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Abstract: Microwaves in the presence of enzymes can contribute to the preparation of a variety of
medicinally active compounds. Microwave-induced enzymatic reactions are influenced by variables
such as frequency, field strength, waveform, duration, and modulation. The activation of enzymes
under microwave irradiation allows the study of simple and complex reactions that have never
before been reported under these conditions. By combining enzyme catalysis with microwave
technology and solvent-free chemical reactions, it is possible to prepare drug-related molecules. This
review presents the most interesting microwave reactions performed by enzymes toward medicinally
active molecules.
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1. Introduction

A microwave is a low-energy electromagnetic wave that has a wavelength in the range
of 1 mm to 1 m and a frequency in the range of 300 MHz to 300 GHz. In laboratories (and
in households as well), microwave instrumentation almost exclusively uses microwaves
operating at a frequency of 2.45 GHz (or 12.2 cm wavelength), since this frequency has
the right penetration depth for laboratory reaction conditions [1]. Microwaves, like all
other electromagnetic waves, comprise two perpendicular oscillating fields: a magnetic
field and an electric field. In microwaves, the photon energy is relatively low, affecting
only kinetic molecular excitation. The electric field is primarily responsible for generating
heat in microwaves, interacting with molecules via dipolar rotation and ionic conduction.
During the process of dipolar rotation, molecules oscillate continuously back and forth,
trying to align their dipoles with the ever-oscillating electric field; the friction between each
rotating molecule results in the generation of heat. The process of ionic conduction involves
free ions traveling translationally through space in an attempt to align with a changing
electric field. It is the friction between these moving species that results in the generation
of heat, and the higher the temperature of the reaction mixture, the more effective the
transfer of energy is, just like in dipolar rotation. As microwaves interact directly with the
contents of a reaction mixture, energy is transferred more efficiently than with conventional
heating techniques.

Compounds of medicinal significance have been synthesized through organic reactions
induced by microwaves [1]. There has been a significant increase in the rate of reactions. As
a result, researchers have hypothesized that rapid increases in temperature caused by auto-
mated or commercial microwaves could be responsible for the rate of accelerations. There
are those, however, who believe that microwave radiation is responsible for accelerating
reactions. Even though the main focus has remained on synthesizing important molecules
and drug candidates, the debate has become very intense. The use of microwave-induced
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processes as a means of synthesizing medicinally important substrates has become increas-
ingly popular worldwide. As a result, many chiral and achiral molecules that are effective
against a wide variety of medical conditions can be prepared using this method.

A substrate or catalyst that is optically active is necessary for the preparation of chiral
compounds. Asymmetric induction may not be sufficient in many instances, and the chiral
compounds may not be optically pure. As a result, some products are less effective as
medicines. The use of enzymes in asymmetric synthesis has gained popularity in organic
and medicinal chemistry in response to high demand [2-4]. A systematic investigation
of microwave-induced reactions for the preparation of chiral or achiral molecules using
enzymatic pathways has yet to be conducted. In recent years, however, scientists have
begun to show interest in this field. Each enzyme has its own characteristics. The enzyme
is a highly active and specific biological catalyst made up of proteins with a high molecular
weight [5]. The use of enzymes in microwave-induced reactions, however, seems to be
prohibited by several theories or speculations. For instance, enzymes are believed to be
intolerant of temperature and pH alterations [6]. In other words, enzymes are unable to
function outside of their temperature and pH ranges. It is possible to break the weak forces
that hold the enzyme’s structure together at high temperatures, causing the enzyme to
change its shape as a result. The structural change may affect the rate of an enzymatic
reaction, and may even be able to completely prevent that reaction from occurring in the
first place.

In many instances, enzymes are also considered to be better at catalyzing reactions
than chemicals [7]. The actual role of microwaves is not known even though the benefits of
using microwaves have been demonstrated in thousands of publications.

