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A B S T R A C T   

Obesity is a global pandemic, thus novel developments that reduce the absorption of fats is of 
interest. We have evaluated the effect of graphene oxide (GO) on the lipase catalyzed hydrolysis 
of fats (tributyrin, sunflower and olive oil) under simulated duodenal conditions. Results indicate 
that the presence of GO in the digestion mixture can inhibit lipase activity up to a 90% of the 
initial reaction rate, and this inhibition lasts even during 2 h of digestion. The inhibition mech-
anism seems non competitive and could be opposite to the effect of bile salts, although the direct 
interaction between GO and the enzyme cannot be discarded. The inhibition is found also in 
alimentary fats suggesting that GO could be a strong inhibitor for fat hydrolysis.   

1. Introduction 

Triglycerides are the main components of fats and oils in our diet. Not only are one of the main sources of energy, but they act as 
transporters of non-polar substances such as fat-soluble vitamins [1]. The hydrolysis of fats has a direct effect on their digestibility and 
absorption. According to the World Health Organization (WHO), obesity is one of the current pandemics in both developed and 
developing countries. Fat digestion in the human gastrointestinal tract is a dynamic and continuous process involving various steps. It 
begins in the mouth with chewing and salivation, that despite its short time (0.5–2 min) has a dilution effect due to the saliva, the 
mechanical forces restructure the emulsions, and the hormone cholecystokinin is segregated. However, up to date, there is no solid 
proof of human lingual lipase activity. The process continues in the stomach, in which a 10–25% of the hydrolysis is produced 
catalyzed by the human gastric lipase, an extremophilic enzyme since it remains stable above pH 1. Finally, the triglycerides reach the 
duodenum and the small intestine, where most of the hydrolysis occurs [2]. Also, the ingestion of fats is related with cholesterol. 
Elevated plasma cholesterol levels are causally linked to increased cardiovascular morbidity and mortality. Several intervention trials 
support the clinical benefits of pharmacological cholesterol synthesis inhibition [3]. 

The relevance of the influence of lipase in the digestion and health has boosted the development of solutions able to modulate 
(increase or inhibit) the activity of this key enzyme [4,5]. We can highlight the use of tetrahydrolipstatin (Orlistat ©) as inhibitor of 
pancreatic lipase by modification of the active site, thereby reducing the hydrolysis of triglycerides and the cholesterol absorption and 
plasma levels [3,6]. Other compounds, such as alginates [7], peptides [8], or certain plants [9], have also been used to modify the 
lipase activity. 
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The immobilization of lipases in nanomaterials has been an approach widely used to improve the stability, pH and temperature 
range, recovery and reutilization, use in organic solvents and increase of the activity [10]. Typically, in the enzyme-nanomaterial 
composites prepared through supramolecular interactions the loading of the material with the lipase takes several hours and is pro-
duced in a “clean” solution containing the enzyme and some salts only [11]. By contrast, the interaction of lipase with nanomaterials in 
a few minutes and complex environments, such as those produced in the digestion have been barely studied. Plain silica materials and 
functionalized with alkyl chains can modulate the lipase activity and their effect was dependent on the type of material and the 
functional groups. It was observed that the porosity inhibits the enzyme activity, however, a maximum reduction of a 25% in the lipase 
activity was found [12]. 

Another nanomaterial that has attracted high interest in the recent years graphene oxide (GO). It is a two-dimensional structure 
composed of a single layer of sp2 hybridized carbon atoms, but the partial oxidation adds alcohol and ketone groups [13]. This 
functional groups decrease the tendency to form aggregates and hydrophobicity, and improves the potential to form supramolecular 
interactions with biomolecules, such as nucleic acids, peptides, and aromatic chemical compounds [14]. Excellent dispersion in a 
variety of solvent media, including water, makes GO an excellent carrier for lipase immobilization and GO-lipase compounds have 
been prepared previously mainly for sensing and catalytic applications, usually in combination with other materials [15,16]. 

Departing from the known interaction of graphene oxide with the lipase through supramolecular interactions, and their 2D 
structure including coordinating groups like the bile salts, we hypothesize that this type of materials can be of interest to modulate the 
hydrolysis of fats even in complex media such as duodenal conditions. 

