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Abstract: A major challenge in developing new functional foods is effectively protecting 

and releasing bioactive compounds in specific body areas. The Multiform Administration 

Timed Release Ingredients System (M.A.T.R.I.S.) is an innovative method that coats active 

ingredient particles with a permeable membrane, allowing for diffusion without the pres-

ence of inactive materials. This study aimed to test how M. A. T. R. I. S. modulated the 

absorption and effects of two molecules: α-lipoic acid and acetyl-L-carnitine. This study 

examined the structures of these molecules with or without M.A.T.R.I.S. and investigated 

their intestinal absorption. Peripheral nervous system analyses were also conducted to 

confirm the ability of substances to maintain their functions in the presence of M.A.T.R.I.S. 

Results showed that M.A.T.R.I.S. modulated the absorption of both molecules compared 

to granular raw material forms (p < 0.05). Additionally, the M.A.T.R.I.S. molecules better 

supported peripheral nerve well-being than their granular raw material forms (p < 0.05). 

In conclusion, this study demonstrates that M.A.T.R.I.S. technology can be used to create 

innovative, safe treatments by enhancing absorption mechanisms to improve the effec-

tiveness of substances in reaching their specific targets. 

Keywords: delivery system; controlled release; intestinal absorption; nutraceuticals 

 

1. Introduction 

A significant challenge for researching and developing novel functional foods is de-

signing and creating new strategies for protecting bioactive compounds and their distri-

bution to specific sites. Many bioactive compounds exhibit low water solubility, low cel-

lular uptake, and reduced efficacy due to nonspecific biodistribution and rapid elimina-

tion [1]. To design a release distribution and rate strategy, it is important to know the 

fundamental rules of controlled release procedures; indeed, the release process can be 

time-, site-, rate-, and stimulus-specific, which can be established by one or a combination 

of different release mechanisms such as degradation, diffusion, erosion, dissolution, 

swelling, osmosis, and fragmentation [2,3]. However, there are also various release 
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mechanisms: the sustained one, which refers to the process of constant release over time; 

the burst mechanism, which implies the rapid release of bioactive in a short period; the 

targeted one, which alludes to the release of bioactive principle in a specific site of the 

human body that can be established through the use of engineered nanoparticles with the 

potential to adhere to a specific biological surface through the gastrointestinal tract to im-

prove the efficiency of nano-delivery systems; and finally the triggered one, which indi-

cates the burst release of bioactive encapsulated in designed nano-delivery systems that 

can respond to changes in defined environmental triggers [2,4]. 

For several years, there have been different types of controlled release systems that 

have been developed with the aim of modulating drug release. One of the first release 

systems introduced is the Spansule technology, which is able to control the dissolution of 

the drug’s nucleus through a coating that protects the molecule from gastrointestinal flu-

ids and allows for its controlled dissolution. More generally, controlled dissolution and 

diffusion systems dominate the number of Food and Drug Administration (FDA)-ap-

proved formulations [5]. In diffusion-controlled release systems, drugs are trapped and 

released by diffusion through water-insoluble inert polymer membranes (tank systems) 

or polymeric matrices (monolithic systems) [6]. These polymer membranes are used 

throughout the pharmaceutical industry as carriers for the drug, representing a support-

ing structure in conventional and controlled-release formulations. Polymers that can be 

used to create these sustained-release systems include hydrophilic, non-cellulosic, and 

hydrophobic polymers [7]. In this context of diffusion-controlled release systems is the 

Multiform Administration Timed Release Ingredients System (M.A.T.R.I.S.), a technology 

based on coating each particle of active ingredient, ranging in size from 200 to 800 μ, with 

an insoluble and permeable membrane, which acts by diffusion, without any use of other 

inactive materials. The technology under discussion represents the state of the art in orally 

sustained-release active ingredients. It features a homogeneous and maximum dispersion 

of the active ingredient over the entire area of the gastrointestinal tract, ensuring uniform 

absorption during the established period. It also features a continuous release of the active 

ingredient by diffusion, calibrated over 8–10 h. This technology has been developed to 

mitigate the risk of local irritation and undesirable side effects while also offering the pos-

sibility of gastro-resistant dosage forms and various forms of administration, including 

dispersible and oro-soluble single-dose sachets, single-dose vials with dispensing caps, 

highly soluble tablets, capsules, and tablets in the traditional form [8]. This study aimed 

to test and refine the M.A.T.R.I.S. technology using two active ingredients with known 

biological efficacy but with poor bioabsorption properties, such as α-lipoic acid (ALA) 

and L-carnitine (CAR). 

ALA is a compound found in various foods, including meat, fruits, and vegetables, 

except spinach and broccoli, which contain levels of ALA comparable to those found in 

animal tissues. ALA is classified as a 1,2-dithiolane-3-pentanoic acid, featuring an asym-

metric carbon atom and the ability to exist in both R and S forms [9]. Although ALA is 

present in these nutritional sources, it is unlikely that sufficient amounts will be con-

sumed. Furthermore, although ALA synthesis occurs in the heart, liver, and testes, the 

production is low, and only a negligible amount of ALA reaches the bloodstream. Conse-

quently, dietary supplements are typically the primary sources of ALA, and most of the 

available information regarding its bioavailability pertains to studies employing supple-

ments that attain potentially therapeutic levels [10,11]. During the absorption of ALA, a 

sodium-dependent multivitamin transporter, on which ALA acts as a substrate, inter-

venes, contributing to gastrointestinal absorption and tissue transport from plasma [12], 

resulting in the absorption of 30–40% of an oral dose [13]. In summary, although ALA can 

offer many benefits to human health, its therapeutic efficacy is constrained by 
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pharmacokinetic limitations. These limitations can be attributed to its poor stability, low 

bioavailability, and hepatic degradation, which results in a brief half-life [14]. 

Concerning CAR, it is an amino acid derivative that can be found in most mammals. 

It has been reported to have many biological functions, and it is specifically involved in 

helping move long-chain fatty acids from the cytosol into the mitochondria after β-oxidation 

[15]. This molecule is water-soluble, and since endogenous biosynthesis only produces a 

limited quantity, food and renal absorption are responsible for maintaining CAR homeosta-

sis [16]. Although carnitine is categorised as a “conditionally essential” nutrient, its low bi-

oavailability and absorption, rapid renal clearance, and active tissue absorption limit the 

levels of CAR that can be raised in plasma with oral therapy [17]. 

Based on these premises, this study was designed to confirm the ability of the 

M.A.T.R.I.S. technology to modulate the pharmacodynamic profile of ALA and CAR, 

chosen as an application example. In particular, work was conducted on the modulation 

of ALA and CAR absorption from the intestinal tract and the maintenance of their effects 

at the level of a final target, such as peripheral neurons. This study also briefly 

characterised the chemical and morphological structure of the technology. 

2. Results 

This research has been meticulously designed with the overall aim of systematically 

evaluating the efficacy of the innovative M.A.T.R.I.S. technology in the complex coating 

process of the chosen molecules, simultaneously modulating, in a controlled manner, the 

release profiles of these molecules. To achieve this ambitious goal, the technology has been 

rigorously tested on two distinct molecular compounds, ALA and CAR, to ascertain its 

performance and applicability to chemical entities of different structures. However, it 

should be noted that to ensure clarity and comprehensibility in the data presentation, all 

experimental results on the CAR molecule have been systematically compiled and in-

cluded in the Appendix A as additional results for reference and further analysis. 