A careful literature review revealed that many enzyme-catalyzed microwave reac-
tions occur even at relatively high temperatures and under radiation. There is a profound
difference between the rate acceleration of enzyme-mediated reactions being induced by
microwaves and the rate acceleration observed in chemical reactions. By using chemical
methods, non-chiral compounds are produced when chiral influences are absent. Addi-
tionally, if the study is conducted using enzymes in a microwave oven, even mild chemical
reactions seem drastic. Microwave-induced enzyme reactions can even be conducted at
very low power without requiring rapid temperature rises, which is normally required in
microwave-assisted chemical reactions. This is quite an interesting observation to keep
in mind. There may be a greater sensitivity to radiation than temperature in enzymatic
reactions in a microwave oven. On the other hand, scientists believe that chemical reac-
tions may take place as a result of a combination of both. These types of reactions may
be controlled more by the thermal situation, according to most published papers. The
precise control of radiation and temperature of microwave in various research projects has
been investigated by our group [8,9]. The synergistic effect of microwave irradiation and
enzyme catalysis significantly accelerates the reaction [10]. Biodegradation of toxic organic
pollutants is explained in various studies by using enzymes from fungi, bacteria, and
plants [11,12]. Microbial enzymes control bioremediation, which is an inexpensive, envi-
ronmentally friendly biotechnology. As a result of these analyses, the toxicity of pollutants
can be reduced and useful new products can be developed. Microwave technology and
enzyme catalysis are thus nature-friendly methods that produce high yields of products
with little solvent wastage [13,14]. With microwave irradiation, enzymes from diverse
microorganisms aid a broad range of biochemical reactions. As of yet, microwave-induced
reactions have not been explored for the application of biochemical methods.

This review describes the most interesting enzyme reactions occurring under mi-
crowave irradiation, based on examples related to medicinally active molecules. The
following sections discuss how microwaves can be used to promote enzymatic reactions
in order to prepare compounds that are medicinally active. We focused only on a few
compounds since this is not a comprehensive review.



Drugs Drug Candidates 2024, 3

640

2. Microwave-Assisted Lipase-Catalyzed Reactions

An enzyme called lipase catalyzes the hydrolysis of lipids. There are several reasons
why it is widely used as a biocatalyst, including its biodegradability, non-toxicity, specificity,
high catalytic efficiency, pH-dependent activity, activity in organic solvents, low product
inhibition, low reaction times, reusability, high yield in non-aqueous media, resistance to
temperature, pH, and alcohol. Additionally, lipase plays a vital role in a wide range of
industrial applications, including detergents, food, leather, textiles, pharmaceuticals, cos-
metics, and paper. Furthermore, lipase is involved in the synthesis of organic compounds,
polymer synthesis, functionalization reactions, transformations, oxidations, hydrolysis, and
epoxidations, as well as the esterification and transesterification of polymers and organic
compounds. The following sections discuss the synthesis of medicinally active compounds
using lipases.

Due to the polar nature of lipase, it can absorb microwave energy very rapidly. Mi-
crowave energy in the form of heat and radiation can activate lipase significantly and help
the enzyme to participate in chemical reactions. Interestingly, it appears that both the heat
and radiation of the microwave are responsible for the success of lipase-catalyzed reactions.
An exposure of the reactants with lipase at room temperature (at about 25-30 °C) in a
domestic microwave oven for 10 min oven did not produce any products regardless of the
nature of the reactions. This means that radiation by the microwave alone failed. Similarly,
the same reaction failed to produce products if heated alone at a specific temperature
outside a microwave. A combination of microwave heating and radiation is necessary to
perform enzyme-catalyzed reactions successfully. All enzyme-mediated reactions described
here follow this general principle.

Importantly, the microwave-induced enzyme-mediated reactions produced either
desired products or the starting compounds remained intact. No side products were
isolated from these reactions.

An anti-inflammatory and analgesic nonsteroidal drug, ketorolac has one stereogenic
carbon center [15]. The structure of the molecule can be seen in Figure 1. The efficacy of
ketorolac has been demonstrated to be higher than that of indomethacin, aspirin, naproxen,
meperidine, ibuprofen, pentazocine, and morphine [16]. Ketorolac has achieved consid-
erable therapeutic value in this way. Among the ketorolac enantiomers, the (R)-isomer is
inactive and exhibits adverse effects, whereas the (S)-isomer exhibits very high therapeu-
tic activity [17]. The preparation of the (S)-isomer is therefore crucial. There are several
methods available for the stereoselective synthesis of (S)-isomer, including esterification
in organic media catalyzed by microorganisms or enzymes, and hydrolysis in aqueous
media [18]. In order to obtain the desired enantiomeric excess form of ketorolac, enzymatic
biotransformation requires a longer reaction time.
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Figure 1. Molecular structure of ketorolac.

Microwave-induced biocatalytic transformation is an important green method for
chiral drug resolution. Our research group has been conducting green chemistry research
using diverse methods [19,20].