2. Materials and methods 

2.1. Reagents and materials 

GO and chemical reagents were purchased from Sigma-Aldrich and used without further purification. Lipase From parcine pancreas 
Type II, with a WM of 120 kDa was purchased from Sigma-Aldrich. Sunflower and olive oils were purchased from a local supermarket. 
Lipase solutions were prepared just before its use and maintained in a bath ice during the full experiment. The duodenal digestion 
juices were prepared in the lab following reported procedures [17]. 

2.2. Characterization of the graphene oxide 

The particle size and Z-potential and particle size of GO were determined using a Malvern Mastersizer 2000 and Malvern Nanosizer 
ZS. 

2.3. Measurement of lipase activity 

2.3.1. pH-stat 
The influence of the materials in the lipolysis under in vitro digestion process was measured using lipase assay protocols using the 

pH-stat method created by the INFOGEST Network—WG4 Lipases and lipid digestion [18]. All the measurements were performed by 
triplicate using the Metrohm Tiamo 902 Titrando instrument. To perform the assay, 14.5 mL of duodenal digestion juice was mixed 
with 0.5 mL of tributyrin and 1 mL of GO with diverse concentrations (from 0 to 4 mg of GO/mL). Also, hydrolysis studies have been 
performed using sunflower and olive oils to explore the effect of GO on the hydrolysis of alimentary fats. The system was thermostated 
to 37 ◦C and the pH set at 8.0. An amount of 100 μL of the enzyme stock solution (1 mg lipase/mL) was added and the consumption rate 
of NaOH measured over 5 min or 2 h. The activity of the enzyme in solution (As) (U/mL), the relative activity and the % of inhibition in 
the presence of the material were calculated with Eqs (1)–(3) respectively. x being the μmole of NaOH per minute, v the μL of the 
enzyme solution added in the pH-stat vessel, Amat the value of As in presence of the material and Acont the value of As in absence of the 
material. 

AS =(x X 1000)/v (1)  

Relative activity (%)= 100 x Amat/Acont (2)  

% Inhibition= 100 − Relative activity (%) (3)  

2.3.2. NMR studies 
For the NMR studies, departing from the same solutions of pH-stat, the digestion was allowed to progress for 2 h to simulate a full 

duodenal digestion process. The sample preparation was done following reported procedures [19]. 1H NMR spectra were recorded in a 
300 MHz Bruker AvanceIII 300 NMR spectrometer. The degree of hydrolysis was calculated with the quotients between the areas of the 
signals at 5.12 ppm (glycerol) and 2.10, 1.45, and 0.8 ppm (alkyl chain) in presence and absence of GO and Eqs (4) and (5) being QGO 
and QTB the values of the quotients for extraction after the hydrolysis in presence and absence of GO respectively. 

Relative activity (%)=
QGO − QTB

QTB
∗ 100 (4) 
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Inhibition (%)= 100 − Relative activity (%) (5)  

2.3.3. Data analysis 
The kinetic analysis and the determination of the main parameters (vmax, Km, and Ki) were executed using the IBM SPSS statistics 

software using a non linear regression of the substrate and inhibitor concentration, and the initial reaction rate. 

3. Results 

3.1. Effect of GO in the initial reaction rate 

The initial reaction rate and the % of inhibition was determined using the pH-stat technique. It is based in a volumetric titration to 
neutralize the acids. Previously to the activity tests and considering a possible buffering activity of GO that could interfere the results, 
we performed a volumetric acid-base titration at diverse pHs of a solution of GO in water. We observed no constant pH with the NaOH 
addition at pH 8, thus the buffering activity of GO at this pH can be discarded. Particle size (hydrodynamic radius) and Z-potential of 
the GO was measured with values of 4.0 μm and − 38.9 mV respectively. 

As can be seen in Fig. 1, GO is a strong inhibitor of the lipase mediated hydrolysis of fats. The inhibition is concentration dependent 
and varies among a 30% for the most diluted concentration (9.4 ppm) and an 83% for the most concentrated one (250 ppm) (Fig. 1). 
The inhibition is significant (p < 0.05) for all the concentrations, thus GO can be considered a potential modulator of enzyme activity, 
even at a concentration as low as 10 ppm. 

Bile salts, such as NaTC, are secreted by the gall bladder and the absence of bile salts can lead to digestive disorders. They enhance 
colloidal stability of lipid droplets and solubilize the digestion products in water, being fundamental for the digestion and epithelial 
absorption of free fatty acids in the intestine [20]. The inhibitory effect of GO in absence of bile salt is more pronounced at low 
concentrations (Fig. 1). At 9.4 ppm of GO an inhibition of a 65% is found in absence of bile salts in comparison with the 29% found 
when the bile salts are present. As the concentration increases, an inhibition of 84 % was found for 25 ppm of GO suggesting an almost 
complete lipase inhibition. 

