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LIPASE-MIMETIC ACTIVITY
OF NANOPOROUS CARBON MATERIALS

The article discusses lipase-mimetic activity of nanoporous carbon materials (activated carbons of
SKN and KAU type and their modified forms) in the reaction of p-nitrophenyl palmitate hydrolysis at
pH 6.0-8.0 range. It was found out that oxidized forms of SKN _and KAU _exhibit their own catalytic
activity, which is respectively 25 % and 12 % of the native enzyme activity. Using Candida rugose lipase
physical immobilization on the surface of nanoporous carbon materials retains 30-50 % of its activity.
Both carbon surface heteroatom dopping and its structure characteristics influence the activity of

immobilized enzyme.

Keywords: nanoporous carbon materials, lipase, enzyme immobilization, catalytic hydrolysis,

p-nitrophenyl palmitate.

Introduction

Enzymatic catalysis (biocatalysis) — a process that
is widely used in many industries and has a number
of advantages over traditional catalysis, such as high
speed and selectivity, biodegradability and mild
conditions of the reaction. One of industrially
important enzyme groups is lipases (triacylglycerol
hydrolases, EC 3.1.1.3) that accelerate the processes
of ester hydrolysis in aqueous media and
esterification / transesterification — in organic [1; 2].
This diversity of reactions, as well as high chemo-,
region- and enantiospecificity makes them one of the
most common enzymes used in food, pharmaceutical,
textile, paper, and chemical industries [3—5]. Studies
of the structure and functioning of lipolytic enzymes
is particularly important because of their biological
role — lipases are involved in the dissolution and
fractionation of neutral fats in the human body.
Currently this enzyme feature is widely used for
wastewater treatment from waste oils/fats to reduce
their environmental impact and parallel synthesis of
fatty acids. Besides, conversion of oils/fats is usually
held at high temperatures and pressure, while the
enzymatic hydrolysis process is energy-efficient,
which enables increase of the selectivity of the
reaction and purity of the product [6-8].

Lipase consists of hydrophilic non-metallic
reaction center (there is a sequence of amino acid
residues (so-called “catalytic triad”) Ser-His-Asp in
most lipases) and hydrophobic a-helical oligopeptide
“cap” (“domain”). Typically, the enzyme exist in a
“closed” conformation — catalytic center is blocked
by a hydrophobic “cap” and is inaccessible to the
substrate [9]. A necessary condition for enzyme
activation is the presence in the reaction solution of

a hydrophobic surface that interacts with the
“domain” and opens the access to the lipase’s
catalytic triad. This phenomenon, called “surface
activation”, is the defining characteristic of lipases
[10; 11]. Obviously, the movement of the “domain”
depends on the nature of the solvent [12] and pH of
the microenvironment of the active center [13; 14].
Despite the complicated structure organization,
lipases belong to the stable enzymes and retain their
activity in the temperature range 40—60 °C and pH of
4.0 (pancreatic lipase) to 8.0 [3].

From an economic perspective, the use of
immobilized enzymes is commercially desirable
because they enable a) stabilization of the enzyme
and reduction of the impact of denaturating agents on
it; b) repeated or continuous use of the biocatalyst;
¢) isolation of the catalyst and reaction products from
the reaction system; d) influence on the enzymatic
reaction by changing the conditions of the process.
Choosing the optimal carrier for enzyme
immobilization is an important step in the creation of
biocatalysts because enzyme activity significantly
depends on the type of carrier and interactions with it.
Such materials should have highly porous structure
and surface area, high thermal and chemical stability,
low cost. Furthermore, the carrier must have an
affinity to the enzyme — specific qualitative and
quantitative composition of surface chemistry that
provides maximum activation of the enzyme and
facilitates contact “enzyme substrate” [14].

To date, lipase has been successfully immobilized
on aluminum oxide, silicon oxide, porous glass,
sepharose, cellulose, zeolites, polyethylene,
polypropylene, polystyrene, nylon, and also on
activated carbon (AC) [15]. Activated carbon is
resistant to bacterial, chemical and mechanical
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effects, and does not swell in biological fluids
(blood). In addition, these carriers have highly
developed surface area that allows to create on the
surface a variety of functional groups, which
significantly increases the amount of immobilized
enzyme and its resistance to environmental
influences. Such characteristics are prerequisite for
the creation of biocompatible and bioselective
biologics and medications with a wide range of
applications in the food and pharmaceutical
industries and medicine.