Through an esterification reaction using a lipase enzyme, the synergistic effect of
microwave irradiation was investigated in the kinetic resolution of RS-(£)-ketorolac [21].
But the s-factor was not mentioned [21]. A variety of immobilized enzymes (Lipozyme
TL IM, Novozym 435, Lipozyme RM IM, Lipase AYS amino, and Lipase Amano AS) have
been evaluated for the kinetic resolution of RS-(+)-ketorolac under microwave conditions.
Additionally, various growth parameters such as agitation speed, different solvents, tem-
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perature, catalyst concentration, and substrate concentration were examined. There was an
increase in initial rates under microwave conditions compared to conventional methods.
In comparison with other lipases, Novozym 435 lipase efficiently catalyzed the enantiose-
lective esterification of RS-(£)-ketorolac. Figure 2 shows a schematic of the reaction. At
50 °C in 3 h, an enantiomeric excess of >99% and a conversion of 50% was achieved. It was
demonstrated that the Ping-Pong bi-bi mechanism was followed by this reaction, inhibited
by n-octanol.
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Figure 2. The kinetic resolution of ketorolac induced by microwave irradiation and catalyzed by
lipase. Reagents and conditions: (i) n-Octanol, Novozym 435, MWL

By comparing the enantioselective resolution of ketorolac under conventional and
microwave heating, the effect of temperature was investigated in the range of 30 to 60 °C.
With an increase in temperature in the range of 30-60 °C under microwave irradiation, the
initial rate increased from 4.67 x 107! t0 21.33 x 10~ 'mol L~! min~! kg~! of enzymes and
the conversion increased from 23 to 53%. Due to the momentum provided by microwave
energy, the reaction was completed faster than it would be with conventional heating
methods due to the energy barrier being surpassed quickly. Enantioselectivity is not affected
much by temperature change either in microwave irradiation or conventional heating.

On the Arrhenius plot, conventional and microwave activation energies were cal-
culated to be approximately 9.02 and 10.29 kcal mol~!. It is likely that the microwave
irradiation improved the collision frequency since the values were very close. Microwave
irradiation increased the reaction rate, indicating that the effect may not be restricted to
thermal effects. The microwave-absorbing nature of the reactants contributed to the faster
reaction rate. The RS-(+£)-ketorolac can be seen as an example of a microwave-absorbing
material that features a high level of performance. The dipole of the RS-(4)-ketorolac
may reorient rapidly, so that the functional unit becomes highly energetic at the inter-
face between the RS-(+)-ketorolac and n-octanol, under microwave irradiation. Under
microwave irradiation, the enzyme may act differently and receive more activity. Due to
conformational changes in the enzyme, this occurs. In comparison to conventional heating,
it facilitates substrate access to the enzyme’s active site.

Different growth parameters were investigated, such as the biocatalyst, temperature,
and solvent. For the analysis, Novozym 435 (Candida antarctica lipase B), Lipozyme RM IM
(Rhizomucor miehei), and Lipozyme TL IM (Thermomyces lanuginosus) lipases were tested.
Lipase Novozym 435 showed the highest conversion rate of the three enzymes considered.
A conversion rate of 83% was achieved with Novozym 435, 8% with Lipozyme RM IM,
and a very minor conversion with Lipozyme TL IM. As compared to other enzymes
studied, Novozym 435 showed the highest conversion, which can be attributed to its
higher conformational flexibility towards R-isomer than S-isomer. Both conventional and
microwave heating enhanced the initial rate at 60 °C. Compared to conventional methods,
microwave irradiation increased initial rates by about fourfold.

In Figure 3, isopentyl butanoate represents the butanoate ester of isoamylol; isopentyl
butanoate is also called isoamyl butyrate. As a metabolite, this compound belongs to
the class of fatty acid esters. It is also used in the preparation of fruit juice flavors as a
flavoring agent. Additionally, it is widely used as a fragrance and flavor compound in the
cosmetic, pharmaceutical, beverage, and food industries. Isoamyl alcohol and butyrate are
normally esterified using lipase as a catalyst to produce this compound. It is also possible
to synthesize isoamyl butyrate enzymatically under microwave conditions.
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Figure 3. Molecular structure of isoamyl butyrate.
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A study investigating the effect of microwave irradiation on the enzyme-mediated
synthesis of isoamyl butyrate ester in a solvent-free system was conducted by Bansode
et al. [22]. Different parameters were analyzed to optimize the reaction conditions under
the solvent-free condition to maximize the yield. At 60 °C and 700 W microwave power,
about 95% conversion was achieved in 120 min. Data obtained from conventional and
ultrasonic methods were compared with the thermodynamic data of the reaction. In
the microwave method, the reaction rate increased due to the lower activation energy
associated with the system. Thus, microwave energy enhanced lipase-catalyzed solvent-
free esterification 1.5- to 5-fold compared to ultrasonic and conventional methods. Due
to thermal denaturation of the enzyme, conversion decreased from 95% to 83% when the
temperature was raised from 60 °C to 70 °C. In this study, the importance of temperature
had been emphasized.