2.1. Chemical and Morphological Characterisation of α-Lipoic Acid Two Forms 

To evaluate the potential of M.A.T.R.I.S. technology in enhancing the biological effect 

of ALA, M.A.T.R.I.S. technology containing ALA vs. ALA Granular Raw Material 

(G.R.M.) was tested. The aim was to highlight morphological and chemical differences 

between the two forms of ALA. As shown in Figure 1, the ALA Granular Raw Material 

powder exhibited a distribution that was essentially homogeneous with granules of sim-

ilar spherical shape and size, ranging from 500 microns to approximately 1.5 mm. In ad-

dition, the presence of microcrystals measuring less than 300 microns was observed in 

minute amounts. In contrast, the ALA M.A.T.R.I.S. powder exhibited irregularly shaped 

granules observable under the microscope, with sizes ranging from 500 microns to ap-

proximately 1.5 mm. In this sample, too, the presence of microcrystals was observed in 

small amounts, with a size of less than 100 microns. Based on the observed images ob-

tained by scanning electron microscopy (SEM), it can be defined that the ALA M.A.T.R.I.S. 

formulation looks very similar to the ALA G.R.M. Similar to what was observed for ALA, 

SEM morphological investigations of the two forms of CAR (Figure A1 in Appendix A) 

also showed that the crystals present in the raw material have a parallelepiped shape, with 

sizes ranging from 70 to 600 microns. In addition, the images showed the absence of ir-

regular microcrystals on the surface and the presence of visible paired (twinned) crystals, 

typical during the crystallisation process. In contrast, as concerns CAR treated with 

M.A.T.R.I.S. technology, the images obtained by SEM revealed that the morphology re-

mains largely parallelepipedal, but the size of the crystals is smaller, less than 500 microns. 

The analysis revealed the presence of irregularly shaped microcrystals (smaller than 100 

microns) adhered to the larger parallelepipedal crystals and paired (twinned) crystals, 
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consistent with the raw material. In conclusion, SEM images and reports show that 

M.A.T.R.I.S. technology successfully modified the surface of CAR crystals. The adherence 

of irregular microcrystals on the larger crystals suggests that the M.A.T.R.I.S. coating has 

been effectively applied and can serve various purposes, such as protecting the active in-

gredient from environmental factors or improving its bioavailability. 

 

Figure 1. Scanning electron microscopy analysis of two forms of ALA at different magnifications. In 

(A), ALA M.A.T.R.I.S. and ALA G.R.M. at 40× magnification; in (B), ALA M.A.T.R.I.S. and ALA 

G.R.M. at 300× magnification; in (C), ALA M.A.T.R.I.S. and ALA G.R.M. at 600× magnification; and 

in (D), ALA M.A.T.R.I.S. and ALA G.R.M. at 1200× magnification. Determinations of particle size 

were made using SEM images, which were acquired at varying magnifications. These images were 

then subjected to micrometric measurements. The red line indicates the reference particle size meas-

urement. 

Following SEM analysis, X-ray diffraction and Fourier transform infrared spectros-

copy (FT-IR)/attenuated total reflection (ATR) spectroscopy analyses were performed. As 

shown in Figure 2A, the diffraction peaks of ALA G.R.M. and ALA M.A.T.R.I.S. were 

compared, and it was observed that ALA G.R.M. peaks were also present in the ALA 

M.A.T.R.I.S. sample. In addition, the uncommon peaks were ascribed to the particle coat-

ing film present in the ALA M.A.T.R.I.S. sample. Similar to what was observed from the 

data obtained from the X-RD analysis, the data obtained from the FT-IR/ATR analysis also 

showed that the IR bands of ALA G.R.M. are identifiable in the ALA M.A.T.R.I.S. sample 

profile (Figure 2B). In conclusion, the difference between the two forms of ALA corre-

sponding to the uncommon peaks could also be attributable to the technology used. 
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Figure 2. Spectral analyses of two forms of ALA. In (A), X-ray diffraction of ALA G.R.M. (red line) 

and ALA M.A.T.R.I.S. (black line); in (B), FT-IR/ATR spectroscopy of ALA G.R.M. (red line) and 

ALA MATRIS (black line). The images reported are an example of the experiments performed. 

To conduct comprehensive chemical and morphological assessments of the two ALA 

forms under investigation, Differential Scanning Calorimetry (DSC) was utilised as a ther-

mal analysis method. As illustrated in Figure 3, the DSC analysis revealed a melting en-

dotherm for the ALA M.A.T.R.I.S. sample within the temperature range of 48–72 °C (with 

an onset at 60 °C; enthalpy: −85 J/g), which can be attributed to the ALA G.R.M., exhibiting 

a melting endotherm spanning 51–74 °C (with an onset at 63 °C; enthalpy: −95 J/g). In 

addition, it was observed from the DSC thermal analysis that the melting temperature of 

ALA was at about 60 °C (onset) for both forms of ALA under study (G.R.M. and 
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M.A.T.R.I.S.), with a reduced number of endothermic events attributable to the 

M.A.T.R.I.S. technology used. 

 

Figure 3. DSC thermal analysis of two forms of ALA. (A) ALA G.R.M. and (B) ALA M.A.T.R.I.S. 

The images reported are an example of the results obtained. 

2.2. Intestinal Health Analysis After ALA Treatment 

Further experiments were carried out to investigate the absorption kinetics of the two 

forms of ALA and the maintenance of proper intestinal function and integrity. Therefore, 

at this stage, a 3D model of the intestinal barrier was set up using the Transwell system to 

analyse cell viability, radical oxygen species (ROS) production, production of pro-inflam-

matory cytokines (tumour necrosis factorα, TNFα, and interleukin 1β, IL-1 β), transepi-

thelial electrical resistance (TEER) values and tight junctions (TJs) levels (Figures 4 and 5). 

In addition, the apparent permeability coefficient, uptake, and ALA plasma concentra-

tion-time curve (area under the curve, AUC) after one treatment period were evaluated 
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(Figure 6). As shown in Figure 4A, the viability results obtained by a time-dependent 

study showed that two forms of ALA were able to increase intestinal cell viability 

throughout the treatment interval of 1 h to 6 h compared with control (p < 0.05) with a 

peak of activity at 4 h of treatment (17.6% ALA G.R.M. vs. control, p < 0.05; 29.7% ALA 

M.A.T.R.I.S. vs. control, p < 0.05) and the excipients (Ethylcellulose 5% and Hones, p < 

0.05). Although both forms exert a beneficial effect on intestinal cells, the greatest effect 

was observed after ALA M.A.T.R.I.S. treatment, exceeding the effect exerted by ALA 

G.R.M. by about 40.5% (p < 0.05). In addition, ALA M.A.T.R.I.S. exerted a great effect com-

pared to the excipients alone at 4h of treatment by about 55% (vs. Ethylcellulose 5%, p < 

0.05) and by about 51% (vs. Honest, p < 0.05). These results can be due to the effects of the 

M.A.T.R.I.S. technology, which leads to an enhanced delivery and bioavailability of ALA. 

Results on ROS production also showed a greater beneficial effect from ALA M.A.T.R.I.S. 

treatment than ALA G.R.M. and excipients (Ethylcellulose 5% and Honest) treatment 

throughout the treatment interval (Figure 4B), again possibly due to the cooperative ef-

fects induced by the use of M.A.T.R.I.S. technology for ALA. Furthermore, to confirm the 

absence of adverse gut reactions after treatment with the two forms of ALA under study, 

the inflammatory response at the end of 6 h of treatment was assessed by measuring TNFα 

and IL-1β production (Figure 4C,D). For both pro-inflammatory cytokines, the two forms 

of ALA were able to maintain cytokine production below control values (p < 0.05) and 

excipients (Ethylcellulose 5% and Honest, p < 0.05); however, of the two forms, the better 

one was ALA M.A.T.R.I.S as it showed a reduction in TNFα and IL-1β production of about 

21% and 16% compared to ALA G.R.M. (p < 0.05); even in this case, the more positive data 

obtained can be ascribed to the combination with M.A.T.R.I.S. technology. In conclusion, 

these data suggest a kind of cooperation between M.A.T.R.I.S. technology and the raw 

material ALA. 

 

Figure 4. Intestinal health analysis after stimulation with ALA forms. In (A), cell viability was meas-

ured by MTT test; in (B), ROS production was evaluated by Cytochrome C reduction; in (C), TNFα, 
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and in (D), IL-1β production were both measured by specific Enzyme-Linked Immunosorbent As-

say (ELISA) Kit. ALA = α-Lipoic Acid at 50 μM. Data are expressed as mean ± SD (%) of 5 independ-

ent experiments, each performed in triplicate; experiments normalised to the control (0%) line. For 

MTT analysis: p < 0.05 vs. Control; α p < 0.05 vs. ALA G.R.M.; β p < 0.05 vs. excipients (Ethylcellulose 

5% and Honest). For ROS, TNFα, and IL-1β analysis: α p < 0.05 vs. Control; β p < 0.05 vs. ALA 

G.R.M.; γ p < 0.05 vs. excipients (Ethylcellulose 5% and Honest). 