Physical adsorption is a simple and convenient
method of enzyme immobilization. This method has
proved its efficiency when applied for lipase
immobilization on mesoporous carbon material in
continuous reactors. Mesopores create for the
enzyme an ‘“ampullaceous” space that prevents
lipase desorption from AC surface and at the same
time retains its activity [14]. Analysis of papers
devoted to the study of the biocatalysts based on AC
and lipase shows that the activity of created samples
is higher than the activity of native enzyme [14; 16;
17]. This result is explained by the change of lipase
conformation from “closed” to “open” during its
immobilization on the carrier. However, this
phenomenon may be related to the cumulative effect
of the carrier and the enzyme

This work is devoted to the research of lipase-
mitetic activity of nanoporous carbon materials
(NCM) and their modified forms in comparison
with the activity of native and immobilized enzyme
in the reaction of p-nitrophenyl palmitate hydrolysis
at different pH.

Materials and methods

Lipase from Candida rugosa (Sigma, activity —
819 U/mg) with concentration of 0.1 mg/ml;
p-nitrophenyl palmitate (Fluka); surfactants Triton
X-100 (Aldrich); 2-propanol; 0.067 M phosphate
buffer (PB) (Na,HPO, + KH,PO,) with pH values of
6.0-8.0 were used in this work.

Nanoporous carbon materials from fruit stone
(KAU) and synthetic nitrogen-containing (SKN)
activated carbons were chosen as carriers for lipase.
Modification of the carbons was performed by the
oxidation with nitric acid. For this purpose, 5 g of
NCM heated on the water bath (100 °C) with 25 %
nitric acid (V =37,5 ml) during 3—4 hours. After
that NCM was washed with distilled water to
pH 6-7, and then it was treated with 5 % solution of
NH,OH followed by boiling of the samples in
distilled water. The operation was repeated 6—9
times to get colorless solution over the NCM
(removing humic acids). Full transformation of

oxidized samples in H-form was performed with of
3 % solution of HCl in volume ratio “NCM : acid”
1 : 3 with constant stirring overnight. Then coal was
washed with distilled water to pH 67 and dried at a
temperature of 100—105 °C.

The method of thermal adsorption/desorption of
nitrogen at T=298 K was used to study the
structural and sorption characteristics of nanoporous
carbon materials. The values of the pore volume
(Vs, cm’/g), pore diameter (d, nm), and specific
surface area (SSA, m?%g) were calculated from
obtained isotherms. Qualitative and quantitative
characterization of surface functional groups was
performed by Bohm titration [18]. 50 ml of 0,05 M
HCI, NaHCO,, Na,CO, and NaOH solutions was
added to four samples (0.1 g) of activated carbon
and stirred for 24 hours. Then the solution
concentration above carbon samples was analysed.
The number of oxygen-containing groups was
determined by titration of the samples with 0.05 M
HCI, given that NaOH solution neutralizes
carboxylic, lactone and phenol group; Na,CO, —
carboxylic and lactone, while NaHCO, — only
carboxylic.

Enzyme immobilization was performed using
lipase adsorption method when enzyme solution
(pH = 7.0) contacts with NCM (0.04 g) for 24 hours
(T=4-6°C). It is believed that within 24 hours the
equilibrium between lipase in solution and on the
carrier surface is established. After adsorption the
solution was decanted and the NCM samples were
washed with phosphate buffer (pH = 7.2,V =10 ml).