To gain insight into the inhibitory mechanism of GO, the same experiment was performed, but the GO was added to the enzyme 
solution instead of to the fat and duodenal juices mixture. The values obtained were similar, suggesting that the order of addition of the 
reagents is not relevant, so in presence as in absence of bile salt. Also, we used the Lineweaver-Burk plot to determine the type of 
inhibition. As can be seen in Fig. 2, the linear fitting in presence of inhibitor crosses the non-inhibited fitting in the X axis. Thus, at first 
glance we can classify the type of inhibition as non-competitive since the value of Km is maintained, but vmax decreases. In the absence 
of an inhibitor, Km and vmax values of 0.016 ± 0.004 M and 7.3 ± 0.7 U/mL (x ± SD) respectively were calculated. In the presence of 
the inhibitor, the adjusted values were 0.015 ± 0.010 M and 5.2 ± 0.4 U/mL for Km and vmax respectively. Therefore, there are no 
significant differences in the value of Km, but vmax undergoes a significant reduction (p < 0.05). From these data a value of Ki = 63 ± 6 
ppm was determined. 

Finally, we evaluateed the inhibitory activity of GO in the hydrolysis of sunflower and olive oils in presence of bile salts to 
determine the effect in a real alimentary fat. 94 ppm of GO was used since at this concentration it is found an intermediate inhibition. 
An inhibition of the 50 ± 10 % and 70 ± 4 % were found for sunflower and olive oil respectively, similar to the value obtained for 
tributyrin. It suggests that the effect of GO in tributyrin could be extrapolated to long chain fats and that GO can be an effective in-
hibitor for the lipase mediated hydrolysis of alimentary fats. 

Fig. 1. Percentage inhibition of lipase in the initial reaction rate for different concentrations of GO in presence (circle) or absence (triangle) of bile 
salt (NaTC). Dashed lines have been added to illustrate the tendency only. Error bars represent standard deviation. 
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3.2. Effect of GO in a full duodenal digestion 

For the determination of the hydrolysis rate in a 2 h period corresponding to the typical time of a full duodenal digestion, the pH- 
stat technique was used too. The experiments were developed both, in presence and absence of taurodeoxicholate and the main results 
summarized in Fig. 3. As can be seen, in presence of bile salts at 2h is observed a lower inhibition in comparison with the initial rate. 
Conversely, this effect is the opposite in absence of bile salts, with a 78% of inhibition for 9.4 ppm of GO. Again, in all the cases, the 
hypothesis that the hydrolysis rate differs from 0 is statistically validated (p < 0.05). 

However, it has been pointed out that the accuracy of the pH-stat titration technique to quantify the fatty acids released during lipid 
digestion depends on several factors and could not offer reliable results in complex matrixes [21,22]. We have therefore used the NMR 
technique to validate the results of hydrolysis measured with the pH-Stat at long time. Table 1 summarizes and compares the results 
obtained with both techniques. As can be seen, there are no significant differences between NMR and pH-Stat for any of the con-
centrations. When the two-factor ANOVA test (GO concentration and technique of analysis) was applied to the full set of data, it was 
observed that the influence of the GO concentration in the % of inhibition was significant (p < 0.01), but both techniques offered the 
same results (p = 0.91). Duncan Test offered three groups: (1) 0.15 and 0.4, (2) 1.5 and (3) 4.0. Thus, NMR confirm the possible use of 
the pH-Stat to determine the degree of fat hydrolysis even for 2 h. The inhibitory concentration (IC50) at 2h was calculated in presence 
of bile salts, obtaining a value of 172 ppm of GO. 

4. Discussion 

Results indicate that GO can modulate the lipase activity under duodenal conditions. The inhibition reaches values close to a 80% in 
presence of bile salts. This effect depends not only in the concentration of GO, but also in the reaction time and the presence of bile 
salts. As the concentration of GO increases the lipase losses its activity, but even concentrations as low as 9.4 ppm of GO can induce 
significant inhibitions. We have not found GO induced inhibitions higher than 90%. This suggest that the enzyme maintain a residual 

Fig. 2. Lineweaver-Burk plot in absence (triangles) and 25 ppm of GO (circles). The straight lines correspond to the linear fitting.  