After these preliminary assessments of gut-level safety, analyses about integrity were 

conducted, which involved the examination of TEER values alongside evaluating TJ pro-

teins, specifically Claudin-1, Occludin, and ZO-1. As illustrated in Figure 5A, the TEER 

analysis indicated that both forms of ALA subjected to testing actively facilitated pre-

served intestinal homeostasis (p < 0.05). More precisely, the transit through the intestinal 

epithelium demonstrated that ALA G.R.M. and ALA M.A.T.R.I.S. upheld epithelial integ-

rity by enhancing the ion flux associated with paracellular transport through the intestinal 

epithelium relative to the control (p < 0.05) and excipients (Ethylcellulose 5% and Honest, 

p < 0.05). The most pronounced effect was documented following the administration of 

ALA M.A.T.R.I.S. compared to ALA G.R.M. throughout the treatment duration, with peak 

efficacy observed at the 4-hour mark (p < 0.05), in accordance with the hypothesis that 

there was a cooperative effect between the technology employed and ALA. These findings 

were corroborated through TJ analysis; as depicted in Figure 5B–D, both ALA M.A.T.R.I.S. 

and ALA G.R.M. exhibited significantly greater effects than the control and excipients 

(Ethylcellulose 5% and Honest, p < 0.05) across all TJs assessed (p < 0.05). Furthermore, 

ALA M.A.T.R.I.S. demonstrated the most substantial impact when compared to ALA 

G.R.M. for Claudin-1 (approximately 72%, p < 0.05), Occludin (approximately 66%, p < 

0.05), and ZO-1 (approximately 63%, p < 0.05), thanks to the use in combination with 

M.A.T.R.I.S. technology. 

Since the M.A.T.R.I.S. system is a technology based on coating particles of active in-

gredients with an insoluble and permeable membrane acting by diffusion, the permeabil-

ity, uptake, and plasma concentration defined as AUC of the two forms of ALA were eval-

uated. These analyses were necessary to determine how the M.A.T.R.I.S. technology af-

fects and changes the absorption kinetics of ALA compared to the ALA G.R.M. As illus-

trated in Figure 6A,B, the permeability and adsorption outcomes, assessed within the 

timeframe of 1 to 48 h, indicated that ALA M.A.T.R.I.S. formulation displayed altered 

permeability and adsorption kinetics in contrast to ALA G.R.M. formulation. Specifically, 

whereas the ALA R.G.M. formulation exhibited a peak at 6 h of treatment, the ALA 

M.A.T.R.I.S. demonstrated a peak at 7 h of treatment. This observed shift in the peak is 

hypothesized to be attributable to the M.A.T.R.I.S. technology, thereby effectively illus-

trating the function of this technology as a controlled-release mechanism for active ingre-

dients. To substantiate this assertion, following the execution of the absorption analysis, 

it became feasible to ascertain the concentration of ALA that successfully traversed the 

intestinal barrier and reached the basolateral environment. As reported in Figure 6C, the 

maximum plasma concentration of ALA as a raw material reported in the literature is 7 

μg/mL [18], while that obtained from the analyses was 4.77 μg/mL. Similarly, a difference 

was also observed in the time of ALA uptake; indeed, if ALA absorption is reported in the 

literature about every 52 min until the maximum plasma concentration is reached [18], 

ALA G.R.M. tested showed absorption of ALA about every 113 min until maximum 

plasma concentration was reached (p < 0.05). Comparing data in the literature [18] and 

those obtained, a difference also emerged in AUC determination of about 67 μg/mL be-

tween our data and those reported in the literature (the literature: 5.77 ± 0.81 μg ∙ min/mL 

vs. data obtained: 73 ± 3.9 μg ∙ min/mL, p < 0.05). Similarly, a difference was also observed 

among data reported in the literature for ALA M.A.T.R.I.S. [19]. Indeed, ALA M.A.T.R.I.S. 
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in formulation showed a Cmax, Tmax, and AUC of about 1398 ng/g, 180 min, and 3187 ng × 

h/g, while tested ALA M.A.T.R.I.S. showed a Cmax, Tmax, and AUC of 5.2 μg/mL, 470 min, 

and 94.98 μg*min/mL. In conclusion, ALA prepared by M.A.T.R.I.S. technology showed 

better intestinal activity than ALA G.R.M., confirming how the use of technology is useful 

for implementing ALA absorption at the intestinal level. 

 

Figure 5. Integrity analysis on in vitro 3D intestinal model after treatment with ALA forms. In (A), 

TEER Value was measured by EVOM3 during the time (from 1 h to 6 h); in (B–D), the analysis of TJ 

was measured by ELISA test (Occludin, Claudin-1, and ZO-1, respectively) at 6 h. ALA = α-Lipoic 

Acid at 50 μM. Data are expressed as mean ± SD (%) of 5 independent experiments, each performed 

in triplicate, normalised to the control (0%) line. For TEER analysis: p < 0.05 vs. Control; α p < 0.05 

vs. ALA G.R.M.; β p < 0.05 vs. excipients (Ethylcellulose 5% and Honest). For TJ analysis: α p < 0.05 

vs. Control; β p < 0.05 vs. ALA G.R.M.; γ p < 0.05 vs. excipients (Ethylcellulose 5% and Honest). 

To give value to this technology, the same analyses of permeability, absorption, and 

determination of AUC were also performed on the two forms of CAR (Figure A2 reported 

in Appendix A). As illustrated in Figure A2A,B, the permeability and adsorption out-

comes, assessed within the timeframe of 1 to 48h, indicated that CAR M.A.T.R.I.S. formu-

lation displayed altered permeability and adsorption kinetics in contrast to CAR G.R.M. 

specifically. In contrast, the CAR G.R.M. formulation exhibited a peak at 6 h of treatment; 

the CAR M.A.T.R.I.S. formulation demonstrated a peak at 5 h of treatment. This observed 

shift in the peak is hypothesised to be attributable to the M.A.T.R.I.S. technology, thereby 

effectively illustrating the function of this technology as a controlled-release mechanism 
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for active ingredients. To substantiate this assertion, following the execution of the ab-

sorption analysis, it became feasible to ascertain the concentration of CAR that success-

fully traversed the intestinal barrier and reached the basolateral environment. As reported 

in Figure A2C, the maximum plasma concentration of CAR as a raw material reported in 

the literature is 1.19 μg/mL [20], while that obtained from the analyses was 4.37 μg/mL. 

Similarly, a difference was also observed in the time of CAR uptake; indeed, if CAR ab-

sorption is reported in the literature about every 186 min until the maximum plasma con-

centration is reached [20], CAR G.R.M. tested showed absorption of CAR about every 566 

min until maximum plasma concentration was reached (p < 0.05). Comparing data in the 

literature [20] and those obtained, a difference also emerged in AUC determination of 

about 33.06 μg/mL between our data and those reported in the literature (the literature: 

42.185 ± 3.26 μg*min/mL vs. data obtained: 33.06 ± 9.8 μg*min/mL, p < 0.05). Regarding 

CAR M.A.T.R.I.S. in formulation, it showed a Cmax, Tmax, and AUC of 10.77 μg/mL, 1818 

min, and 64.57 μg*min/mL. In conclusion, CAR prepared by M.A.T.R.I.S. technology 

showed better intestinal activity than CAR G.R.M., confirming how the use of technology 

is useful for modulating CAR absorption at the intestinal level. 

 

Figure 6. Evaluation of passage through the intestinal barrier after treatment with ALA forms. In 

(A), the apparent permeability coefficient (Papp) values in which data < 0.2 × 10−6 cm/s mean very 

poor absorption with a bioavailability <1%, data between 0.2 × 10−6 and 2 × 10−6 cm/s with bioavail-

ability between 1 and 90%, and data > 2 × 10−6 cm/s mean very good absorption with a bioavailability 

over 90%; in (B), absorption analysis of ALA measured at basolateral level on transwell during time 

(1 h to 48 h); and in (C), pharmacokinetic parameters of the two ALA forms. ALA = α-Lipoic Acid 

at 50 μM. Data are expressed as mean ± SD (%) of 5 independent experiments, each performed in 

triplicate, normalised to the control (0%) line. α p < 0.05 vs. Control; β p < 0.05 vs. ALA G.R.M. 