Catalytic activity of nanoporous carbon
materials, native and immobilized lipase was
measured in the reaction of p-nitrophenyl palmitate
(p-NPP) hydrolysis:

[¢] OH 0
)k Lipase
H3C(CHz)14 0 + HOH ——= + HO (CHz)15CH;4
KAUKAUox
SKN,SKNox  NO, palmitic acid
NO, p-NP
p-NPP

The emulsion of the substrate was obtained by
mixing p-NPP and the surfactant Triton X-100 with
20 mL of 2-propanol and 200 ml PB with the
necessary pH. The volume of added Triton X-100
was changed proportionally to the weight of p-NPP
(substrate concentration increased within the
interval 0.193-0.965 mg/L) to form stable in time
emulsion. Catalyst (0.4 ml of lipase, or 0.04 g of
pristine and oxidized NCM, or samples with
immobilized enzyme) was added to 50ml of
substrate emulsion. The rate of hydrolysis of p-NPP
in the reaction mixture was determined by the
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accumulation of the colored reaction product —
p-nitrophenol (p-NP) through periodic sampling of
the reaction media. The reaction was carried out at
room temperature for 2 hours at different pH values
(6.0; 6.5; 7.0; 7.4; 8.0) and substrate concentration.
The solutions of p-nitrophenol with a con-
centration of 0.008 to 0.08 g/L were prepared, optical
density was determined spectrophotometrically
(=400 nm, L=10.2 cm). The data was used to
build the calibration curve of absorbance
p-nitrophenol concentration (Fig. 1).
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Fig. 1. Calibration curve of p-nitrophenol

To quantify and compare the lipase and lipase-
mimetic activity of initial and oxidized NCM and
the carriers with immobilized enzyme the equation
of enzyme kinetics was used (Michaelis — Menten
equation)

V=V _c
K +C’

where V' — the initial velocity of hydrolysis
(mol/g-s); V, ~— maximum speed of hydrolysis
(mol/g-s); K — Michaelis constant; C — p-NPP
concentration (mol/l).

For K determination the initial reaction rate at
different concentrations of p-NNP was found. All
other conditions of the experiment (pH, temperature,
ionic composition, etc.) did not change. The results
were used to build Lineweaver — Burke plot (1/V —
1/[C]), from which the values of K_and V__ can be
calculated by extrapolating the line to its intersection
with the abscissa.

It is important to mention that the processes that
take place at the interface “oil/water” do not obey
the classical equation of Michaelis —Menten
because the speed of this reaction depends not on
the substrate concentration in the reaction solution,
but on the amount of substrate on the interface [19].
So, to calculate kinetic constants according to the
classical laws of enzyme kinetics it is necessary to
increase not only the concentration of the substrate,
but also the quantity of the surfactant so that their
ratio remains constant. In this case, the catalytic
process can be represented by the scheme (Fig. 2).
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Fig. 2. Scheme of the interaction between the enzyme
(E) and the substrate (S) on the interface

This mechanism of catalysis requires a certain
time of activation of the enzyme on the interface
(to go from E to E) with rate constant k , which
was observed in the experiment. The formation of
“enzyme-substrate” complex (E"S) and the
products of the reaction occurs at the interface and
obeys classical Michaelis - Menten law. Such
Michaelis constant is called “surface” (K_7). To
simplify the quantitative interpretation of the data,
the affinity constant K ; that has the inverse value
to K " was used.

Results and discussion

All known for today lipase can be conditionally
classified into two categories — specific, activity
which mainly depends on the nature of the substrate;
and nonspecific catalytic ability which depends on
the nature of the solvent and the pH of the reaction
solution. Lipase Candida rugosa is a non-specific
enzyme that acts on the majority ester bonds
RC-(0)-OR with the formation of acids, alcohols,
or new esters (esterification and transesterification
reactions).

It was found that the length of the chain substrate
affects on the activity of non-specific lipase, because
the structure of the enzyme is L-shaped polypeptide
tunnel, whose length is optimal for C ,-C ; chains
[19; 20]. That is why for the study was chosen
p-nitrophenyl palmitate with chain length of C ..
Hydrolysis reaction of p-NPP also depends on the
nature of the solvent — catalysis can be carried out
both in organic and in aqueous media using the
buffer solutions [21]. However, there is a significant
decrease in activity in organic media since:
a) limited number of enzyme molecules is fully
activated at the interface; another number is
inactivated by organic solvent; b) uneven
distribution of water molecules around the catalytic
center, resulting in a “triad” does not reach its
maximum of activity. Taking into account these
factors activity of native lipase in phosphate buffer
of pH, approaching to the enzyme optimum in
biological media, in which operates lipase was
examined in this work. It should be noted that a
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number of organic substances (including alcohol)
affect on the reaction rate of hydrolysis, which is
associated with the growth of the reaction products
solubility in aqueous media that can adsorb on the
interface, reducing the enzyme activity [22].