PCL (Poly-¢-caprolactone) is a biodegradable polyester. Moreover, it is used for
modeling, splinting, prototyping systems, and the manufacture of special polyurethanes.
As well as being used as an implantable biomaterial, as a device for drug delivery, and as a
barrier or adhesion suture. Numerous studies have been conducted on PCL synthesis [23].
PCL was also synthesized using microwave-induced enzymes without solvent [24]. Figure 4
shows the ring-opening polymerization of e-caprolactone.

)
o)

} J(OW\/%

Figure 4. Ring-opening polymerization of e-caprolactone assisted by microwave. Reagents and
conditions: (i) MWI, lipase.

Various growth parameters were tested, including microwave intensity, reaction time,
and temperature. A polymerization reaction under optimal conditions resulted in PCL with
a 1.2 polydispersity index and Mn of 20,624. Temperature also affected PCL’s properties
positively, while microwave irradiation of high levels was ineffective. There is a close
relationship between the stability of the catalytically active conformation of an enzyme and
its interaction with the microenvironment in which it is located. In an organic medium,
the hydrophobic interactions are more pronounced and the enzyme’s structural rigidity
increases, resulting in a greater degree of thermal stability. It is possible that Caprolactone,
being in a liquid form, could provide some thermal stability as well. Microwave energy
is very efficiently absorbed by caprolactone. As a result of the increase in power, the
instantaneous microenvironment temperature in the chemical reaction increased due to the
increase in bulk temperature. It affected enzymes and their microenvironments, resulting
in a loss of enzyme activity [25].

In the preparation of organic compounds of medicinal significance, styrene oxide is an
efficient and important intermediate. Styrene-to-styrene oxide epoxidation catalyzed by
lipases was investigated both in situ and ex situ using perlauric acid as the oxidizing agent,
both by microwave as well as conventional heating [26]. Figure 5 shows the chemoenzy-
matic epoxidation of styrene oxide. As a first step, hydrogen peroxide and lauric acid were
converted to perlauric acid by lipase (Candida antarctica). The synthesized perlauric acid
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was then reacted with styrene at the same time to produce styrene oxide. The enzyme was
shown to be deactivated by hydrogen peroxide [27]. In order to enhance the enzyme’s
activity and stability, microwave irradiation was considered.

o
7/ N\
HC=CH, HC—CH,

+ CHj3(CH;)41oCOOOH L @ + CH3(CH;)41oCOOH

6 7 8 9
Figure 5. Lipase-catalyzed styrene oxide synthesis. Reagents and conditions: (i) Lipase.

For the reaction, various lipases were considered, including PS-C “Amano”, Lipozyme
RM IM, Novozym 435, and Lipozyme TL IM. It was found that Novozym 435 lipase was
the most effective catalyst among those tested, achieving a conversion rate of 48% in three
hours. In three hours, Lipase PS-C “Amano”, Lipozyme TL IM, and Lipozyme RM IM
produced only conversions of 0, 7, and 11%.

With microwave heating, a temperature increase of 30 to 60 °C increased the reaction
rate from 0.02 to 0.06 mol/(L-min-g-enz). By contrast, when the temperature was increased
to 70 °C, the rate of reaction decreased to 0.045 mol/(L-min-g-enz). In conventional
heating, however, the reaction rate increased from 0.02 to 0.05 mol/(L-min-g-enz) with an
increase in temperature (30 to 60 °C). In the same way as microwave heating, an increase in
temperature (70 °C) reduced the reaction rate to 0.045 mol/(L-min-g-enz). The microwave
method resulted in a 33% increase in reaction rate over the conventional method at 60 °C.
The microwave power of 35 W was sufficient to increase the reaction rate by such a large
amount. At 35 W power, the reaction rate increased with temperature in accordance with
the Arrhenius model. At higher temperatures, this model collapses due to irreversible
lipase denaturation.

Isoniazid (isonicotinic acid hydrazide) is an antibacterial drug that is used primarily
to treat tuberculosis. This compound was first prepared in 1912, and its anti-tuberculosis
activity was discovered in 1952. There is a wide use of this drug in combination with
other drugs such as ethambutol and rifampicin. Under reflux conditions for 7 h at 100 °C,
isoniazid is chemically prepared from hydrazine hydrate and 4-cyanopyridine in the
presence of sodium hydroxide [28]. There is also a method using hydrazine hydrate and
ethyl isonicotinate. The use of immobilized lipase enzyme in the enzymatic preparation of
isoniazid was also reported [29]. A study was conducted to determine whether it is possible
to synthesize isoniazid enzymatically from ethyl isonicotinate and hydrazine hydrate in
non-aqueous media with microwaves or conventional heating methods [30]. Figure 6
illustrates the reaction schematically.

