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Inexpensive but resourceful sources of lipids, for example, used cooking oil (UCO) and brown grease (BG), which often contair
large amounts of free fatty acids (FFA), are difficult to convert into biodiesel economically and in goo€gied@larugosa
lipase nanoparticles (cNP) were formed first and subsequentlylorked nanoparticles (CLNP) were obtained by crosslinking
of them. Alternatively, cNP were conjugated to magnetic nanoparticles (mNP) to achievenaNéNBonjugate. All three
formulations were employed in three different organic solverdsefiiane, 14lioxane, and-butanol) to produce biodiesel
using BG and UCO in the transesterification reaction with ethanol and methanol. The radii of nanoparticles (NP) were 5.5, 75
100, 85 nnfor MNP, cNP, CLNP, and cNRINP, respectively, as measured by scanning/transmission electron microscopy and
dynamic light scattering. The catalytic efficiencye4#m) of cNP, CLNP, and cNhNP was increased c&5,-68,-176 folds
in n-heptane aneB5,-131,-262 folds in 1,4dioxane compared to the lyophilized lipase in the model transesterification reaction
of p-nitrophenyl palmitate (PNPP) with ethanol. In biodiesel formation, the best performance with 100% conversion of BG was
achieved under optimuepnditions with cNPmMNP, ethanol at a 1:3 molar ratio of ligiokalcohol, NP at a 1:0.1 weight ratio
of lipid-to-enzyme, and water at a 1:0.04 weight ratio of enzioneater at 30°C for 35 h. The operational stability of the
CLNP and cNPMNP was sustaed even after five consequent biodiesel batch conversions while 50% and 82% residual activity
(storage stability) were retained after 40 d.
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Abbreviations
APTS (3-Aminopropyl) triethoxysilane
BCA Bicinchoninic acid
BG Brown grease
CLEA Crosslinked enzymeaggregates
CLNP Crosslinked nanoparticles 6andida rugosdipase
cNP Candida rugosdipase nanopatrticles
Candida rugosananoparticles formed by using 1,4
cNP-D ;
dioxane
cNP-T Candida rugosananopatrticles formed by using THF
cNP-mNP cNP conjugated tmNP
cNP-MNPD cNP conjugated to mNP formed by using-1,4
dioxane
cNP-mNP-T cNP conjugated to mNP formed by using THF
CRL Candida rugosdipase
DLS Dynamic light scattering
FAAE Fatty acid alkyl esters
FAEE Fatty acid ethyl esters
FAME Fatty acid metyl esters
FFA Free fatty acids
FTIR Fourier transform infrared
mNP Magnetic nanoparticles of iron oxide
Mb CD Methyl-b-cyclodextrin
NP Nanoparticles
PDI Polydispersity index
PNPP p-nitrophenyl palmitate
PNP Paranitrophenol,-Nitrophenol
SEM Scanning electron microscopy
t-butanol Tertiary butanol
TEM Transmission electron microscopy
TEOS Tetrahydrofuan
THF PetroleumBased Diesel Fuel
uco Used cooking oil
VSM Vibration sample magnetometry
XRD X-ray diffraction

1. Introduction

Nanobiocatalysis is a fageveloping area of nanotechnology in which
materials sciences and biotechnology combine synergisticalipgmoie the

stability and catalytic performance of biocatalysts. In recent years, numerous

reports have been published where tailmde nanostructures (nanofibers,
carbon nanotubes, magnetic nanopartiod®P, etc.) were utilized in various
biomedical apptations {/ahdavi et al., 2013; Xu et al., 20Qlificluding as
support for enzyme immobilizatioriKin et al., 2008; Verma et al., 20)L3

From several available nanostructures, mNP appear particularly promising for

chemical conversions including biodiesebguction {Vang et al., 2009; Xie
and Ma, 2009Dussan et al., 2010; Yu et al., 2)1Bhese customized mNP of
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should be economically viable. Enzyme immobilization on mNP is a hon
trivial process requiring multiple steps and therefore, is not exactly cheap
per se. Creation of crodisked enzyme aggregates (CLEA), in contrast, is

a \ery simple and comparatively economical proc&ss(don et al., 2005
Consequently, this enzyme technology has found a foothold in several
industrial applicationsSheldon, 201)) Potential disadvantages include
large particle size {50 pm) and consequdy diffusional limitations in
mass transfer, which could restrict CLEA in achieving a high degree of
catalysigSheldon et al., 2005; Adlercreutz, 2).1Bo ameliorate such mass
transfer problems associated with particle size, some reports have been
pubished where better control of CLEA particle size was achieved by
varying the crosslinker amount, pH, salt, and other variablese{ al.,
2006. We suggest that CLEA can be further improved by using NP as
starting material.