The majority of lipases (pancreatic lipase is an
exception) have optimum pH range from 6.5 to 7.5,
which does not contradict with the obtained results
(Fig. 3).
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Fig. 3. Dependence of lipase activity in the p-NPP
hydrolysis reaction on pH

Hydrolysis of ester by lipase active center
consists of the following stages: (I) — serine residue
activation by deprotonation under asparagine and
histidine residues; (II) — attack the carbonyl group
of the substrate via nucleophilic hydroxyl residue
Ser and the formation of “acyl-enzyme” transition
complex and oxianionic hole; (III) — deacylation
transition state by water molecules [11; 14]. Hence
lipase activity increases with increasing hydroxyl
nucleophilicity of the serine residue, i.e., when the
active center has a negative potential (neutral or
alkaline). The data also confirmed by lipase Candida
rugosa potentiometric titration, pointing to a sharp
increase in negative potential of the enzyme in the
pH range 5.0-8.0 [23].
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electrostatic  interaction  mechanism, called
“electrostatic catapult” [23].

Obviously, not only the presence of the interface,
and also reproduction an optimal pH are necessary
conditions for activating lipase and ensure its
maximum activity. In the absence of surfactants and
pH < 5 activity of Candida rugosa lipase cannot be
measured by instrumental methods.

Structural and sorption parameters of the
samples are presented in Table 1, which implies that
the activated carbon KAU and SKN are nanoporous
carbon materials, their pore diameter varies between
0.95-2.15 nm. Modification of samples leads to a
slight increase in the pore diameter, pore volume
and specific surface area that indicate partial
destruction of NCM during oxidation. Carbon
samples elemental analysis results show that during
the oxidation number of oxygen atoms increases
35 times for KAU and twice — for SKN. Increasing
the total nitrogen content can be associated with
partial surface nitration.

Qualitative and quantitative composition of
surface groups studied by Bohm titration method
(Table 2). It was established that the total amount of
acid groups is growing 20 times after sample oxidation
and is almost the same for both types of NCM.
However, carbon of SKN type has on the surface
basic groups, due to the presence in its structure
nitrogen-containing groups. Previously, it was found
that nitrogen on the surface is in pyrrole and pyridine
rings, heterocyclic and condensed polyaromatic
systems, amino groups and N-oxides [24].

Enzyme-like properties of activated carbon
samples in p-NPP hydrolysis was investigated for
the first time and shown that pristine samples KAU
and SKN not catalyze the reaction at a pH range
6.0-8.0. Probably substrate emulsion was adsorbed
on the hydrophobic surface NCM that hindered the
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Fig. 4. Scheme of catalytic R-C(O)-XR’ substrate hydrolysis by lipase [11]

The pH of the reaction solution affects on the
diffusion of the reaction products from
microenvironment of the lipase catalytic center.
Newly created acid and alcohols which are
deprotonated in neutral or alkaline, are disconnect
from the negatively charged active center under the

reaction [25]. However, the oxidatted samples
exhibit lipase-mimetic properties at pH 7.4. For
activated carbon SKN_ K  is 0.185 mM"; for
KAU, —0.087 mM", that is only 25 % and 12 %
respectively of the native enzyme activity under
these conditions.
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Table 1. The elemental composition (mass. %) and structural-sorption parameters of NCM

Type of AC Elemcental composli;ion (mass. 0/(0)) < c;;,/g (i;’ :Ir:, ilsz;ﬁg,
KAU 99.4 0.2 0.1 0.3 0.50 2.10 1070
KAU_, 96.3 1.1 2.0 0.6 0.85 2.15 1850
SKN 91.2 1.0 6.5 1.3 0.75 0.95 1970
SKN_ 85.8 0.9 11.3 2.0 0.8 1.30 2140