Q
C—O0C,Hs —NHNH,
X
| + NH,NH, S fj + C,Hs0H
~
N
10 11 12 13

Figure 6. Enzymatic synthesis of isoniazid. Reagents and conditions: (i) lipase, MW.
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Lipozyme TL IM, Lipozyme RM IM, and Novozym 435 were all considered in this
study. It was observed that Novozym 435 was the most active lipase among them. In com-
parison with conventional methods, microwave irradiation increased the final conversion
and rate of reaction synergistically (Figure 7).

60

50 *

40 - .
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% Conversion

204 "
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Time, h
Figure 7. Reaction rate and conversion. (H), conventional; (#), microwave. Adapted from [30].

As a result of microwave irradiation, the enzyme activity was increased in the trans-
esterification reaction. As compared to the conventional method, the rate of reaction
improved 1.5-fold in the first 4 h. Microwave-induced transesterification achieved an equiv-
alent product yield within a shorter period of time than conventional transesterification.

One of the most widely used pharmaceutical excipients is starch. With minimal
processing, it meets most of the requirements for excipients. In addition, it is non-toxic,
inexpensive, odorless, widely available, and biocompatible. There are a number of appli-
cations for modified starch. It can be used in a variety of applications, such as hot melt
adhesives, tablet binders, cigarette filters, coatings, pharmaceutical aspects, and packaging
materials [31]. It has been reported that various esterification methods such as chemical,
enzymatic, and physical methods can be used to supply altered starches of high quality [32].

A method for esterifying starch using microwaves and biocatalysis has been de-
scribed [33]. By employing microwave-induced enzyme transformations of starch, starch
esters could be produced in abundance. In this method, hog pancreas lipase served as
a biocatalyst. Dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) were used as
reaction media (Figure 8). An experiment was performed in which low-power microwave
radiation was applied in the reaction mixture and the results compared to those obtained
with conventional heating methods. The final temperature of the DMF process is much
lower, and does not reach more than 80 °C when using a microwave power of 160 milli
Watts per gram (mW /g). It was found that the internal temperature of the mixture could not
be greater than 65 °C when only a low level of microwave power was applied (80 mW/g).
In the case of DMSO, similar temperature profiles can also be observed; however, the
maximum temperature is much higher. A total of 80 °C for 80 mW /g and about 100 °C for
160 mW /g, respectively, are the maximum temperatures. Based on the results of the study,
microwave-assisted esterification in DMF with lauric acid as an acyl donor produced the
highest substitution degree (around 0.51). Furthermore, the microwave method reduced
the reaction time by 2.5 times. Using the method, starch ester was produced in a more
efficient manner.
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Figure 8. Microwave-assisted esterification of starch. Reagents and conditions: (i) MWI, lipase,
DMSO/DME.

3. Microwave-Assisted Cellulase-Catalyzed Reactions

The decomposition of cellulose and related polysaccharides is known as cellulolysis.
Enzymes that contain cellulase are usually used to catalyze cellulolysis, which hydrolyzes
1,4-glucoside linkages within the cellulose chain. Bacteria, protozoa, and fungi are the main
producers of this enzyme. There are various types of cellulases, most of which differ in
their structure and mechanism. There are many industries that use cellulases, including the
food processing industry, textile industry, brewery and wine industry, laundry detergents,
pulp and paper industry, livestock feed industry, agriculture, and pharmaceutical industry.
Following is a discussion of how microwave irradiation affects cellulose activity.

In addition to being a water-soluble heteropolysaccharide, Astragalus polysaccharide
also has bioactive properties (Figure 9). Astragalus polysaccharide can be extracted from
Astragali Radix (the dry root of Astragalus membranaceus). There are a number of medicinal
properties of this polysaccharide, including anti-aging, antitumor, immunomodulation,
antioxidant, antiviral, cardiovascular protection, and anti-inflammatory properties [34]. As-
tragalus polysaccharides are composed of galactose, glucose, rhamnose, xylose, arabinose,
mannose, galacturonic acid, and glucuronic acid. The biological activities of Astragalus
polysaccharides depend on their structure and chemical composition, making its extraction
crucial. In order to prepare astragalus polysaccharide, several extraction methods have
been described [35].

17

Figure 9. The repeating unit of Astragalus polysaccharide.
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Microwave-assisted cellulose hydrolysis was also studied to extract Astragalus polysac-
charides [36]. It was found that enzymatic-microwave conditions could achieve a maximum
extraction rate of about 16% and a maximum purity of about 88%, which was higher than
that achieved using other methods. There were several conditions that seemed to be
optimal for enzyme-microwave extraction, the most important being that the liquid-to-
solid ratio was 10:1; the enzyme ratio was 57.6 U/g; and the cellulase reaction time was
60 min before 8 min of microwave irradiation (480 W). It is more efficient and faster to use
microwave-assisted enzyme-catalyzed extraction to extract Astragalus polysaccharides
from Astragali Radix.