Biodiesel produced by conveatial transesterification using a chemical
catalyst requires raw materials of better and uniform quality and high input
of temperature for processing when compared to inorganic catalysts
(sodium/potassium hydroxides or alkoxideS)e(baek et al., 2009This
causes two major problems in sustainable biodiesel production. First,
biodiesel production is frequently based on oils from food crops and this
threatens food supply and elevates costshé¢nk et al., 2008 Second,
when feedstockhigh in free fatty aids (FFA) (waste oils, algal lipids, rice
bran oil, animal fat, etc.) are utilized for biodiesel production, then such
feedstock must first be esterified by an acidic catalyst and subsequently
transesterified by a base catalyst(baek et al., 2009; Rie et al., 201).

This contributes to the formation of several side products (glycerol, salts,
alkaline wastewater, etc.), whose filtration in the downstream process
increases the cost and chances to contaminate the final predust et

al., 201). Most of these problems, however, can be minimized or avoided
by utilizing lipases as biocatalysts. Different types of lipases are available
for industrial scale biodiesel production but they mostly are moderately
expensive and supplied in liquid or rommobilized form. Furthermore,
lipases supplied at reasonable costs are frequently quite crude. Therefore,
these cannot be recycled batetse and make the enzymatic process
expensive. Consequently, lipase use is impractical from a commercial
standpoint. Thisproblem, though, can be amended by either utilizing
inexpensive lipase of higher activity or by immobilizing them on an inert
surface to enable reusedrbaek et al., 2009

Lipase fromCandida rugosgCRL) gained interesduring the last few
decades becse of its structuredrochulski et al., 1994; de Maria et al.,
2006, high activity under both, aqueous and nonaqueous condtions
et al., 199}, and broad specificityBenjaminand Pandey, 1998 Ample
literature is available on hydrolytic and slyatic reactions driven by CRL
including biodiesel productiorBenjaminandPandey, 1998; Kojima et al.,
2004;Park et al., 2008; Shao et al., 2088p et al., 2013Kuo et al., 201}
Nevertheless, few reports have been published on CRL transestenificatio
of FFA rich feedstock§Shah et al., 2004; Kartal et al., 2)1@ne of the
main reasons for this ambiguity might be due to the variation in the
composition of commercial crude preparations of CRL because different
lots from the same supplier may havessige discrepancies in protein and
lactose amount, and isoenzyprefiles de Maria et al., 20Q6Because of
the existence of the heterogeneiity composition, purification of CRL
became necessary to allow for drawing meaningful comparison of the
kinetic reactions. Up to 99% conversion of canola oil was achieved with a

few nanometers in scale are appropriate for biodiesel production because large purified isoform of CRL in a transesterification reactiannko et al.,

loading of the enzyme (lipase) is possible since nanoparticleoffé¢Ph large
surfaceto-volume ratio. Moreover, compared to other nanostructures, mNP

1995, and 100% fatty acid methyl esters (FAME) formation was
accomplished by utilizing activated bleaching eartthépresence of crude

possess the discrete feature of magnetism, which make enzyme recovery, CRL (Kojima et al., 200 When CRL was immobilized on iron mNP, high

cleaning, storage, and reuse effortless. Better control of reaction initiation,
termination, andlexibility in scaling the process are additional advantages.
Drastic improvements in activity, sheife, and operational stability of lipase
immobilized on mNP have been reported in the formation of various products
(Dyal et al., 2003; Rebelo et al., Q) Xun et al., 201