2.3. Effects of ALA G.R.M. And ALA M.A.T.R.I.S. on 3D EngNT Model 

To reproduce peripheral nerve tissue injury in vitro, EngNT 3D was exposed to a 

pretreatment regimen incorporating 200 ng/mL of Glial Growth Factor (GGF), initiated on 

day 14 of the maturation timeline, to enable extensive demyelination before administering 

the aforementioned agents. Furthermore, supplementary assessments were conducted to 
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investigate the effects on cell viability and ROS production within this context, as deline-

ated in Figure 7A,B. Nerve tissue treated with 200 ng/mL GGF showed a substantial de-

crease in nerve biological activity and increased ROS production compared to the control 

(p < 0.05). On the other hand, the negative conditions were restored after treatment with 

the two forms of ALA (p < 0.05). In particular, ALA M.A.T.R.I.S. was able to statistically 

significantly improve cell viability compared with the ALA G.R.M. form (about 28%, p < 

0.05) and the excipients (about 57% Ethylcellulose 5% and 62% Honest, p < 0.05). In addi-

tion, ALA M.A.T.R.I.S. could also reduce oxidative stress (about 65.5%, p < 0.05) produced 

during damage conditions, supporting the previously observed results. The better results 

obtained with ALA M.A.T.R.I.S can be ascribable to the use of ALA in combination with 

the novel technology. To accomplish analyses at this level, the inflammatory response ac-

tivated following damage induction and the reducing action of the two forms of ALA on 

this activation were evaluated. Nuclear factor kappa–light–chain enhancer of activated B 

cells (NFkB) production (Figure 7C) exhibited a significant increase following damage in-

duction with GGF 200 ng/mL in comparison to the control group (p < 0.05). Conversely, 

treatment with ALA G.R.M. and ALA M.A.T.R.I.S. led to a substantially reduced NFkB 

production compared to damage induced by GGF 200 ng/mL (p < 0.05). Specifically, the 

greatest beneficial effect was observed after treatment with ALA M.A.T.R.I.S. compared 

with the form without technology and excipients (about 2.28-fold, p < 0.05; about 4.53-fold 

Ethylcellulose 5% and 5.07-fold Honest, p < 0.05), confirming the possible amplification of 

the power of restoration of the damage condition due to the improvement in ALA absorp-

tion related to M.A.T.R.I.S. technology. 

 

Figure 7. Effects of ALA G.R.M. and ALA MATRIS on 3D EngNT model. In (A), cell viability was 

measured by MTT test at 24 h; in (B), the analysis of ROS production was measured by cytochrome 

C reduction at 24 h; in (C), NFkB production was measured by specific ELISA Kit. ALA = α-Lipoic 

Acid at 50 μM. Data are expressed as mean ± SD (%) of 5 independent experiments, each performed 

in triplicate, normalised to the control (0%) line. α p < 0.05 vs. Control; β p < 0.05 vs. ALA G.R.M.; γ 

p < 0.05 vs. excipients (Ethylcellulose 5% and Honest); φ vs. GGF 200 ng/mL. 

Finally, the mechanisms regulating specific molecular pathways related to restoring 

peripheral well-being after treatment with 200 ng/mL of GGF were analysed (Figure 8). 

As shown in Figure 8A, after treatment with the two forms of ALA, an improvement in 

nerve injury is observed. Specifically, treatment with ALA M.A.T.R.I.S. showed a signifi-

cant beneficial effect on neuregulin 1 (NRG1) levels compared to untreated cells (about 

23.5% compared to the control, p < 0.05) to those placed in damaged condition and those 

treated with the form of ALA G.R.M. (about 27%, p < 0.05) and excipients (about 49% 

Ethylcellulose 5% and 53% Honest, p < 0.05). This profile has also been observed on protein 

levels maintaining the myelinic sheath (myelin protein-zero, MPZ, Figure 8B). Both forms 

of ALA improved MPZ levels compared to GGF (p < 0.05), indicating the restoration of 

myelin sheath; more precisely, ALA M.A.T.R.I.S. induced greater effects than the form 
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ALA G.R.M. (about 23%, p < 0.05) and excipients (about 57.6% Ethylcellulose 5% and 78% 

Honest, p < 0.05), reversing the induced damage. Similar to what has been observed so far, 

the analysis of p75 expression confirmed these data (Figure 8C). After pretreatment with 

GGF, the myelinating cells were degraded, but this condition was restored after treatment 

with the two forms of ALA (p < 0.05). In particular, ALA M.A.T.R.I.S. maintained the nor-

mal activity of the myelin sheath, increasing the expression of p75 better than ALA G.R.M. 

(about 20%, p < 0.05) and excipients (about 62% Ethylcellulose 5% and 67.5% Honest, p < 

0.05), correcting the damage and inducing a restoration of activity even compared to con-

trol (about 21%, p < 0.05). In conclusion, the treatment with the two forms of ALA demon-

strated a significant impact on the level of the beta receptor (ERb), as evidenced by its 

ability to reduce the damage induced by GGF (Figure 8D). This finding serves to reinforce 

the notion that these forms of ALA possess a beneficial role in the prevention of demye-

lination (p < 0.05). Specifically, the level of ERb increased in the presence of ALA 

M.A.T.R.I.S. compared to ALA G.R.M. (about 35%, p < 0.05) and excipients (about 69% 

Ethylcellulose 5% and 74% Honest, p < 0.05), thereby supporting the hypothesis that better 

control intestinal release due to the technology may enhance the effects of drugs on the 

specific target such as on specific markers involved in the restoration of nerve injury and 

the process of myelination. In conclusion, it can be posited that controlled intestinal re-

lease can influence several intracellular mechanisms related to the ability of the specific 

substances treated with M.A.T.R.I.S. to reduce the negative condition associated with the 

substances. 

 

Figure 8. Effects of ALA G.R.M. and ALA M.A.T.R.I.S. on 3D EngNT model. In (A), NRG1 levels 

were measured by a specific ELISA Kit; in (B), MPZ levels were measured by a specific ELISA Kit; in 
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(C), p75 levels were measured by a specific ELISA Kit; and in (D), ErB levels were measured by specific 

ELISA Kit. ALA = α-Lipoic Acid at 50 µM. Data are expressed as mean ± SD (%) of 5 independent 

experiments, each performed in triplicate, normalised to the control (0%) line. α p < 0.05 vs. Control; β 

p < 0.05 vs. ALA G.R.M.; γ p < 0.05 vs. excipients (Ethylcellulose 5% and Honest); φ vs. GGF 200 ng/mL. 

Similar to what was observed for the ALA forms, the two forms of CAR tested at the 

peripheral level also showed interesting data (Figure A3 in Appendix A). Specifically, the 

two forms of CAR after intestinal transit were able to modulate the mechanisms involved 

in the maintenance of peripheral well-being, with a greater beneficial effect being ob-

served after treatment with CAR M.A.T.R.I.S. compared with CAR G.R.M. (NRG1: about 

10%, p < 0.05; MPZ: 71%, p < 0.05; p75: 22%; and Erb: 32%, p < 0.05). 

In conclusion, based on all the data obtained, it is possible to hypothesise a synergis-

tic effect between ALA and M.A.T.R.I.S. technology, as the latter appears to significantly 

enhance the biological effects of ALA. This enhancement can be attributed to the distinc-

tive features of M.A.T.R.I.S. technology, which modulates the release kinetics of the mol-

ecule, resulting in a more sustained and targeted delivery. 

3. Discussion 

As a food supplement with positive effects in treating several conditions, ALA and 

CAR have drawn much attention throughout time [21]. ALA has clinically valuable prop-

erties, including acting as an enzymatic cofactor [22], being involved in glucose and lipid 

metabolism, managing gene transcription, acting as an antioxidant, and efficiently remov-

ing heavy metals from the bloodstream [9]. On the other hand, the therapeutic potential 

of CAR for neuroprotection in a variety of conditions, such as traumatic brain injury, Alz-

heimer’s disease, and disorders causing damage to the central or peripheral nervous sys-

tems, has attracted a lot of attention in recent years [23]. Both ALA and CAR are available 

in a variety of oral formulations, with ALA available in film-coated tablets, soft capsules, 

hard capsules, powder, and aqueous solutions, in the worldwide dietary supplement mar-

ket due to its well-established positive effects [24], and CAR is used worldwide for various 

nutritional and pharmaceutical applications due to its highly therapeutically efficacy [25]. 