4. Microwave-Assisted Glycosidases-Catalyzed Reactions

Glycosidases play a crucial role in carbohydrate metabolism as a part of perfect health.
These enzymes are primarily responsible for the degradation of oligo- and polysaccharides
in vivo. Glycosidases catalyze glycosidic bond hydrolysis in carbohydrates and other
related compounds. Besides degrading biomass, they are also involved in the digestion
of intestinal contents, immune defense strategies, post-translational modification of glyco-
proteins, pathogenesis mechanisms, lysosomal catabolism of glycoconjugates, and normal
cell function.

In regard to biological activity, glycosides are a class of compounds that are biologically
active. As an example, glycosides derived from alkaloid glycosides, vitamins, polyphenolic
glycosides (flavonoids), glycosides derived from antibiotics, cardiac glycosides, glycopep-
tides, terpenoid glycosides, and steroid glycosides are a few of the many types of glycosides.
There is also evidence that glycosides derived from different medicinal plants exhibit anti-
cancer activity against a variety of cancer types [37]. It is possible to synthesize glycosidic
bonds chemically in a number of different ways.

In an investigation that was carried out in dry media, glycosidase-catalyzed re-
versed hydrolysis and transglycosidation were performed using microwave assistance
(Figure 10) [38]. As part of this study, some (trans)glycosidations were performed us-
ing almond-3-glucosidase. The preparation by reversed hydrolysis was carried out with
hexane-1,6-diol and glucose, while transglycosidation was performed with propane-1,2-
diol as acceptor and cellobiose and phenyl- 3-D-glucoside as donors. A dry reaction
medium was created by the co-immobilization of enzyme, acceptor, and donor from
acetonitrile-water solution or water. Almond-{3-glucosidase-catalyzed reversed hydrolysis
was investigated utilizing type C aluminum oxide as the support whose pH is close to
that of the enzyme’s optimal activity. The maximum conversion was 16% after 6 h under
classical heating or after 1 h under microwave irradiation, while it was 60% after 5 days
at 50 °C using 4 equiv. of acceptor in acetonitrile-water (9:1) mixture. However, due to
the instability of this glucosidase, in the experiments at 80 °C, the reaction time could not
be prolonged. Transglycosidation with almond-{3-glucosidase was not successful due to
hydrolysis of the phenyl-3-D-glucoside, donor 2, during the impregnation step.

R
OH N OH o
2
OH 0o n 0 OJ‘IJ\
HO ' . + n
N R, OH OH OH
o)

H HO
OH OH

19 20 21

R4=H, Ph, 4-OGlc; R,=H, CH3

Figure 10. Microwave-assisted transglycosylations catalyzed by glycosidases. Reagents and condi-
tions: (i) MWI, glycosidase support.
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Oligosaccharides and their derivatives play a crucial role in many biochemical reac-
tions. It has been demonstrated that oligosaccharides and their derivatives are widely
used in a variety of applications, including therapeutics, cosmetics, the food industry, and
diagnostic tools [39]. A derivative of an oligosaccharide called galacto-oligosaccharides
stimulates the growth of Bifidobacteria in the human body [40].

Galacto-oligosaccharides are also considered growth factors for Bifidus. Intestinal
Bifidobacteria are essential for maintaining intestinal balance, lactose tolerance, antitu-
morigenic activity, lowering serum cholesterol levels, milk digestibility, increasing calcium
absorption from food, and synthesizing B-complex vitamins in the human body [41]. This
makes galacto-oligosaccharide synthesis essential. There are several methods for synthe-
sizing oligosaccharides [42]. Chemical synthesis, however, requires long deprotection
steps to control selectivity, produces unwanted enantiomers, produces low yields, and
generally involves very complicated procedures [43]. The enzymatic synthesis method
offers a promising alternative.

With the use of beta-galactosidase from Kluyveromyceslactis and microwave irra-
diation, galacto-oligosaccharides can be prepared from lactose [44]. The synthesis was
performed under microwave irradiation in a phosphate buffer supplemented with MgCl,,
lactose, and immobilized beta-galactosidase (Figure 11). After 10 min of 100 °C heating,
the reaction was stopped when lactose was depleted. Increased lactose concentrations,
lower water activity in the media, and the addition of co-solvents enhanced the selectivity
of galacto-oligosaccharides. With co-solvents (such as hexanol) and microwave irradiation
exposed to the immobilized enzyme, the galacto-oligosaccharides selectivity was raised
217-fold compared with the conventional method.