In our previous work, we demonstrated that improvement in the enzyme
performance without immobilization is possible when lipase fRinzopus
arrhizuswas formulated in nanoparticulate form to synthesize biodiesel in n
heptane $hama et al., 2018 However, despite the substantial improvement
in the enzymatic activity, such a NP system could be further optimized by
crosslinking of the lipase NP or linking them to a material with useful
properties, i.e., mMNP. Applications of enzynreshemical processes obviously

operational stability was achieved (47% residual activity after 180 d and
30% activity after 7 batches of biodiesel formationja(g et al., 2000
Similarly, when CLEA of CRL were employed in the esterification
reactions of longer fatty acids and alcohols, a higher yield of the different
esters was obtained and 40% of activity was retained after 15 catalytic
conversionsKartal et al., 201)L

Herein, we aim to exple the efficacy of CRL NP in biodiesel
production using FFAich waste lipid sources. We synthesized three
different categories of NP from purified CRL by a nanoprecipitation
method using tetrahydrofuran and -tixane as organic precipitants. In
the firg category, we synthesized CRL NMhile in the second, we cross
linked these NP during the nanoprecipitation process. Finally, in the third,
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we conjugated CRL NP onto functionalized iron oxide NP. For biodiesel we experimentally &ted the effect of the protein concentration and solvent
synthesis, we selected used cooking oil (J@@d brown grease (BG) as our addition rate on NP yield, activity, and size.
model lipid sources. While plenty of reports are available on ‘d€dved

biodiesel, BGbased biodiesel is still in early stages of research and

development. To optimize the conditions (highest yield in least time) in

biodiel synthesis, a different combination of solventshéptane, 14

dioxane,and tertiary butanol {butano) and acyl acceptor (methanol and

ethanol) were used with our nanobiocatalysts. Our data show that BG served as

an excellent feedstock for biodiesebduction with our lipase formulations.

Furthermore, immobilized NP (crefisked and conjugated) produced a higher

yield of biodiesel with enhanced operational stability when compared to the

purified lyophilized CRL.

2. Materials and Methods
2.1 Chemicds

Crude lipase fromC. rugoseVIl, p-nitrophenol (PNP), mitrophenyl
palmitate (PNPP), methtlc ycl odextrin ( MBCD), met hyl heptadecanoat e,
tetraethyl orthosilicate (TEOS), {8mninopropyl) triethoxysilane (APTS),
glutaraldehyde, 4meptane, -butanol, methanol, ethanol, Supelco® 37
component FAME mix, fatty acid ethyl esters (FAEE)-C24 even carbon
saturated were purchased from Sigfidrich (St. Louis, MO, USA). Sodium
Oleate (NaOL, >97.0%) was purchased from TCI America (Portland, OR,
USA). 1-Octadecene (ODE, 90%), Hexane (anhydr®@5%), Oleic acid (99%)
were purchase_d from Alfa Aesar (Ward Hill, MA, USA). Tetrahydromra_n Scheme 1CRL NP formation (cNP, CLNP, and immobilization of cNP on functionalized
(THF) and 1,4dioxane of HPLC grade were purchased from ACROS Organics  mnp).
(NJ, USA). All solvents were in the anhydrous form (Sure/Seal botthexter
content below0.025%) and used without further drying. Filtered and
dehydrated samples of UCO and BG were obtained from the Organic Power, 2.4 Preparation of crosdinked nanoparticles (CLNP)
LLC, Puerto Rico. The molecular weight of the BG and UCO was 832 and 858
g/mol, respectively, as calculated from their saponificatialue (alebi et al., The synthesis of crodmked nanoparticles (CLNP) was the same as
2014). Nearly the same values were reported by the supplier. described in cNP formation. The only difference was that after solvent
addition, 25% glutaraldehyde solution was added at a 1:200 molar ratio
2.2 Purification of the crude CRL, optimum pH and temperature of activity, = (CRL/glutaraldehyde). Aftethat, the suspension was left for crosslinking

and protein determination under stirring for 16 h at 4C. Next, the sample was centrifuged as
described above and washed with potassium phosphate buffer (100 mM,
Purification of the crude CRL was performed as described iliténature pH 7.5) thrice to remove any unbound/excess crosslinker and then
(Rua and Ballesteros, 1994, Liou et al., Ip%stimation of the activity at a lyophilized. The optimum molar ratio of CRio-crosslinker and

different stage of purification was done by olive oil emulsion method crosslinking time was experimentally evaluated.

