsulation 

efficiency 

The total drug content in TAC-LNC was measured by 
reverse-phase liquid chromatography after preparation 

described in section “Development of analytical method”. 

The ultrafiltration-centrifugation technique was used to 

quantify non-encapsulated TAC. This technique allows 

the separation of the drug in the ultrafiltrate from the 

LNC in the colloidal turbid solution using Ultracel YM-

100. The solutions were centrifuged at 3.600 rpm for 15 

min. The encapsulation efficiency (EE%) was calculated 

as the difference between the total and non-encapsulated 

drug concentration [Eq. (5)]. All measurements were 
performed in triplicate batches (n = 3). 

 

%𝐸𝐸% =  
(𝐶𝑡 − 𝐶𝑓)

𝐶𝑡
𝑥100 

Eq. (5) 

Where Ct is the total concentration of drug in the 
nanoformulation and Cf is the concentration of drug in the 

aqueous phase of the suspension. 

 

Stability study 

The formulations stored in flask glass and under room 
temperature (25 ± 2 °C) protected from light were 

monitored following 30 days determining drug content, 

pH, SPAN, PdI, and particle size as analytical parameters. 

The analyses were performed in triplicate batches (n = 3). 

 

Evaluation of the release profile 

The in vitro drug release of TAC-LNC was conducted by 

the dialysis bag method (n = 3). The diffusion of TAC 

http://www.seer.ufrgs.br/dar
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from its solution of ethanol/water (50:50 v/v) was also 

evaluated. The hydroalcoholic solution was named 

TACfree. Under sink conditions, water/ethanol (70:30 

v/v) was used as a medium at 37oC. The dialysis bag (25 

× 16 mm, cut off 12,000 to 14,000 Da, Sigma Aldrich) 

containing 1 mL of each formulation (0.8 mg mL−1 of 
TAC) was placed into 100 mL of dialysis medium under 

constant moderate stirring. A volume of 1 mL of the 

external medium was withdrawn from the system at a 

predetermined time interval, replaced by an equal fresh 

medium volume. The samples were filtered through a 

0.45µm membrane, and TAC was assayed using the 

HPLC methods previously described. The profiles were 

modeled by first-order monoexponential and first order 

biexponential models using Scientist software 

(MicroMath Scientist®, USA). The best correlation 

coefficient and the best model selection criterion (MSC) 

[Eq. (6)] were selected. The Model Selection Criterion 
(MSC) provided by the Scientist Software (MicroMath, 

Saint Louis, Missouri USA) is a criterion for comparing 

models. 

 

𝑀𝑆𝐶 = ln (
𝛴𝑖𝑤𝑖[𝑦(𝑡𝑖) − �̅� (𝑡𝑖)].2

𝛴𝑖𝑤𝑖[𝑦(𝑡𝑖) − �̅̂� (𝑡𝑖)].2
) − 2𝑝/𝑛 

Eq. (6) 

Where n is the number of independent measurements 
considered in the fit; p is the number of fitted parameters 

and wi is the weight applied to the residual of acquisition. 

Statistical analyses 

The present study results were statistically analyzed using 
Excel Software and one-way analysis of variance 

(ANOVA). Differences were considered significant at p < 

0.05. 

Results and Discussion 

Revalidation of the analytical methodology 

The linearity of the analytical method was evaluated by 
plotting calibration curves for the drug, which showed to 

be linear in this range (Figure 1) and was expressed as a 

correlation coefficient (R> 0.999) and coefficients of 

determination (R2= 0,998). The equation that describes 

the straight line of the drug was obtained (y= 47557x -

1961).  For the establishment of linearity, a minimum of 

five concentrations is recommended (26), and in our study 
eight points were evaluated (1 to 60 μg.mL-1 for TAC). 

The results demonstrated that the equipment response is 

indeed proportional to the drug concentrations in the 

samples (25). Statistical analyzes of these results were 

performed using ANOVA (p < 0.05), indicating a linear 

relationship between drug concentration and analytical 

signal. 