Table 2. The content of functional surface groups of activated carbon samples

Type of NCM carboxylic lactonic Gr([))lll::s:olﬁiv[ . acidic groups basic groups
KAU 0.04 0.06 0.02 0.12 —
KAU, 0.84 0.20 1.39 2.43 -
SKN 0.08 0.02 0.02 0.12 0.12
SKN,« 1.04 0.10 1.01 2.15 -

Lipase-mimetic ability of modified samples can
be explained by the presence on their surface oxygen
functional groups that caused: 1)reduction in
substrate emulsion adsorption on the surface;
2) functional groups involved in the molecular
mechanism of reaction like Asp, His, Ser residues of
lipase catalytic “triad” (see Fig.4); 3)promote
efficient electrostatic interaction between reaction
products and surfaces due to its negative charge at
pH 7.4 (“electrostatic catapult™). It should be noted
that the activity of nitrogen-containing samples
SKN,,, exceeds twice for KAU_  that may be
associated with structural-sorption characteristics
(SKN,, surface area more than KAU, one), and
with presence of nitrogen-containing surface groups.

The process of lipase immobilization by physical
adsorption on activated carbon surfaces studied in
the following works [14; 16; 17; 25; 26] and it was
found that the activity of created biocatalysts
depends on several factors:

1. Structural-sorption parameters of carrier. It is
proved that for physical adsorption of the enzyme
pore diameter should be 1.5 times more that the
main axis of protein molecule. In the case of lipase,
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Fig. 5. The pH dependence of immobilized
lipase activity on the surface (/) — KAU,
(2) — SKN compared with native lipase (3)

this value should be the value no less than 100 nm.
It is obvious that lipase due to hydrophobic
interactions adsorbed on the surface, but not in
pores of KAU and SKN samples. As stated above,
lipases have high affinity for hydrophobic surfaces;
however, nanoporous structure of carbon materials
creates diffusion barriers, largely reducing the
activity of the enzyme on their surface. These
conclusions are confirmed by obtained results
(Fig. 5). Immobilized lipase is inactivated on the
surface of samples KAU and SKN, because its
activity missing in neutral pH and significantly
reduced in an alkaline media.

2. Surface chemistry of carrier. Except dispersion
interactions, between the enzyme molecule and the
carrier, some specific interactions due to carrier
functional groups appear. In this case, partial
immobilization of an enzyme occurs that enables
the substrate “free”” hydrophobic “domain” adsorbed
at the interface “oil/water”. In addition, due to the
interaction between carrier carboxyl groups and
enzyme amino groups increases the number of
lipase immobilized on the surface KAU_, and
SKN, [17; 25]. Under these conditions, the activity
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Fig. 6. The pH dependence of immobilized
lipase activity on the surface (/) - KAU_,,
(2) - SKN,,, compared with native lipase (3)
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of lipase persists in neutral pH, and in alkaline
media activity immobilized sample exceeds that for
native lipase (Fig. 6). Maximum activity is shifting
towards alkali pH and it is 7.0.

Based on data, obtained for modified KAU_
and SKN_  can conclude that the increasing of
immobilized lipase activity on the surface may be
associated not only with the activation of the enzyme
(lipase transition from a closed to an open
conformation), but with synergistic (cumulative)
effect of carrier and enzyme action. However, this
effect is observed only for KAU_  samples, and
thus to preserve the activity of lipase affects pore
size, not the value of its specific surface area and the
presence of nitrogen-containing functional groups.