Fig. 3. Percentage of inhibition of lipase at 2 h for different concentrations of GO in the presence (circle) or absence (triangle) of bile salt (NaTC). 
Dashed lines have been added to illustrate the tendency only. Error bars represent standard deviation. 
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activity in presence of GO or the existence of minor alternative pathways for the hydrolysis of fats. The direct hydrolysis of fats 
catalyzed by GO can be discarded due to the lack of correlation with the concentration and the necessity of temperatures above 50 ◦C 
[23]. The remaining of a certain lipase activity in presence of GO would be supported by the lower values of inhibition found after 2 h 
of reaction in comparison with the initial reaction rate. 

The mechanism of inhibition is unclear and excess the objective of the present communication. When the enzyme approaches an 
apolar medium, its tertiary structure changes and the active center is exposed. The influence of interfaces in the lipase activity implies 
that aspects such as the size and surface properties of particles could have a great influence on the enzymatic activity [24]. However, 
considering that in absence of taurodeoxicholate, even concentrations as low as 9.4 ppm of GO can induce an almost complete in-
hibition, GO could act in the hydrolysis process with an effect contrary to bile salts. It would interfere in the emulsion of the fats, in the 
approach of the lipase to the fat globules or the extraction of the free fatty acids to form micelles and allow the progress of the reaction 
[25]. 

The direct interaction of GO with lipase cannot be discarded, in fact it has been reported that GO can act as an enzyme inhibitor of 
α-Chymotrypsin thanks to the presence of both hydrophobic aromatic groups and hydrophilic carbonyl groups on the surface of GO 
sheets, that generate a fast partially reversible interaction [26]. Also, myricetin, a polyphenol, shows lipase inhibition at a molecular 
level.It forms aggregates in aqueous medium and under simplified intestinal condition that inhibit lipase by a sequestering mechanism 
as well [27]. However, some differences can be found between our system and previous reports about GO-lipase interaction. The 
presence of multiple functional moieties on the surface of graphene oxide facilitates successful attachment of lipase simply by stirring 
during several hours [28], but we observe the effect in a few minutes. The adsorption could change the enzyme to a state with an 
opened catalytic cavity, even in the absence of direct interaction of the active site with the GO [29,30]. GO can induce changes in the 
tertiary structure of lipase while maintaining the secondary structure increasing its activity, but our graphene oxide has not been 
partially reduced to increase the hydrophobicity and only a minor activation could be expected from GO [31,32]. Lipases from 
Thermomyces lanuginosa and Alcaligenes sp. immobilized on GO showed a reduction in the lipase activity up to a 60% for some sub-
strates. This change was accompanied by a lower α-helical content on adsorbed lipase and changes in the lipase secondary structure 
[33]. A similar effect could be found in our case. We have found that GO induces a non competitive inhibition. Thus, GO would bind 
equally well to the enzyme whether or not it is bound the substrate. It would not change the apparent binding affinity of the catalyst for 
the substrate, but it would induce a conformation change that modifies the activity. 

A priori, GO has no specific reception centers or molecular functional units able to act as inhibitors in the active center. Thus, we do 
not expect that GO act a specific inhibitor. However, we cannot discard that other digestive enzymes present a behavior different to 
lipase. The characteristics of the enzymes vary, the substrate is different, and the hydrolysis of fats is an interfacial process. Further 
research would be needed to evaluate the specificity. 

GO shows a strong inhibitory activity, but before a dietary application it should be evaluated its toxicity upon ingestion. The data 
for this type of material is limited and sometimes contradictory. Furthermore, not only the concentration, but also the origin and 
preparation of the material can influence its toxicity [34]. Recently the internalisation of GO in mammalian cells has been reviewed by 
Dabrowsky et al. [35]. It seems that phagocytosis and endocytosis are the main mechanisms of GO cell internalisation. The inter-
nalisation depends on several factors such as size, surface properties, and it can be biotransformed in a biological environment by 
biomolecules or enzymes present in biological fluids. GO does not enter A549 cells and has no cytotoxicity although it can cause a dose 
dependent and GO size related oxidative stress and induce a slight loss of cell viability at high concentration [36]. GO has shown toxics 
effects in zebrafish embryos at concentrations over 50.000 ppm [37], rupture of blood cells at concentrations greater than 25 ppm 
[38], cell death and decreased adhesion of cells in dermal fibroblast cells in concentrations greater than 0.4 mg [39], and 15 ppm of 
100 nm GO induced significant alterations in the gene expression level and the mitochondrial activity [40]. In vivo experiments in 
mace are scarce. The intraperitoneal administration of 5 mg GO/kg for five days caused oxidative stress and liver inflammation, 
whereas, at the brain level, GO did not affect neuronal cells [41]. 