 

 
Figure 1. Mean calibration curve obtained for tacrolimus using working standard solutions (1 mg.mL-1) at the concentration range 
from 1.0 to 60.0 μg.mL-1. Results (n=3) analysed by the test one-way ANOVA using the significance level of α=0.05 (95% of 

confidence interval), p= 6.7e-7. 

 

 

The specificity was evaluated by determining the capacity 
of the method to measure TAC in a mixture with the 

formulation excipients. TAC-LNC and LNC 

chromatograms (Figure 2) demonstrated no interferent 

signals at the same retention time as the peaks of interest. 

There were no interfering materials from the mobile 
phases and the formulation, that elute before 7.78min, that 

correspond to the TAC. The method showed selectivity 
from an analytical point of view. It was able to identify 

and quantify the analyte of interest unequivocally in the 

presence of components present in the sample, such as 

impurities and matrix components following the 

regulatory agencies' rules (25,26). 
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Figure 2. Representative HPLC chromatograms obtained from LNC (A) and TAC-LNC (B). Mobile phase: ACN: acidified water 

(70:30 v/v); flow rate:  1.5 mL.min-1; detection wavelength: 210 nm; retention time=7.78 min column temperature: 50±2 °C; and 
injection volume: 100 μL. 

 

 

The method revalidated in this work showed adequate 
precision and accuracy.  Repeatability and intermediate 

precision results were expressed as percentages of the 

drug content and RSD (Table 1). Repeatability 

assessment was conducted by analyzing different samples 

(20 μg.mL-1) on the same day and the same experimental 

conditions. The RSD values were 1.67%. A total of nine 

analyses evaluated intermediate precision for three days, 

where RSD values were 1.78% for TAC in all assays. All 

RSD values were lower than 2% within the established 
limits (25,26). 

 

 

Table 1. Content values for TAC, expressed as % and RSD, representing repeatability (n=3) and intermediate precision 

(n=3). 

 

Concentration (µg/mL) Drug content (%) Repeatability (%) RSD (%) 

 

20.59 102.96 

  Day 1 20.44 102.22 101.32 1.67 

 

19.75 98.77 

  

 

19.91 99.55 

  Day 2 19.89 99.46 99.99 0.64 

 

20.19 100.94 

  

 

19.57 97.86 

  Day 3 19.16 95.81 96.68 0.81 

 

19.28 96.39 

  

   

Intermediate precision 

(%) RSD (%) 

   

99.33 1.78 

         RSD= relative standard deviation 

 

This method also demonstrated adequate accuracy, with a 
recovery percentage close to 100% and RSD lower than 

2% in the three evaluated concentrations, as shown in 

Table 2. Thus, the method proved to agree with the 

requirements of the regulatory agencies (25,26). The 

repeatability and intermediate precision (Table 1) are 

close to that demonstrated by previous studies, with 

similar analytical conditions, which obtained 100% and 

RSD less than 2% (24). 

Accuracy must be verified from at least nine 
determinations, considering the linear range of the 

analytical method: three concentrations (low, medium, 

and high) with three repetitions at each level (25,26). The 

results obtained from the three concentration levels 

analysis must be close to the theoretical values for the 

method to be certified as accurate (25,26). Therefore, this 

method is necessary since the drug's recovery rate is close 

to the theoretical value (100%), and the data showed a 

small RSD (≤ 1.68%). Also, this method showed greater 

precision and accuracy than the similar method but used 

methanol: water (30:70) as a mobile phase that obtained 

results around 80% (13) that means that the method is 
suitable for quantifying TAC from a complex matrix, 

despite changes in formulation.  

Results to robustness are shown in Table 3. The F 

(calculated) value was lower than the F (tabulated) among 
the groups, indicating no significant difference between 

the robustness values compared to the changed conditions 

and the normal condition. The method is considered 

robust when the results showed less than 5% RSD with 

http://www.seer.ufrgs.br/dar
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the changes (26). Besides that, all results showed % RSD 

≤2. Changes in flow (± 0.1 mL.min-1), temperature (± 

5oC), or mobile phase composition (ACN: water 71:29 or 

69:31) were within the range of variation of precision and 

accuracy.  