Despite having a variety of biological activities, ALA’s pharmacokinetic profile has led to 

limited therapeutic efficacy in several studies. Indeed, data point to a short half-life and 

bioavailability of roughly 30% because of several mechanisms, such as hepatic degrada-

tion, decreased solubility, and stomach instability [26]. However, this can be further en-

hanced by using a variety of novel formulations that directly raise ALA’s bioavailability. 

After oral administration, ALA was shown to be quickly absorbed, and it took roughly 30 

min to 1 h to reach the highest plasma concentrations [27]. Regarding CAR, following oral 

administration, it is absorbed partially through passive diffusion and partially through 

carrier-mediated transport, but 5–18% is the absolute bioavailability following oral dos-

ages of 1–6 g. Because of the slow mucosal uptake and extended mucosal retention that 

characterise CAR absorption, it takes 4 to 6 h for individuals to reach their maximal 

plasma concentrations following oral administration [28]. 

In this context, the development of M.A.T.R.I.S. technology is capable of increasing 

absorption and bioavailability but mainly promoting an important controlled release over 

time. Indeed, M.A.T.R.I.S. represents the state of the art in the field of oral sustained-re-

lease active ingredients. It features a homogeneous and maximum dispersion of the active 

ingredient over the entire area of the gastrointestinal tract, ensuring uniform absorption 

during the established period. Therefore, this study aimed to analyse the effect of the new 

M.A.T.R.I.S. technology applied to ALA and CAR to evaluate its effect at the neuropathic 

level following intestinal metabolism. Evaluation of this new technology has shown that 

the chemical and morphological characterisation of ALA and CAR before and after the 
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granules have been coated with M.A.T.R.I.S. technology remains similar, as evident from 

SEM images. X-ray diffraction and FT-IR/ATR spectroscopy analyses also show that the 

profile of the ALA G.R.M. is comparable to that of ALA M.A.T.R.I.S. Following the iden-

tification of similarity between the two formulas, ALA G.R.M. and ALA M.A.T.R.I.S. were 

studied at the intestinal level. At the intestinal level, not only does ALA M.A.T.R.I.S. main-

tain the integrity of the intestinal barrier more effectively, but what is more important is 

that the use of this technology modulates the absorption and release of ALA over time 

compared to ALA G.R.M. Several studies have shown that considering the subject’s ab-

sorption, the bioavailability of ALA at the gastrointestinal level appears to be subject to 

variability. Indeed, administration of ALA concomitantly with food results in a reduction 

in its bioavailability, a decline in the maximum plasma concentration (Cmax) of approxi-

mately 30%, and a decrease in the total concentration of ALA by approximately 20% in 

comparison with its intake on an empty stomach [9]. Additionally, the pharmacokinetic 

limitations of ALA following oral administration have been demonstrated to reduce its 

therapeutic efficacy. These limitations include reduced solubility, lack of gastric stability, 

and hepatic degradation, resulting in a bioavailability of approximately 30% and a short 

half-life for ALA. A pharmacokinetic profile analysis of a liquid formulation of ALA re-

vealed that it is absorbed more rapidly with higher plasma concentrations and demon-

strates greater stability after gastric transit compared to a solid formulation [26]. However, 

very different data were obtained with the M.A.T.R.I.S. technology; indeed, almost 30% 

of ALA M.A.T.R.I.S. is absorbed after 7 h of treatment, thus greatly extending the timing 

of ALA absorption using this technology. Data on the AUC, or the level of drug exposure, 

also correlates with the absorption data: this can be seen by the difference in AUC value 

between ALA G.R.M. and ALA M.A.T.R.I.S. These findings demonstrate the value of using 

M.A.T.R.I.S. technology to implement ALA action at the intestinal level. Similar data were 

obtained when CAR was analysed. Indeed, the M.A.T.R.I.S. technology induced a change 

in the absorption peak between the two formulations, confirming the ability of this technol-

ogy to act as a controlled release mechanism for active ingredients. Even the AUC analysis 

has confirmed a change in the mechanism after utilising the M.A.T.R.I.S. technology. 

Finally, the last target of this study was nerve tissue in damaged conditions. ALA, 

being a natural compound rich in antioxidants, has been shown to effectively treat neuro-

pathic pain due to its ability to control neuropathic pain-related symptoms [27,29]. By 

preventing oxidative damage, antioxidant molecules such as ALA work on a variety of 

targets and pathways, ultimately helping to repair nerve dysfunction [30]. Also, CAR has 

demonstrated some ability to counteract neuropathic pain of different etiologies [31]. In-

deed, some studies have confirmed that CAR administration can improve pain perception 

in people affected by peripheral neuropathy [32]. Therefore, the ability of ALA and CAR 

to act at the neuropathic level is already recognised in the literature. This was demon-

strated by the fact that ALA Granular Raw Material reversed the production of ROS and 

inflammatory cytokines compared to the damaged state. On the other hand, as additional 

evidence of ALA M.A.T.R.I.S.’s superior effectiveness, the latter substantially enhanced 

the outcomes of ALA G.R.M. in every parameter examined (p < 0.05). Because it is in-

volved in many different Schwann cell functions, the neuregulin1 (NRG1)/ErbB signalling 

pathway is thought to control Schwann cell plasticity [33]. Important functions such as 

Schwann cell survival, proliferation, migration, differentiation, myelination, and demye-

lination are regulated by the NRG1/ErbB pathway [33,34]. The treatment with both forms 

of ALA restored the altered neurotropism induced by neuropathy condition, also prevent-

ing damage to motor fibres and slowing down nerve conduction, demonstrating the neu-

rotropic properties of ALA. Once more, the higher efficacy of ALA made using 

M.A.T.R.I.S. technology can be supported because, in comparison to ALA G.R.M., this 

preparation was able to dramatically raise NRG1 and ErbB levels (p < 0.05). Numerous 
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pharmacological investigations indicate that by upregulating MPZ expression, nerve in-

jury can be repaired and neuron regeneration enhanced [35,36]. Since it has been demon-

strated to restore MPZ levels in the damage model, this mechanism of action can also be 

linked to ALA. Once more, more noticeable effects have been rendered possible by utilis-

ing innovative M.A.T.R.I.S. technology (p < 0.05). Correlated to the increase in MPZ pro-

tein following the treatment with the two ALA forms, there is an increase in p75 levels, 

demonstrating modulation of specific molecular pathways involved in repristinating the 

myelinisation following nerve injury. Once more, the findings on the effectiveness of 

M.A.T.R.I.S. technology were shown using CAR in a peripheral system study, as CAR 

M.A.T.R.I.S. was able to increase the expression of NRG1, p75, ErbB, and MPZ, indicating 

that nerve damage conditions could be improved. 

M.A.T.R.I.S. technology seems to improve the already known beneficial activity of 

ALA and CAR, particularly its antioxidant mechanisms, including modulating several 

signalling pathways. These results suggest that the new M.A.T.R.I.S. technology may en-

hance the substances’ ability to cross biological membranes, particularly the intestinal bar-

rier, and reach their intended site, as observed by the best results in the in vitro models. 

Indeed, the M.A.T.R.I.S. technology is intended to enhance the cellular uptake and pro-

long the bioavailability of ALA at the site of action, thereby amplifying its biological im-

pact in comparison with the untreated molecule. This synergy can be attributed to the 

structural and physicochemical characteristics of the delivery system, which may facilitate 

more effective intracellular penetration, retention and signalling. Nonetheless, it is imper-

ative to acknowledge that these assumptions must be substantiated and validated in fu-

ture research. 

Despite the considerable potential and promise demonstrated by the technology un-

der investigation in this study for future applications, it is imperative to acknowledge that 

it remains at an early stage of investigation. This is primarily due to the lack of compara-

tive data on other technologies that have already been released, are in active use, and have 

been rigorously tested and validated in the field. Moreover, it is important to acknowledge 

the preliminary nature of the analysis and exploration conducted in this study, as well as 

the lack of validation of the data in an in vivo model. 