R OH OH OH
O/
i HO ° o 0
i o o OH
HO HO HO
OH OH OH

23

Figure 11. Microwave-assisted transglycosylation of lactose using galactosidase. Reagents and
conditions: (i) MWI, B-galactosidase.

Microwave-assisted transglycosylation of nucleotide-activated oligosaccharides was
studied using Bacillus circulans galactosidase [45]. Figure 12 illustrates the pathway

for synthesis.
Glycosylation involves covalently attaching saccharides to lipids, proteins, or other

molecules. A glycosylation reaction takes place at a specific location under the guidance
of an enzyme. Protein stabilization, protein folding, protein trafficking, quaternary struc-
ture, and protease protection are all dependent on glycosylation and deglycosylation [46].
Inflammation, receptor binding, and disease recovery are also affected by glycosylation [47].

Standard deglycosylation methods involve overnight digestion with the appropriate
deglycosylating chemicals or enzymes. This method has been improved using several
techniques. Deglycosylation using hydrophilic and hydrophobic chip technology [48], the
optimization of reaction conditions using anhydrous trifluoromethane sulfonic acid [49],
the PVDF-immobilization of glycosylated proteins followed by deglycosylating enzyme
incubation [50], the development of hybrid deglycosylation enzymes [51], and the incu-
bation of glycoproteins in the presence of surfactants with the peptide N-glycosidase F
enzyme [52] are among the techniques.
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Figure 12. Transglycosylation for the synthesis of UDP-Lac(NAc) using B-galactosidase.

Using peptide N-glycosidase F enzyme, the microwave-assisted removal of N-linked
oligosaccharides was investigated [53]. The majority of protein samples were completely
deglycosylated within 30 min without compromising their integrity. Compared to conven-
tional deglycosylation methods, microwave-assisted enzymatic methods were significantly
faster. This method was tested on a variety of glycoproteins. Deamidation, poor recovery,
or cleavage of the protein backbone was not reported as damaging effects.

5. Microwave-Assisted Yeast-Catalyzed Reactions

The yeast family contains hundreds of species. Saccharomyces cerevisiae is one of
the most well-known yeast species, commonly called baker’s or brewer’s yeast. Baker’s
yeast is widely used in several biotechnological and medicinal applications. Various forms
of Baker’s yeast are available depending on the moisture content. Additionally, organic
compounds can be synthesized using it. Several reactions use it as a biocatalyst, for example.
Among the reactions are condensation, oxidation, reduction, hydrogenation, cyclization,
and hydrolysis—all are useful in drug synthesis. Baker’s yeast can be used in free form
or immobilized form during different chemical reactions. Ethanol can also be synthesized
using Baker’s yeast via fermentation. The following sections describe the variations in
baker’s yeast activity due to microwave effects.

Disaccharides such as trehalose are non-reducing. As shown in Figure 13, trehalose
contains two alpha, alpha-connected glucose moieties. It is considered to be the store-
house of glucose. In plants, fungi, bacteria, insects, and yeast, it can be found but not
in vertebrates.

CH,OH

28

Figure 13. Molecular structure of trehalose.
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In addition to reserving glucose, trehalose also protects membranes and proteins
from osmolarity, desiccation, heat, and frost as well as acting as a crucial component of
mycobacterial cell walls and a mycolic acid donor, as well as serving as a transcriptional
regulator and an allosteric inhibitor of glucose metabolism. As a practical preservative, this
molecule is used to preserve foods, enzymes, cosmetics, and pharmaceuticals that are un-
stable [54]. There are five biosynthesis pathways reported for the synthesis of this molecule,
but only three are commonly used [55]. There are three pathways in Corynebacteria and
mycobacteria, but the majority of organisms possess only one pathway.

In large-scale production, trehalose is primarily synthesized from yeast (Saccharomyces
cerevisiae). Yeast contains trehalase, an enzyme that hydrolyzes trehalose. The activity of tre-
halase was reported to control the extraction of trehalose from baker’s yeast [56]. Therefore,
trehalase must be inactivated before extraction. Trehalase can be inactivated by adjusting
pH, extraction temperature, and ethanol concentration. A high extraction ratio of trehalose
can be obtained from thermally addressed yeast. It is possible to inactivate trehalase
by irradiating fresh Saccharomyces cerevisiae with microwaves [57]. Microwave treatment
disrupted the yeast cell and rendered the trehalase enzyme inactive after 60 s. Using
microwave-treated yeast at room temperature, trehalose was easily extracted in 10 min by
using water since the yeast cell was lysed and trehalase was inactive. Microwave-assisted
pre-treatment is an efficient method for preparing trehalose from yeast. Different materials
can also be prepared using microwave-assisted methods for intracellular products.