(PinsirodomandParkin, 200}). Purity was estimated by the Coomassie stained

SDSPAGE gel (1220% gradient) using VisionWorksLS 7.0 software (UVP, 2.5, Synthesis of magnetic nanoparticles (mNP)

GelDoclt, Imagining System, USA). The fold of purification and yield at

different steps of purification was also calculated. To get the optimum values The mNP were synthesized by a thermal decomposition method. For
of pH and temperature, purified lipase was treateteported in the literature this, 4.8 g of iron oleate (FeOL) arg#l6 pL of oleic acid (OA) were
(Falony et al., 2006Different buffers of variable pH but same ionic strengths  dissolved in 17 mL of -bctadecene (ODE) in argeck round bottom flask.
were used to change the pH. The protein concentration was determined by the After degassing the solution for 15 min, it was heated to 320 °C at the

PiercekE BCA Protein Assay ( Pi er c e, heatin@ratg of 38 SC/mm ander nitrbgen followed byfaging fou2rh etr320s

insr uctions in 96 well mi cropl at e us i°G Thenathe Bblulioh was doaed # rodinGemperatune ang Waa prezipitateda d

(ThermoFisher, Waltham, MA, USA). using a mixture of hexane and acetone in a 1:1 volume ratio. The product
was centrifuged for 30 min at 13,946 xg at 10 °C by using a Sorval Lynx

2.3. Preparation of Candida rugosa lipase nanoparticles (CNP) 4000 centrifuge (Thermo Scientific, Wadtm, USA) at first, and then was

centrifuged using acetone for four times to obtain the OA free bare mNP.
The cNP samples were obtained by the nanoprecipitation method as

previously describedLanger et al., 2003Briefly, purified lyophilized CRL 2.6. Surface modification of MNP and conjugation of cNP to mNP
powder and MBbCD were combined at a 1:4 weight ratio (CRL/MBCD) and
dissolved in phosphate buffer (100 mM, pH 7.5). The final concentration of the The surface modification of bare mNP was accomplished by TEOS and
CRL in the solution was 4 mg/mL. The resulting salntivas stirred with a APTS as previouslyeported without any modification®(ssan et al.,
magnetic stir bar at room temperature until the solution homogenized. The 2010).For conjugation of the cNP to mNP, functionalized mNP were added
watermiscible solvents, THF or 1.dioxane was added at a defined rate of 2.0  in 1:0.5 weight ratio (CRL/mNP) directly into the cNP suspension after 30
mL/min by a syringe pump (Fisher Scientific, MA, USA) directly to the min of the nanoprecipitation step. Next, glutaraldehyde rfeentioned
enzyme soltion at a 1:4 volume ratio (CRéolution/solvent). The subsequent previously) was added to the suspension (cNP and mNP mixture) and
suspension of NP was stirred for 30 min and then centrifuged at 3,100 xg and conjugation was completed by gentle shaking using a nutating mixer at 24
20 °C for 15 min (Eppendorf, 5810 R, Hamburg, Germany). The supernatant rpm and a tilt angle of 2QFisher Scientific, MA, USA) for 16 h at°C.
was discarded, and the obtained pelles waashed 3 times with the same The suspension was subjectecténtrifugation at 3,100 xg for 15 min at 4
solvent used in the nanoprecipitation process. After washing, the pallet was °C. The supernatant was collected to analyze the unbound lipase NP and the
flash-frozen in liquid nitrogen and lyophilized overnight using a FreeZone 2.5  pellet of the conjugated NP were recovered by magnetic decantation. The
liter benchtop freeze dryer (Labconco, MO, USA) at a condenser tatageer recovered pellet was washed 3 times with potassium phosphée (100
of JC@t a pressure of 0.05 mbar. We optimized the-@RWb CD r at i noM, pH 7.5) by centrifugation and each time the supernatant was collected
by using 1:1, 1:2, 1:4, 1:6, and 1:8 w:w ratios. The ratio at which the best to analyze any leaching of the cNP from the conjugated assembly. Finally,
specific activity was achieved was subsequently used in all experiments. Also, the conjugated NP were lyophilized the same way as the cNEsflmate
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Scheme 2Surface maodification of MNP and conjugation of cNP to mNP

the efficiency of the conjugation (total amount of cNP attached to mNP), the
total protein concentration in the initial step of nanoprecipitation was
determined by BCA as mentied previously. This amount was subtracted from
the total protein found in the supernatant during recovery and subsequent
washing (as mentioned before). The difference in protein concentration was
used to estimate the efficiency of the conjugation.