Conclusions

In this work the lipase-mimetic activity of
nanoporous carbon materials, in particular, the

activated carbons of SKN and KAU type, their
modified (oxidized) forms in a hydrolysis reaction
of p-nitrophenyl palmitate at different pH values
was investigated. It was shown that pristine NCM
samples have no lipase-mimetic activity in the pH
range 6.0-8.0. However, oxidized samples SKN_
and KAU_ have catalytic ability in slightly
alkaline media, which is 25 % and 12 % of the
activity of native enzyme, respectively.
Immobilization of enzyme on pristine CNM
samples leads to its inactivation in neutral media,
and at pH 7.4 lipase loses 46 % and 7 % of its
activity on the SKN and KAU carrier respectively.
The catalytic ability of created biocatalysts can be
adjusted by the number of oxygen-containing
functional groups on the support surface. At
pH 7.4 the activity of immobilized lipase on the
KAU,, surface increased on 6 %, which may be
due to the cumulative effect of carrier and enzyme

in saturated fat hydrolysis reaction.
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JIITA3OINIOAIBHA AKTUBHICTD
HAHOITIOPYBATHUX BYIUVIEHEBUX MATEPIAJIIB

Hocnioxceno 1inazonodiony akmugHicms HAHONOPYBAMUX Y 2leYe8UX Mamepianié (AKMusosaue 8y
muny CKH ma KAY i ixui moougpixosani ¢popmu) 6 peaxyii po3xiadanHsa n-uimpogeninnaromimamy 3a
PpH 6,0-8,0. Bcmanoseneno, wo oxucneni popwu eyeinias CKH  ma KAY, eusensioms enacny kamanimuymny
AKMUBHICMb, AKA CINAHO8UMb, 8i0N06i0HO, 25 % ma 12 % 6i0 akmueHocmi Hamueno2o gepmenmy. Jlinaza
Candida rugose, ¢hizuuno iMmobini3o6ana Ha NOBEPXHi HAHONOPYBAMUX BVelleyesux Mamepianis, sbepicae
30-50 % axmusnocmi. Ak Oonyeanns gyeneyesoi NoOGepxHi cemepoamomami, max i CmpyKmypHi xapakme-
PUCTUKU HOCIA 8NIUBAIOMb HA AKMUBHICb IMMODINI308AH020 eH3UM).

KurouoBi ci1oBa: HaHOMOpYyBaTi ByIVIELEBl Marepiany, Jinasa, iMMOOLII3aIis €H3UMY, KaTaTiTUIHUN
TiApOoITi3, M-HITPOPEHUTIAIBEMITAT.
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EJIEKTPUYHI TA MEXAHIYHI BJIACTUBOCTI
HOJIYPETAHOBUX KOMIIO3UTIB
3 BYDIELEBUMUW HAHOTPYBKAMMU PI3HOI BYJIOBU

Jlocniooiceno enekmponposionicmos, MiyHiCMb HA PO3PUE MA NOOOBIHCEHHS NPU PO3PUBT KOMNOZUYITIHUX
mamepianie Ha OCHOBI CIMYACMUX NOLYPemanie 3 6azamowaposumu gy2ieyesumu HaHompyoKamu pizHoi
0y0osu ma ceomempii 3a1ex*CHO 8i0 KOHYEHMPAayiliHo20 8Michmy HanosHiosaua. BcmauoseneHo, uwo npu
3pOCManHi  8MicCmy HANOBHIOBAYA CHOCMEPI2AEMbCA 3POCHAHHA  eeKMPONPOBIOHOCHI, 30iNbUIEHHS
MIYHOCMI HA PO3PUB MA 3MEHUEHHS NOO0BHCEHHSA NPU PO3PUET HANOBHEHUX NONTYPEMaHO8UX KOMNOIUMIB.
Ilpu yvomy HaveuWUMU 3HAYEHHAMU el1eKMPONPOBIOHOCMI MAa MIYHOCMI HA pPO3PUE 6 YCbOMY
KOHYeHmpayitiHoMy Oiana3oHi Xapakmepusyiomscs CUCmeMU 3 OLTbUUM 306HIWHIM OiaMempom gyeneyeaux
Hanompyook. Hasguicms amomie HimpozeHy y 6y3nax HAHOMPYOOK NOZIpuLye eleKmponposioHicms ma
HE3HAYHO BNAUBAE HA MIYHICTNb NONTYPEMAHOBUX KOMNO3UMIE.

KurouoBi ciaoBa: mojiiyperanu, ByIieleBI HAaHOTPYOKH, €JIEKTPONPOBIIHICTb, MILHICTh Ha PO3PUB,
MTOJIOBXKCHHS TIPH PO3PHBI.
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