The parameters of the limit of detection (LD) and the 
limit of quantification (LQ), correspond to the lesser 

amount of analyte that could be detected in the analysis, 

and the lesser amount of analyte can be quantified, 

respectively. Our results (LD=45.38 ng.mL-1 and LQ= 

137.51 ng.mL-1) demonstrated that the method was 
sensible enough to determine TAC in LNC. Results 

similar were obtained by Gabriel and coworkers (2016) 

that revalidated a method to quantify TAC using different 

mobile phases (water and 1% of TFA) and demonstrated 

LD and LQ of 38 ng.mL-1 and 115 ng.mL-1, respectively. 

However, other methodologies to quantify TAC with a 

similar methodology and same mobile phase (22), or with 

methanol: water (30:70) (13) as mobile phase obtained 

considerably higher results, LD=300 ng.mL-1, LQ = 920 
ng.mL-1 and  LD=200 ng.mL-1, LQ =500 ng.mL-1 

respectively. Finally, LD and LQ values are important 

parameters when there are low concentrations of 

compounds in the matrices, such as nanoparticles, in vitro 

assays, and in vivo assays. The results obtained for 

theoretical limits demonstrate that the method is sensitive 

enough to determine TAC in a small concentration. 

 

 

Table 2. Values of accuracy of the method 

        

Percentage (%) content values and RSD (%) for TAC recovery (n=3). RSD = relative standard deviation 

 

 

Table 3. Analysis of variance (ANOVA) for robustness, considering temperature (50±5oC), flow (1.5 ±0,1 mL.min-1) and 

mobile phase (710:290 (ACN: H2O) and 690:310 v/v (ACN: H2O)). 

 Parameter 
Degrees of 

freedom 

Sum of 

squares 

Mean 

square 

F 

calculated 
P-value* 

F 

tabulated 

Standard 

solution 

(TAC) 

Temperature 
(±5oC) 

2 0.67458 0.337329 0.486227 0.637231 5.143253 

Flow (±0,1 
mL.min-1) 

2 12.21736 6.108682 3.375787 0.104175 5.143253 

Mobile Phase 2 9.465896 4.732948 3.504655 0.098105 5.143253 

TAC-

LNC 

Temperature 
(±5oC) 

2 0.619935 0.309967 0.505414 0.626824 5.143253 

Flow (±0,1 
mL.min-1) 

2 0.363723 0.181862 2.36559 0.174987 5.143253 

Mobile Phase 2 0.758314 0.379157 3.639727 0.92239 5.143253 

    (*) p>0.05 

 

 

Physico-chemical characterization of LNC and TAC-

LNC  

LNC and TAC-LNC suspensions presented an opalescent 
bluish aspect, typical of the Tyndall effect in 

nanoformulations (24). The formulations (LNC and TAC-

LNC presented a unimodal distribution with a SPAN 

below 2.00 (1.78±0.02 and 1.55±0.18 respectively). The 

analysis of laser diffraction showed unimodal distribution 

in the nanometer range, the LNC presented d4,3 around 

202.33 ±2.3nm and TAC-LNC presented d4,3 values of 

184 ±18 nm.  The volume-weighted mean diameters (D4,3) 

and the diameters at percentiles 10 (D0.1), 50 (D0.5), and 

90 (D0.9) under the size distribution curves by volume and 

by the number of LNC and TAC-LNC were plotted in a 

Theorical 

concentration 

(µg/mL) 

Concentration 

(µg/mL) 

Recuperation 

(%) 
RSD (%) 

10 9.83 98.36 1.68 

20 19.52 97.61 1.34 

40 39.96 99.90 0.60 
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radar chart (Figure 3).  The shape of the radar chart 

curves is the fingerprint characteristic of unimodal 

particle size distribution, as previously determined for 

different polymeric nanocapsules (27).  The diameter 

results showed in the radar chart indicated that the 

nanocapsules had no size changes with the incorporation 

of the drug, considering the results were overlapping in 

the chart. 

 

 

 
Figure 3. Radar chart presenting the volume-weighted mean diameters (D4,3) and the diameters at D0.1, D0.5, D0.9, 

under the size distribution curves by volume and by number of particle (LNC and TAC-LNC). 