4. Materials and Methods 

4.1. Agents Preparation 

The cells were treated with 50 μM [37] of two different ALA forms and 7.4 mM of 

two different CAR forms (donated by I.P.S. srl, San Giuliano Milanese, Italy) dissolved in 

Dulbecco’s Modified Eagle’s Medium without red phenol (DMEM; GIBCO® Ther-

moFisher Scientific, Waltham, MA, USA) and supplemented with 2 mM L-glutamine and 

1% penicillin–streptomycin. The first ALA and CAR were the starting raw materials 

(named G.R.M.). In contrast, the second form of ALA and CAR was prepared with 

M.A.T.R.I.S. technology (produced by I.P.S. srl, San Giuliano Milanese, Italy) [8]. Briefly, 

the active substance coating process involves placing 3.0 kg of starting material in a 10 L 

rotating pan. While the pan is rotating, the active substance is immersed in a solution 

consisting of 300 g of shellac 30% in ethanol and 300 g of talcum powder. The coating 

operation can be carried out continuously or in several stages until the desired release rate 

is achieved. Next, the product undergoes a sieving process with a 790 μm mesh, followed 

by a dusting process with a 425 μm mesh. At the end of this process, the product is left to 

dry in the tank for three hours at room temperature. The M.A.T.R.I.S. technology has been 

patented in Europe and the USA to allow active substances to spread quickly and evenly 

over the entire surface of the gastrointestinal tract by initiating modified release at the 

intestinal and peripheral nervous levels. In addition, the excipients Ethylcellulose 5% and 

Honest used to create the M.A.T.R.I.S. form were tested alone to study their influence on 
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absorption. Also, the Glial Growth Factor (GGF, Tebu-Bio, Magenta, Milan, Italy) was 

added directly to the medium in the 3D EngNT to induce demyelination at the final con-

centration of 200 ng/mL. 

4.2. SEM Analysis 

The ALA and CAR samples were observed using an FEI electron microscope (Field 

Electron and Ion Company, Hillsboro, Oregon, USA) coupled with elemental analysis 

(EDX) with an electron beam accelerated at 25 kV [38-40]. 

4.3. X-Ray Diffraction 

The crystalline profile of the ALA samples was acquired using a “Miniflex 600” dif-

fractometer from Rigaku (Matsubara, Tokyo, Japan). The analysis was recorded with the 

following instrumental parameters: 

• 2θ range: 3–40 degrees; 

• Step: 0.02 degrees 2θ; 

• Scanning time: 1 s; 

• Intensity, voltage: 15 mA, 40 kV. 

4.4. Thermal Analysis—Differential Scanning Calorimetry 

The ALA samples were subjected to programmed heating in a nitrogen flow from 25 

°C to 250 °C (10 °C/min). A “DSC3” apparatus from Mettler Toledo (Greifensee, CH) was 

used. 

4.5. FT-IR/ATR Spectroscopy 

IR spectra were recorded with Perkin Elmer “Spectrum Two” equipment (Schelton, 

Connecticon, USA) in the range 4500–400 cm−1 with a resolution of 4 cm−1 on ALA samples. 

4.6. Cell Culture 

The human epithelial intestinal, Caco-2, cell line was used as a model to predict the 

features of human intestinal absorption, and it is widely used to study the mechanism of 

drugs after oral intake in humans [41,42]. Cells were supplied by American Type Culture 

Collection (ATCC) and cultured in Advanced Dulbecco’s Modified Eagle’s Medium/Nu-

trient F-12 Ham (Adv DMEM-F12; GIBCO® ThermoFisher Scientific, Waltham, MA, USA) 

supplemented with 10% FBS, 2 mM L-glutamine, and 1% penicillin–streptomycin, main-

tained in an incubator at 37 °C and 5% CO2 and 95% of humidity [43]. Experiments were 

performed using Caco-2 cells at passage numbers between 26 and 32 to maintain the phys-

iological balance among paracellular permeability and transport properties [44]. Cells 

were plated in different ways, based on different experimental protocols: 1 × 104 cells on 

96 well plates to study cell viability by MTT-based In Vitro Toxicology Assay Kit (Merck 

Life Science, Rome, Italy) and ROS production synchronising cells for 8 h with DMEM 

without red phenol and supplemented with 0.5% FBS, 2 mM L-glutamine, and 1% peni-

cillin–streptomycin at 37 °C; 2 × 104 cells on 6.5 mm Transwell® (Corning® Costar®, Merck 

Life Science, Rome, Italy) with a 0.4 μm pore polycarbonate membrane insert (Corning® 

Costar®, Merck Life Science, Rome, Italy) in a 24-well plate to perform the apparent per-

meability coefficient (Papp) analysis, integrity analyses by transepithelial electrical re-

sistance (TEER) and tight junction (TJ) evaluation, absorption analysis, and area under the 

curve (AUC) determination. 

Rat-derived Schwann, RSC-96 cell line (purchased from ATCC) was cultured in Adv 

DMEM (GIBCO® ThermoFisher Scientific, Waltham, MA, USA) supplemented with 10% 

FBS, 2 mM L-glutamine, and 1% penicillin–streptomycin [45] maintained in an incubator 
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at 37 °C, 5% CO2, and 95% humidity. Experiments were performed using RSC96 cells at 

passages between 10 and 15, subcultured 2–3 times a week. 

The rat neuronal PC12 cell line, supplied by ATCC, was cultured in Roswell Park 

Memorial Institute-1640 (RPMI, Merck Life Science, Rome, Italy) supplemented with 2 

mM glutamine, 10% horse serum (HS; Merck Life Science, Rome, Italy), and 5% FBS. The 

cultures were maintained at sub-confluency in an incubator at 37 °C with 5% CO2 and 95% 

humidity. The cells used for the experiments had been passaged between 3 and 13 times 

[46]. The conditions with 4 × 106 RSC96 cells and 1 × 105 PC12 cells were the most appro-

priate to seed a co-culture system to reproduce in vitro the 3D EngNT in the peripheral 

nerve environment [45]. 

4.7. Experimental Protocol 

The research project was divided into two phases. The initial phase investigated the 

impacts of two distinct forms of ALA and CAR on a 3D intestinal model, which is created 

by seeding Caco-2 intestinal cells on a Transwell® support for 21 days, facilitating the es-

tablishment and maturation of the cellular monolayer, accompanied by the subsequent 

formation of intestinal villi. In this 3D intestinal barrier model, cell viability (only for ALA 

samples), ROS production (only for ALA samples), absorption, and permeability were 

analysed (for ALA and CAR samples), and the TEER values were measured (only for ALA 

samples) in a time-dependent study. In addition, the maintenance of a correct TJ activity 

was evaluated to verify the integrity of the cell monolayer. For all experiments, the intes-

tinal cells were treated for 1 to 6 h with two different forms of ALA and CAR [43]. This 

treatment interval between 1 and 6 h was chosen to mimic the time of filling and emptying 

of the intestine. Still, the treatment has been extended to 48 h for permeability, absorption 

analysis, and AUC determination in order to assess the technology’s modulation of ab-

sorption. 

Moreover, at the end of each stimulation, the basolateral environment was collected 

to stimulate the 3D EngNT co-culture. Indeed, in the last step, the 3D EngNT co-culture 

was used to study the effects of stimulations on the in vitro nervous tissue model after 14 

days of maturation of the culture in a condition of demyelination, induced by 200 ng/mL 

GGF added to the 3D EngNT co-culture from day 14; this step is a well-established model 

for mimicking peripheral neuronal injury [47]. At this level, cell viability (only for ALA 

samples), ROS production (only for ALA samples), inflammatory markers (only for ALA 

samples), re-myelination mechanisms and peripheral nerve recovery mechanisms such as 

p75, NRG1, MPZ and ERb were analysed (for ALA and CAR samples). 

Both cell types were synchronised for 8 h with DMEM without red phenol and sup-

plemented with 0.5% FBS, 2 mM L-glutamine, and 1% penicillin–streptomycin maintained 

in an incubator at 37 °C with 5% CO2. 