2.7. Characterization of the NP samples
2.7.1 Scanning electron microscopy (SEM)

SEM analysis of cNP, CLNP, and cMfNP was performed using a JEOL
5800LV scanning electron microscope (JEOL, MA, USA) at 20 kV to study
the morphology of the samples. To preptre samples, 1 mg of each type of
NP sample in powdered form were evenly distributed on ultrathin carbon film
and coated with gold for 10 sec by using a-B82A Denton vacuum coater
(Denton Vacuum, Inc., NJ, USA).

2.7.2 Transmission electron microscoflyEM)

TEM was employed to observe the size, morphology, and crystallinity of
bare mNP and cNBEWNP using JEOL JEM1OOF transmission electron
microscope (JEOL, MA, USA) operating at 200 kV. For the preparation of
TEM grid sampl e, 2 5mNPlsamplés diutedirehexar P
were dropped on carbon film on 200 mesh, Coppier(@ed Pella, Inc.), and
allowed to dry overnight.

2.7.3 Size, polydispersity, and zeta potential

The size and polydispersity distribution of the cNP, CLNP, and-riNiP
were determined by dynamic light scattering (DLS) using a DynaProTitan
instrument(Wyatt Technology, CA, USA). For cNP, 0.5 mg sample was
suspended in 2 mL of THF followed by sonication for 60 sec prior to the
measurements. CLNP and cNNP (5 mg/mL) were dispersed in nanopure
water and sonicated until a good suspension was obtainatysfnof the data
was performed using Dynamic 6.7.6 software. Zeta potential data was collected
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on Zetasizer Nanoseries (Malvern Instruments Ltd., UK) using polystyrene
capillary disposable cuvettes.

2.7.4 Vibration sanple magnetometry (VSM)

The field dependent magnetic measurement{Mit room temperature
was measured by vibration sample magnetometry (VSM) in the physical
property measurement system (PPMS) (Quantum Design Inc., CA, USA).
The powder sample of 5 mg bare mNP and cNPRNP were used in the
polypropylene VSM powder sample holder and theHMmeasurement
was run in the range + 1.5 T of the applied field.

2.7.5 X-ray diffraction (XRD)

Powdered Xray diffraction (XRD) of bare mNP and cNRNP were
obtaired by a Rigaku SmartLab-Ray di ffractometer
1.5406 A) operating at 40 KV and 44 mA, scanning ranges fréro BIp.

2.7.6 Fourier transform infrared (FTIR)

FTIR spectroscopy was used to follow the surface modification from
bare mNP taNP-mNP. All samples were measured in the setate as
KBr pellets and spectra were collected using a Nicolet iS 50RFT
Skeetrometer (ThermoFisher Scientific, WI, USA). Samples were
homogenized by using an agate mortar and pestle. The concentratien of
sample in KBr was kept at 0225%. Powders were pressed into pellets
using a SpectraTech Maehldicro KBr Die Kit and a Carver 1#on
hydraulic press (Wabash, IN, USA). A total of 256 acquisitions were
performed at a resolution of 4 ¢rover the rage 4000500 cm. For each
scan, the spectra were corrected for the background by using a blank KBr
pellet.

2.8 Determination of enzyme kinetics

Initial rates for the product formation in the transesterification -of p
nitrophenyl palmitate (PNPP) withretnol by lyophilized CRL and all NP
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under different conditions were determined using anhydréweptane and 1,4 determined in 1, 7, 15, 25, 30, and 40 d and for residual activity calculation,
dioxane as reported earlier with some modificatioBsa(ma et al., 20)8 activity obtained on day 1 was considered 100%.