 

 

Considering that the profiles obtained by laser diffraction 
showed no micrometric populations for both 

nanoformulations, measures of z-average diameters by 

PCS were applicable. The diameter distributions were 

unimodal, with z-average diameters of 195 ± 4 nm and 

199 ± 13 nm for LNC and TAC-LNC, respectively. The 

polydispersity index for LNC was 0.100 ± 0.02 and TAC-

LNC 0.101 ± 0.04. Previous study that analyzed 

nanostructured lipid transporter TAC-loaded by DLS 

showed results around 220 nm (13) and 212 nm (11). 

The zeta potential was negative for all formulations with 
or without TAC (-13.67 ± 1.16 and -15.60 ± 2.84, 

respectively). The results of negative zeta potential agree 

with other works in which were developed PCL 

nanocapsules (22,29) that is attributed to the chemical 

structure of PCL (Mn 80 kg.mol−1), which has in its 

structure a negative density of charge of the carboxylate 
functions in water presence (24). The pH value directly 

determined by potentiometry without any dilution showed 

to be slightly acid for all formulations (LNC=5.46±0.14 

and TAC-LNC = 5.58 ± 0.06). Overall, LNC and TAC-

LNC had no statistical difference, which shows the 

properties of size and pH of nanoparticles were not 

affected by the drug. The zeta potential reflects the 

surface charge of the nanocapsules, being influenced by 

the characteristics of the formulation excipients. The 

slightly acid pH value obtained can also be related to the 

characteristics of the polymer, as the ionization of the 
functional groups present in the polymer chains with 

terminal carboxyl groups reduces the pH (24,30). 

Previous works (31,32) reported slight acid pH values 

(6.56±0.09 and 6.01±0.04, respectively) utilizing the 

same synthesizing technique nanocapsules and similar 

components of nanoformulation. These pH values are 

compatible with the cutaneous application. Moreover, the 

obtained values of zeta and pH align with those normally 

found in the literature to these systems, prepared by the 

nanoprecipitation method.   

The data determined by NTA showed a narrow diameter 
distribution for LNC and TAC-LNC with a diameter of 

about 219 ±7.4 nm and 222.60 ±9.5 nm and respectively, 

and a concentration of 2.60333e13 particles.mL-1 (TAC-

LNC). The distribution profiles were similar between 

nanoparticles with and without the drug (Figure 4). The 
NTA analyses showed an increase in diameter in our 

results when compared with DLS and Master technique, 

the distribution profiles were similar between 

nanocapsules with and without the drug (219 ±7.4 nm and 

222.60 ±9.5 nm, respectively). LNC and TAC-LNC 

showed the mean diameter determined by NTA 

significantly bigger (p ≤ 0.05) when compared with the 

laser diffraction techniques. NTA technique is based on 

tracking single particles while the laser difraction is based 

on measuring a bulk of particles (28). Besides that, the 

intense light scattering by large particles makes the small 
particles more difficult to be detected and prevents some 

of them from being tracked by the NTA software (28). 

This phenomenon could explain the data obtained for 

NTA analyses. It was described the use of NTA as a 

valuable tool to detect drug-nanocrystals as contaminants 

in drug-loaded lipid core nanocapsules
 
(28). The main 

aspect for detecting the drug crystals in the samples is the 

broad distribution by intensity. For the LNC and TAC-

LNC, the NTA analyzes showed narrow distribution by 
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intensity, indicating that probably no drug crystals coexist in the samples. 