It is important to note that the comprehensive data acquired from the area under the 

curve (AUC) assessments and the significant peripherally activated markers associated 

with the two distinct forms of CAR have been reported in Appendix A for further exami-

nation and scrutiny by interested researchers and practitioners in the field. 

4.8. Cell Viability 

Cell viability based on the In Vitro Toxicology Assay Kit (Merck Life Science, Rome, 

Italy) was assessed at the end of each stimulation with ALA samples, following a classical 

protocol reported in the literature [48]. The absorbance of each solubilised sample was 

evaluated at 570 nm with correction at 650 nm, measured by a spectrometer (Infinite 200 

Pro MPlex, Tecan, Männedorf, Switzerland). The results were expressed by comparing 

them to the control sample (untreated samples defined as the 0% line) and reported as the 

means of five independent experiments performed in triplicate. 
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4.9. ROS Production and Measurement 

Superoxide anion release was quantified after treatment with ALA samples using a 

standard methodology based on cytochrome C reduction [49]. A Tecan spectrophotome-

ter was used to detect the absorbance in culture supernatants at 550 nm after adding 100 

μL of cytochrome C (Merck, Milan, Italy) to each well. Comparatively, empty wells were 

filled with 100 μL of superoxide dismutase (Merck, Milan, Italy) and 100 μL of cytochrome 

C, and the plate was incubated for 30 min. The O2 rate was quantified as the average 

standard deviation (%) of nanomoles per decreased cytochrome C per microgram of pro-

tein relative to the control (0 line). 

4.10. Intestinal Barrier In Vitro Model 

To assess whether ALA and CAR in different forms could cross the intestinal barrier, 

an in vitro barrier was created using the Transwell® system following a standard protocol 

reported in the literature [50,51]. The FDA and the European Medicines Agency (EMA) 

approved this model to predict the absorption, metabolism, and bioavailability of various 

substances after oral intake in humans. 

Briefly, Caco-2 cells were plated as previously described and kept in a complete me-

dium for 21 days before the simulations, with changes made every other day on the baso-

lateral and apical sides [51]. Throughout the development period, the TEER values were 

assessed using EVOM3 in conjunction with STX2 chopstick electrodes (World Precision 

Instruments, Sarasota, FL, USA) to assess the creation of mature intestinal epithelium and 

an appropriate paracellular mechanism. On the 21st day, when TEER values were 400 

Ω*cm2 [52], absorption analysis commenced. Before the stimulation, on the apical side, the 

medium was brought to pH 6.5, the pH in the lumen of the small intestine, while pH 7.4 

on the basolateral side represented blood [52]. The cells were stimulated with all sub-

stances from 1 to 48 h for the intestinal model before the successive analyses, including 

the permeability assay measured by Papp (cm/s) analysis [53], which follows the follow-

ing formula: 

Papp = dQ/dt ⇥ 1/m0 ⇥ 1/A ⇥ V Donor  

dQ: amount of substance transported (nmol or μg); 

dt: incubation time (s); 

m0: amount of substrate applied to the donor compartment (nmol or μg); 

A: surface area of Transwell® membrane (cm2); 

V Donor: volume of the donor compartment (cm3). 

Negative controls without cells were tested to exclude the Transwell® membrane’s 

influence. The analysis was performed in triplicate and reproduced five times. 

4.11. TJs Analysis 

After treatment with ALA samples, the human occludin (OCLN) ELISA kit (MyBio-

source, San Diego, CA, USA), claudin-1 (ELISA kit, Cusabio Technology LCC, Houston, 

TX, USA), and ZO-1 (human tight junction protein 1 (TJP1) ELISA kit (MyBiosource, San 

Diego, CA, USA) were used to analyse the CaCo-2 lysates following the manufacturer 

instructions. The spectrophotometer used to measure absorbance was the Infinite 200 Pro 

MPlex from Tecan, located in Männedorf, Switzerland, operating at a wavelength of 450 

nm. The data were acquired by comparing the standard curve ranging from 0 to 1500 

pg/mL for occludin and from 0 to 1000 pg/mL for claudin-1 and ZO-1. The data were 

shown as a percentage compared to the control (0 lines) from five independent experi-

ments conducted in triplicate [52]. 
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4.12. TNF-α ELISA Assay 

After treatment with ALA samples, TNFα quantification was obtained using the 

TNF-α ELISA kit (Merck Life Science, Milano, Italy) according to the manufacturer’s in-

structions [54]. The absorbance of the samples was measured at 450 nm using a plate 

reader (Infinite 200 Pro MPlex, Tecan, Männedorf, Switzerland), and the results were ex-

pressed as a mean ± SD (%) versus the control (0 line) of five independent experiments 

performed in triplicate. 

4.13. Interleukin-1β ELISA Assay 

After treatment with ALA samples, the level of IL-1β was quantified using an IL-1β 

ELISA kit (FineTest, Wuhan, China) according to the manufacturer’s instructions. Briefly, 

the plate was incubated at 37 °C for 90 min after 100 μL of each sample was added to each 

well. Following the incubation period, each well’s contents were removed, and Wash 

Buffer was used twice to wash the wells. The wells were filled with 100 μL of biotin-la-

belled antibody working solution, and the plate was incubated for 60 min at 37 °C. Fol-

lowing the incubation period, the solution in each well was withdrawn, and Wash Buffer 

was used three times to wash the wells. After adding 100 μL of SABC Working Solution 

to each well, the plate was incubated for 30 min at 37 °C. Following five rounds of wash-

ing, 90 μL of TMB substrate was added to each well. A plate reader (Infinite 200 Pro 

MPlex, Tecan, Männedorf, Switzerland) was used to read the plate at 450 nm as soon as 

10–20 min had passed after adding 50 μL of Stop Solution to each well. Five independent 

experiments were conducted in triplicate, and the findings were expressed as mean ± SD 

(%) versus control (0 line) after the data were gathered and compared to the standard 

curve (range from 31.25–2000 pg/mL). 

4.14. Area Under the Curve (AUC) Evaluation 

The ALA and CAR samples were taken at the following times: 1, 2, 4, 5, 6, 7, 8, 24, 

and 48 h post-stimulation. The following pharmacokinetic parameters of ALA and CAR 

were calculated: the maximum plasma concentration (Cmax); time of maximum plasma 

concentration (Tmax); terminal half-life (t½:); area under the plasma concentration-time 

Curve from time zero up to time t (AUCt), where t is the last time point at which the subject 

showed concentrations above the lower limit of quantification, i.e., time of last measurable 

(non-zero) concentration (t-last) using the trapezoidal rule; area under the plasma concen-

tration–time curve from time of dosing extrapolated to infinity using the trapezoidal rule 

(AUCinf). AUCs were computed using the Log Linear Method, trapezoidal when Cn > 

Cn−1. This study was carried out under quality assurance and quality control systems with 

written Standard Operating Procedures (SOP) by the Good Clinical Practice (GCP) Guide-

lines (CPMP/ICH/135/95). Quality assurance was guaranteed by regular monitoring of 

this study by a qualified monitor [18]. 

4.15. D EngNT In Vitro Model 

The 3D nerve tissue model was developed based on the literature [52]. Interactions 

between RSC96 and PC12 cell lines are crucial for replicating the peripheral nerve envi-

ronment in vitro, promoting neurite regeneration, and supporting Schwann cells. In sum-

mary, a rectangular scaffold measuring 16.4 mm × 6.5 mm × 5 mm was filled with 1 mL of 

a solution that contained 80% v/v Type I rat tail collagen (2 mg/mL in 0.6% acetic acid, 

Thermo Fischer, Milan, Italy), 10% v/v Minimum Essential Medium (MEM, Merck Life 

Science, Milano, Italy), 5.8% v/v neutralising solution (Biosystems, Monza, Italy), and 4.2% 

Schwann cell suspension (4 × 106 RSC96 cells per 1 mL gel). After the gel solidified, it was 

submerged in 10 mL of DMEM (Merck Life Science, Rome, Italy) with red phenol and 

supplemented with 10% FBS, 100 U/mL of Penicillin, and 100 μg/mL of Streptomycin 
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(Merck Life Science, Milano, Italy) for 24 h at 37 °C with 5% CO2. Upon completion of the 

incubation period, the gel was stabilised using plastic compression (120 g of weight per 

minute). The gel was divided into equal parts based on the samples to be treated once it 

had been aligned and stabilised. After the aligned Schwann gels, each gel segment was 

moved to a 24-well plate. To construct the co-cultures, 1 × 105 PC12 was seeded on top of 

each segment. This passage is crucial since it enables neurite outgrowth horizontally. Af-

ter allowing neuronal cells to attach to the collagen gel by incubating the 24-well plate 

with gels for one hour at 37 °C, 1 mL of culture medium was added to each well. 