Typical reactions conditions weresmsL of PNPP (10 mM dissolved ither

n-heptane or 14lioxane), 10 mg of CRlyophilized or NP, 0.3 mL of ethanol, 2.13 Statistical analysis

and 4 pL of water in a-fL screwcap vial were placed on an orbital shaker

(New Brunswick Scientific Co., N.J.) at 30 °C under reciprocal agitation at 250 All statistical data were analyzed by GraphPad Prism 7.0 (GraphPad
strokes/min. Saples (56200 pl) were periodically withdrawn and product (p Software, La Jolla, CA). Oaway and Tweway ANOVA test were
nitrophenol) was extracted with 0.1 N NaOH. Optical density was measured in performed as per the requirement of the analysis.

an automatic microplate reader (Tecan Infinite M200, Switzerland) at a Symbol meaningps (not significant) P > 0.
wavelength of 410 nm. The control experiment wasformed in the same *** pnp O 0.001, **** pP O 0.0001.
manner but without adding the enzyme. No absorbance at 410 nm was observed

in the absence of the enzyme. The concentration-mitrpphenol in the 3. Results andDiscussion

transesterification reaction was determined by creating the standard cusve of p

nitrophenol in the tested solvent. For the activity calculations, reaction progress 3.1 Enzyme optimization

curve of concentration of -pitrophenol releasedss. reaction time was

employed. The versatility of CRL in various substrate transformations is evident
To determine the Michaeliglenten parameters (K Vmax Keay and ka/Kw), from the number of published papefs(jamin andPandey, 1998 Slight
initial rates were étermined in rheptane and 1;dioxane for 2.5 to 30 mM of variations are reported in the literature in the optimization of process

PNPP and theodata were fitted using the nonlinear regression curve fitting  parameters, e.g., pH and temperature, which might be due to the presence
function of Prism 7, GrapRad Software. The quality of the regression fit for of various isoforms Eenjamin and Pandey, 200l Since the CRL we
velocity vs.substrate plots was considd in the acceptable range when the R commerciallyobtained was crude, we followed and optimized purification
value was at least 90% as calculated by the software. To test the accuratenessconditions described in the literaturié((@and Ballesteros, 1994Liou et

of the fits, random I, Vma values of some samples were calculated by al., 1999 and achieved a highly active single monomeric form with a

LineweaverBurke plots (data not shown). No significant differenoglues relative My of 60 kDa as estimated by SIPRAGE (Supplementary file:

was observed. Table S1, Fig S1). This preparation was used to determine the optimum
pH of lipase activity and the maximum activity was obtained at pH 7.5

2.9 Thermal stability of the NP (Supplementary file: Fig. S29, which is consistent with the literature

(Benjamin and Pandey, 1998 The optimum temperature of maximum

Thermal stability assays were performed in aqueous and nonaqueous activity was found to around 3C but at 25 to 38C no significant drop in
conditions with the same amount of lipase in each sample. For the aqueous activity was observedsQpplementaryfile: Fig. S2b), which indicates that
system, samples were mixed in phosphate buffer (100 pti17.5) and CRL is stable around 235 °C. These findings are also in line withe
incubating at different temperatures ranging fromPQGo 70°C for 30 min previous reportsi(sai and Dordick, 199@enjaminandPandg, 1999.
using a water bath (MyBath 4L, Benchmark Scientific, NJ). Next, residual
activity was determined by olive oil titration method as mentioned earlier. For 3.2 CRL NP formation
the activity n the nonaqueous system, NP were treated in the same way as

aqueous, the only difference was thdteptane was used instead of phosphate The performance of enzymes under fagueous conditions has been
buffer. Results are presentedsinpplementaryfile: Figure S& improved by creating narsized enzyme particleSiarma et al., 20)®r
by immobilizing the enzyme on nanomaterialsi €t al., 2013. This is
2.10 Synthesis of biodiesel applicable to biodiesel synthesis. For example, a drastic improvement in the
performance of lipases has been reported in biodiesel production when their
The transesterificath reactions were carried out in-rff- screwcap vial immobilization was carried out on nanostructurégflatti et al., 201)t

at 30°C on an orbital shaker at 250 rpm. The composition of the reaction Herein, we compare various formulations of lipase combining these
mixtures, unless otherwise stated, was lipids of either UCO or BG, methanol or concepts in their effectiveness in biodiesel formation.