 
Figure 4. LNC and TAC-LNC 2D distributions by nanoparticle tracking analysis (NTA): intensity (y-axis) versus particle size (x-axis) 

 

Finally, the determination of drug content and 
encapsulation efficiency were close to 100%, 

98.90±2.32% (concentration of 0.08 mg.mL-1) and 

99.23±0.32%, respectively, close to the expected 

theoretical values. The encapsulation efficiency found 

was like that obtained by Friedrich and co-workers (2014) 

(99.49±0.01%) for the NC-TAC with PCL (Mn 

50kg.mol−1) (22). High encapsulation efficiency was also 
demonstrated with other TAC-loaded nanostructures, a 

highly lipophilic drug, as liquid crystalline nanoparticle 

(± 99%) (10), and nanostructured lipid carrier by hot 

homogenization technique (± 94%) (13). However, in the 

other investigation that studies TAC-loaded in 

nanostructured lipid carrier produced by hot 

homogenization, the %EE was 50% (12). The 

encapsulation rate is an important parameter because it 

can influence the in vitro and in vivo results. For the 

particles with low encapsulation rate, the drug release will 

not be controlled entirely. The high encapsulation 
efficiency is characteristic of lipophilic drugs that present 

a high logD value, in LNC obtained by interfacial 

deposition method of preformed polymers. Our research 

group proposed an algorithm that classifies six drug 

distribution models in LNC formulations (34). Using this 

algorithm, it was possible to correlate the logarithm of the 

distribution coefficient D (logD) to the mechanism of 

drug distribution in the formulations. In this case, the 

prediction of the mechanism of drug distribution can be 

achieved by calculating the drug's logD. High values of 

logD reflect a higher drug affinity for the lipophilic phase 
compared to an aqueous phase. Considering the LogD of 

TAC (3.96) (22), the high encapsulation efficiency 

(>99%) and the absence of microcrystals in TAC-LNC 

formulation, TAC is more concentrated at the inner 

pseudo-phase in LNC, corresponding to the type VI 

mechanism of drug distribution. In this work, we 

produced TAC-LNC with adequate nanometric 

characteristics demonstrated by several analytical 

techniques that use different methodologies to carry out 
the analyzes. 

Stability study 

The TAC-LNC presented satisfactory results in terms of 

stability during storage at room temperature (25 ± 2 °C), 

for 30 days (table 4).  The nanometric size maintained 
their initial characteristics (p = 0.9789) for 30 days. 

Similar result was observed for the zeta potential 

(p=0.8628), drug content (p=0.9950), PdI (p=0.0807) and 

SPAN (p= 0.4476). The particle diameter and the SPAN 

are important parameters to indicate the physical stability 

and the physicochemical behavior of encapsulated 

compounds. The system's stability can be attributed to 

surfactant polysorbate 80, which prevents formation of 

agglomerates by steric stabilization. These results agree 

with previous studies that studied the stability at room 

temperature of LNC with PCL and polysorbate in its 
composition loading different drug as dithranol (34) and 

lycopene (32). The pH values of the formulations 

decreased after 30 days. Similar result was also observed 

after 28 days in other studies that used PCL as polymer 

(32,35).  This reduction may be due to the partial 

degradation of the polymeric wall and the consequent 

release of the polyester monomer during PCL hydrolysis 

(24, 36,37). Another hypothesis that can explain this 

decrease is the hydrolysis of polysorbate 80 that results in 

oleic acid which can reduce pH values in nanoformulation 

(38,39). 
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Table 4. Stability data of TAC-LNC for 30 days 

 Drug content (%) size (nm) PdI SPAN Zeta pH 

Day 0 104.92±0.44 199.60±13 0.101±0.04 1.658±0.144 -15.73±0.31 5.74±0.04 

Day 7 104.45±2.94 200.63±12 0.121±0.04 1.721±0.231 -18.50±5.86 5.53±0.37 

Day 30 105.38±2.59 182.60±18 0.128±0.3 1.555±0.184 -16.97±1.86 5.00±0.08* 

 

 

 

 
Figure 5. In vitro release profiles of tacrolimus from the dialysis of TACfree and TAC-LNC (n = 3). The lines correspond to the fitting 
to the biexponential equation. (*) Significant differences observed (p<0.05). 