4.16. NFkB ELISA Assay 

After treatment with ALA samples, the NF-κB Transcription Factor Assay Kit was 

used to measure the level of NFkB (Cayman Chemical Company, Ann Arbor, MI, USA), 

following the manufacturer’s instructions [55]. Briefly, nuclear extracts were prepared us-

ing a nuclear extraction protocol, and NFKB contained in these extracts was detected by 

the addition of a specific primary antibody. A secondary antibody conjugated to HRP is 

added to provide a sensitive colourimetric measurement by a spectrometer (Infinite 200 

Pro MPlex, Tecan, Männedorf, Switzerland) at 450 nm. Five independent experiments 

were conducted in triplicate, and the findings were expressed as mean ± SD (%) versus 

control (0 line) after the data were gathered and compared to the standard curve. 

4.17. p75 ELISA Assay 

After treatment with ALA and CAR samples, the Rat NGFR ELISA kit (MyBiosource, 

San Diego, CA, USA) was utilised on 3D EngNT lysates following the manufacturer’s in-

structions [56]. Using a spectrophotometer (Infinite 200 ProMPlex, Tecan, Männedorf, 

Switzerland), the plate was read at 450 nm. The acquired data were compared to the stand-

ard curve, which ranges from 0.312 to 20 ng/mL. The findings were presented as the mean 

± SD (%) of five separate, triplicate tests compared to the control (0 lines). 

4.18. MPZ ELISA Assay 

After treatment with ALA and CAR samples, using a Rat ELISA kit (MyBiosource, 

San Diego, CA, USA) for cell lysates, the synthesis of myelin protein zero (MPZ) was 

measured following the manufacturer’s instructions [57]. In brief, 100 μL of material was 

added to each well, and the plate was incubated at 37 °C for two hours. Following the 

conclusion of all reactions, 50 μL of Stop Solution was applied to each well, and the plate 

was immediately measured at 450 nm using a Tecan Infinite 200 Pro MPlex spectrometer. 

The concentration was measured and compared to a standard curve (0.06 to 18 ng/mL). 

The results were expressed as mean ± SD (%) vs. control (line 0) for five separate experi-

ments run in duplicate. 

4.19. NRG1 ELISA Assay 

After treatment with ALA and CAR samples, following the manufacturer’s instruc-

tions, cell culture supernatants were employed using the NRG1 Rat ELISA Kit (FineTest, 

Wuhan). In summary, the plate was incubated at 37 °C for 90 min after 100 μL of each 

sample was added to each well. Following the incubation period, each well’s contents 

were removed, and Wash Buffer was used twice to wash the wells. The wells were filled 

with 100 μL of biotin-labelled antibody working solution, and the plate was incubated for 

60 min at 37 °C. Following the incubation period, the solution in each well was withdrawn, 

and Wash Buffer was used three times to wash the wells. After adding 100 μL of SABC 

Working Solution to each well, the plate was incubated for 30 min at 37 °C. Following five 

rounds of washing, 90 μL of TMB substrate was added to each well. A plate reader (Infi-

nite 200 Pro MPlex, Tecan, Männedorf, Switzerland) was used to read the plate at 450 nm 
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as soon as 10–20 min had passed after adding 50 μL of Stop Solution to each well. Five 

independent experiments were conducted in triplicate, and the findings were expressed 

as mean ± SD (%) versus control (0 line) after the data were gathered and compared to the 

standard curve (range from 0.156 to 10 ng/mL). 

4.20. Estrogen Receptor β ELISA Assay 

After treatment with ALA and CAR samples, the Rat Estrogen Receptor Beta (ERb) 

ELISA Kit (Cloud-Clone, Houston, TX, USA) was used on cell lysates, according to the 

manufacturer’s instructions [58]. In summary, each well was given 100 μL of sample, and 

the plate was incubated for one hour at 37 °C. After all reactions, 50 μL of Stop Solution 

was added to each well, and a spectrometer (Infinite 200 Pro MPlex, Tecan) was used to 

read the plate at 450 nm. After obtaining the concentration and comparing it to a standard 

curve (0.312 to 20 ng/mL), the mean ± SD (%) vs. control of five independent experiments 

carried out in triplicate was used to express the findings. 

4.21. Statistical Analysis 

The data acquired using Prism GraphPad statistical software 9.4.1 were processed 

using one-way analysis of variance (ANOVA) and Bonferroni post hoc tests. A Student’s 

t-test with two tails was adopted to compare the two groups. A two-way ANOVA was 

conducted to evaluate multiple group comparisons, followed by a two-sided Dunnett post 

hoc test. The mean ± SD of at least five independent experiments, all performed in tripli-

cate, was used to express all results. 

5. Conclusions 

In conclusion, this study demonstrated how employing M.A.T.R.I.S. technology on 

ALA and CAR has proven more beneficial for using G.R.M. in a setting mimicking neu-

ropathy in vitro. Our findings demonstrated that using the M.A.T.R.I.S. technology allows 

us to obtain better results in the intestinal environment with a slower release and pro-

longed absorption. M.A.T.R.I.S. technology allows peak uptake to occur at a delayed time, 

thus modulating the release of ALA and CAR over time and thus modulating its effect at 

the target. Further, ALA and CAR with M.A.T.R.I.S. technology can more efficiently re-

duce neuropathy than the G.R.M. by modulating the myelinisation mechanism, prevent-

ing damage and restoring the altered neurotropism. Ultimately, this study shows that 

M.A.T.R.I.S. technology can create innovative and safe treatments by providing fresh in-

sights into how it affects absorption mechanisms. Linked to that, future analyses will be 

carried out to explore the effectiveness of M.A.T.R.I.S. technology in reducing the dosages 

of substances combined. 
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Appendix A 

 

Figure A1. Scanning electron microscopy analysis of two forms of CAR. In (A), CAR R.M.G. and in 

(B), CAR M.A.T.R.I.S. powders. Determinations of particle size were made using SEM images ac-

quired at varying magnifications. These images were then subjected to micrometric measurements. 

The images reported are examples of the results obtained. 

 

Figure A2. In (A), the Papp values, in which data < 0.2 × 10−6 cm/s mean very poor absorption with a 

bioavailability < 1%, data between 0.2 × 10−6 and 2 × 10−6 cm/s with bioavailability between 1 and 90%, 

and data > 2 × 10−6 cm/s mean very good absorption with a bioavailability over 90%; in (B), absorption 

analysis of CAR measured at basolateral level on transwell during time (1 h to 48 h); and in (C), phar-

macokinetic parameters of the two CAR forms. CAR = Acetyl-L-Carnitine 7.4 mM. Data are expressed 

as mean ± SD (%) of 5 independent experiments normalised to the control (0%) line. α p < 0.05 vs. 

Control; β p < 0.05 vs. CAR G.R.M.; γ p < 0.05 vs. excipients (Ethylcellulose 5% and Honest). 
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Figure A3. Effects of CAR G.R.M. and CAR M.A.T.R.I.S. on 3D EngNT model. In (A), NRG1 levels 

were measured by a specific ELISA Kit; in (B), MPZ levels were measured by an ELISA Kit; in (C), 

p75 levels were measured by an ELISA Kit; and in (D), ErB levels measured by specific ELISA Kit. 

CAR = Acetyl-L-Carnitine 7.4 mM. Data are expressed as mean ± SD (%) of 5 independent experi-

ments normalised to the control (0%) line. α p < 0.05 vs. Control; β p < 0.05 vs. CAR G.R.M.; γ p < 

0.05 vs. excipients (Ethylcellulose 5% and Honest); φ vs. GGF 200 ng/mL. 
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