There is biological activity associated with beta-lactams, clinically active molecules.
Among their medicinal properties are antibacterial, antifungal, anti-inflammatory, choles-
terol absorption inhibitors, antihepatitis, antihyperglycemic, analgesic, and anticancer. As
an example, hydroxy-beta-lactams can be used to make Taxol and Taxotere. As a part of
developing numerous anticancer agents with their mechanism of actions, we have reported
a number of medicinal aspects on this subject [58]. Figure 14 shows the molecular structure
of Taxol and Taxotere, two clinically active anticancer drugs.

29 30

Figure 14. Molecular structure of Taxol and Taxotere.

Microwave-induced Baker’s yeast-mediated reduction of 3-keto beta-lactams to chiral
3-hydroxy derivatives was reported by Banik et al. [59]. The keto functionality of alpha-
keto-beta-lactam 31 in glycerol was reduced by Baker’s yeast (Saccharomyces Cerevisiae,
type 3) using microwave irradiation. The hydroxyl compounds 32 and 33 were produced at
a ratio of 3:1 and with a yield of 55%. Figure 15 illustrates the reaction schematically. A cis
and trans configuration was indicated by NMR data for products 32 and 33. Beta-lactams
were not studied in terms of enzymatic reactions by microwave. Beta-lactams have a
variety of clinical applications, so microwave enzymatic reactions on them should be highly
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significant. The synthesis, properties, and reactivity of beta lactams constitutes the central
part of our research endeavor [60].

o Ph RO, .Ph RO, Ph
Baker's yeast 1 + -
%
N Glycerol, MW )/:L N
N \ \
o] Ar 0 Ar o] Ar
31 32 33

Figure 15. Reduction of 3-keto 3-lactams to chiral 3-hydroxy derivatives.

6. Conclusions

These examples demonstrate an increase in the initial rate under microwave irradiation
compared with conventional heating. As a result, the reaction time for obtaining a similar
conversion was reduced. Microwave radiation can be absorbed more efficiently by polar
reactants than by less polar reactants, resulting in super molecular heating. As temperature
increases, molecules can act faster and engage in more energetic interactions. This process
occurs more quickly with microwave energy since the instantaneous temperature of the
substances is higher than the normal bulk temperature. The detected rate enhancements
may be due to this elemental factor. Microwave irradiation can cause enzymes to behave
differently and become more efficient to some extent. Microwave irradiation and enzymatic
catalysis work synergistically, as demonstrated by the examples given. Depending on
the strength of the field, waveform, frequency, duration of exposure, and modulation,
microwaves make various biological effects on enzymes.

The activity, selectivity, and stability of enzymes can be improved by microwave
heating, according to studies. Since enzymes are very temperature-sensitive molecules,
the application of microwave irradiation in the enzymatic synthesis of medicinally active
compounds is constrained by the high temperatures associated with microwave heating.
Various investigations are being conducted using new technologies while maintaining
accurate power inputs and maintaining temperatures as low as 40 °C.

Several reports have shown that when microwaves are used in enzymatic reactions,
the reaction time is drastically reduced and even superior selectivity is achieved. In spite of
this, there are still many controversies and unexplained effects in this area that still need
to be studied. There are still several limitations to the application of microwave heating
technology, including non-homogeneous electromagnetic field distribution, thermally
unstable rising temperatures, and an insufficient depth of microwave penetration, which
reduces its efficiency. The limited penetration depth of microwaves causes a lack of
uniformity in temperature distributions. In addition, other studies have shown that local
overheat problems and hot spots may also cause thermal leakage, such as sudden spikes
in system temperature. Microwave technology has other limitations, such as limited
application, scalability, and health hazards. Combining microwave heating with other
technologies is one way to overcome some of these limitations. In addition to improving
product yields and energy efficiency, the combined technologies can reduce costs.

In spite of the fact that microwave-induced enzymatic reactions are not as widely used
and popular as chemical synthesis, they have been successfully applied to a wide range of
processes. This review discussed a wide range of topics including hydrolysis, transesteri-
fication, esterification, transglycosylation, ring-opening polymerization, deglycosylation,
oxidation, optical resolution, condensation, and reduction, among others. There is no doubt
that many more enzyme-catalyzed microwave-assisted reactions toward drugs and drug
candidates will be discovered in the near future. As far as we are concerned, this is just the
beginning of what we believe will be an incredibly exciting field of study.
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