In general, the toxicity experiments were performed by direct exposition of the cells to GO or injection, using GO in the nanometer 
scales instead of micrometric GO, and the concentration was higher than in our case. Also, none of them explored the effect of ingestion 
of GO, a key issue considering that materials in the micron range, such as our GO (4 μm), would not tend to be assimilated through the 
intestine. Thus, further experiments would be necessary before determining the toxicity of GO by ingestion previously to its 
application. 

In combination with the toxicity studies, before its application, future work should include the study of the effect of graphene oxide 
in the absorption of other substances such as liposoluble relevant substances (i.e. vitamins), the exploration of a wider set of edible fats, 
the effect of the full gastrointestinal tract, further studies of the nanomaterial-enzyme-fat interaction, or mice tests. 

Table 1 
Percentage of inhibition of lipase at 2 h measured using the pH-Stat and NMR techniques.   

Inhibition (%) (x + SD) 

Concentration of GO (ppm) pH-Stat NMR 
9.4 12.1 ± 1.2 9.4 ± 0.8 
25 11.4 ± 0.7 10.1 ± 1.2 
94 36 ± 6 31 ± 3 
250 63 ± 8 72 ± 3  
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5. Conclusions 

GO has demonstrated its potential as inhibitor of lipase under duodenal conditions. The inhibition is almost complete (90%) and 
lasts during the full duodenal digestion process (2h). Amounts of GO as low as 9.4 ppm offer significant reduction in the fat hydrolysis. 
The mechanism of action seems contrary to the bile salts, and kinetic studies suggest a non-competitive inhibirion between the enzyme 
and the GO. The inhibition is effective also with alimentary fats such as sunflower and olive oil. 
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[25] A. Macierzanka, A. Torcello-Gómez, C. Jungnickel, J. Maldonado-Valderrama, Bile salts in digestion and transport of lipids, Adv. Colloid Interface Sci. 274 

(2019) 102045. 
[26] M. De, S.S. Chou, V.P. Dravid, Graphene oxide as an enzyme inhibitor: modulation of activity of α-chymotrypsin, J. Am. Chem. Soc. 133 (2011) 17524–17527. 
[27] A.-S. Bustos, A. Hakansson, J.A. Linares-Pastén, L. Nilsson, Interaction between myricetin aggregates and lipase under simplified intestinal conditions, Foods 9 

(2020) 777. 
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[30] O. Kalji, Y. Sefidbakht, A.M. Nesterenko, V. Uskoković, S.-O. Ranaei-Siadat, Colloidal graphene oxide enhances the activity of a lipase and protects it from 

oxidative damage: insights from physicochemical and molecular dynamics investigations, J. Colloid Interface Sci. 567 (2020) 285–299. 
[31] W. Zhuang, X. Quan, Z. Wang, W. Zhou, P. Yang, L. Ge, B. Villacorta Hernandez, J. Wu, M. Li, J. Zhou, C. Zhu, H. Ying, Interfacial microenvironment for lipase 

immobilization: regulating the heterogeneity of graphene oxide, Chem. Eng. J. 394 (2020) 125038. 
[32] M. Mathesh, B. Luan, T.O. Akanbi, J.K. Weber, J. Liu, C.J. Barrow, R. Zhou, W. Yang, Opening lids: modulation of lipase immobilization by graphene oxides, 

ACS Catal. 6 (7) (2016) 4760–4768. 
[33] R.B. Tejaswini, T.R.B. Ramakrishna, T.D. Ashton, S.N. Marshall, T.D. Nalder, W. Yang, C.J. Barrow, Effect of triton X-100 on the activity and selectivity of lipase 

immobilized on chemically reduced graphene oxides, Langmuir 37 (30) (2021) 9202–9214. 
[34] A.M. Dimiev, S. Eigler (Eds.), Graphene Oxide: Fundamentals and Applications, Willey, 2016. 
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