 

 

Release profile for the nanocapsules 

The in vitro drug release study was conducted for the 

TACfree and TAC-LNC at the same concentration (0.80 

mg/mL). The release experiment showed different 

profiles (p=0.0009) between both formulations (Figure 5). 
In the case of the TACfree, about 87% of the drug was 

released after 24 h of experiment, while 64% of TAC was 

released from TAC-LNC after 48 h. For the biexponential 

model the MSC and correlation coefficient for TACfree 

and TAC-LNC were 5.56 ± 0.77 and 0.99, 4.94 ± 1.77 

and 0.99 respectively. For the monoexponential model the 

results were MSC 2.28±0.03 and 3.47±1.68 and 

correlation coefficient of 0.91 and 0.96 for TACfree and 

TAC-LNC respectively. So, considering the release 

profiles, the mathematical modeling showed that TACfree 

and TAC-LNC fitted the biexponential modelThe release 

profiles were plotted as a percentage of drug dialyzed as a 
function of time. The TAC solution demonstrated fast 

release in 24 h, while TAC-LNC showed controlled release 

during 48h. In this context, the LNC was able to delay 

TAC release, indicating the interaction of the drug with 

the formulation components. Also, according to the 

algorithm proposed by Oliveira and coworkers (2013), the 

drug is fully encapsulated and interacting with the core 

components, which was reflected by the high % EE and 

sustained drug release. The best model to describe the 

release profile of TAC from solution and LNC was the 

biexponential model. The first order biexponential 

behavior corresponds to a biphasic release profile, 

consisting of a rapid release phase (burst) and a second 
phase involving sustained release. Casarini and coworkers 

(2021) also found results in this way using PCL Mn 80 

kg.mol−1 for encapsulated phloretin, a lipophilic drug 

(33). Interestingly, Friedrich and coworkers (2014) 

showed that TAC was dialyzed approximately 20% after 

24h from LNC (PCL Mn 50kg.mol-1), while in our study, 

the drug was dialyzed about 56%. However, in our work, 

this profile was sustained by 48 h, while in the other work 

(22), after 48 h, the release increased to around 40%. 

The polymeric wall constitution can explain the 
difference in the drug release profile from complex 

polymeric matrices. PCL Mn 80 kg.mol−1 shows less 

crystallinity than the PCL Mn 50 kg.mol−1 (21).  PCL 

with less molar weight present a lower polymer 

degradation rate in the first stages of release because the 

crystalline domains are less permeable (21). However, in 
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the following stages, the high crystallinity leads to a 

greater loss of the polymeric wall due to the shorter 

polymeric chains, which favors hydrolysis. Thus, 

polymers of greater molecular mass and, consequently, 

less crystallinity influence the hydrolytic degradation of 

the polymeric wall. In this way, the drug will be released 
slower from the polymeric wall when this shows more 

crystallinity, and the drug will be released faster when the 

polymer used shows greater crystallinity (21). These PCL 

characteristics with a higher molar weight, as PCL Mn 80 

kg.mol−1, can maintain the release of the drug sustained 

for a longer time. 

The controlled release profile of TACfree shown (Fig. 5) 
can be explained because the polysorbate 80 was used to 

disperse TAC due to its physical-chemical characteristics 

and low solubility. The addition of polysorbate 80 can 

affect the molecular release since it can be trapped in the 

micelles of surfactant and not pass freely through the 

membrane (40,41). However, it important to note that a 

more pronounced controlled release for TAC-LNC was 

observed in comparison with TACfree. When the 

nanoparticle can ensure a drug sustained release into the 
skin, this feature is advantageous because it might help 

reduce the irritation and toxic effects while maintaining 

the concentration gradient across the skin. For instance, 

solid lipid nanoparticles and nanostructured lipid carrier 

with TAC showed similar release profile with initial burst 

release followed by sustained release (11).  

Conclusion 
The present study revalidated an isocratic, fast, and 
sensitive HPLC method, allowing TAC determination in a 

complex polymeric matrix following international and 

national guidelines. TAC-LNC has been produced and 

extensively characterized by several analytical 

techniques, and all their nanotechnological quality 

attributes have been proven. Our results demonstrated that 

TAC-LNC using PCL (Mn 80 kg.mol−1) shows a 

sustainable release profile following the biexponential 
release model. Furthermore, TAC-LNC showed to be a 

highly promising drug-delivery system for the topical 

treatment of autoimmune diseases. 
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