ethanol in 1:3 molar ratio (lipid/alcohol), NPr@pein content) in 1:0.1 weight The size and internal structure of enzyme particles are correlated to
ratio (lipid/enzyme), water in 1:0.04 weight ratio (enzyme/water), and 2 mL of internal mass transfer and this is bfished as an important factor in the
either solvent (fheptane/l,4lioxane/tbutanol) to solubilize the lipids rate of the reaction under nagueous conditionsKkémat et al., 1992

completely. Samples were periodically withdrawn, mixed with methyl  Nanoprecipitation has been used previously to obtain enzyme NP fer non
hepadecanoate which served as an internal standard and analyzed by gasaqueous conversionsgnger et al., 2003 We obtained lipase NP by
chromatography/mass spectrometry (GC/MS). The fatty acid alkyl esters preciptation and first identified the best solvent for the nanoprecipitation

(FAAE) conversion was calculated as described in the literafaieper et al., of CRL. Several solvents were tested (acetone, acetonitidletahol, 1,4
2006. To obtain the maximum conveuwsi of lipids into FAAE, the effects of dioxane, DMSO, ethanol, ethyl acetateprbpanol, and THF). However,
enzyme amount, water content, various molar ratios of acyl acceptors consistent narrow siz@nge NP werelitained by precipitation with 1,4
(methanol and ethanol), and solvent were studied. dioxane and THF only. The optimized experimental conditions are shown
in Table 1and the scheme of the nanoprecipitation procedure is shown in
2.11 Gas chromatography/mass spectrometry (GC/MS) analysis Scheme 1Conditiondisted inTable 1were obtained after several trial and

eror experiments in which orfactorata time was changed. First, the
Identification and analysis of fgtacid esters were performed as reported  effect of CRL concentration on NP yield, residual activity, and size was

earlier without any modificationssharma et al., 20)3 determined $upplementaryfile: Table S2). Different concentrations {2
20 mg/mL) of CRL in buffer were preparethe volume and rate of solvent
2.12 Operational and storage stability addition were kept the same as listed @ble 1. The best yield of NP was

obtained when the protein concentration was 4 mg/mL. Increasing the
For operational stability experiment, samples were recovered after each concentration further resulted in the formation of aggregates, while at a

batch of biodiesel formation. Lyophilize€RL, cNP, and CLNP were lower cancentration, the NP yield was low. The size of the NP increased at
recovered by centrifugation at 3,100 xg for 10 min, while -chN¥P were increasing protein concentration while the residual activity did not change
recovered by using magnetic decantation. All samples were washed up to 3 significantly up to 10 mg/mL and then decreased. This might be due to the
times with nheptane and dried in an incubator (81 for 45 h before using formation of large buffer insoluble aggyates. Once the optimum

them in he next catalytic cycle. concentration was established, further optimization was performed by

For storage stability, residual activity of the formulations was determined by varying the volume ratio of solvetw-buffer. At a 1:4 volume ratio, the
transesterification reaction fne pt ane) a s Determindtiani af e d maximundyield of NP was obtained. This ratio was found to provide a good
enzyme getctioneabavec Acéivity of the samples stored &€C4were yield of CRL NP. At lower and higher ratios, heterogeneity in particle size
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Table 1.
Optimum conditions of cNP formation.

CRL volume (mL) 2 Solvent Solvent volume (mL) Rate of solvent addition (mL/h) NP yield o Residual activity ©
25 1,4-dioxane 100 120 98 + 5% 100 * 10%
25 THF 100 120 95 + 8% 95 + 7%

2CRL concentration was 4 mg/mL in 100 mM phosphate buffer at pH 7.5.

5TheNP yield was calculated from the difference of the actual weight of t@kdn initially and theotal weight of the NP recovered after the process.

Residualactivity was calculated by an olive oil titration method byligsolving the NP in the appropriate buffer. The experiments were performed in triplicate, the resaffscav
and the standard deviations calculated. The experiment demonstrates that no irreversible structural changes leadiatipto\eggregused by the process.

distribution increased and residual activity was poor (data not shown). In  formation of CLNP was achieved by crosslinking of cNP. The resulted
another set of optimization experiments, the effect of the solvent addition rate increment of the particle size is evident in thgyure 1c and a
on NP activity and Bl was determinedSupplementaryfile: Table S3. Ata comparatively large distribution of the particles by®were also observed
solvent addition rate of 80 mL/h the NP were very polydisperse and the PDI (Fig. 1d) as compared to the cNP data. Oleic awdted mNP appears
could not be measured. The PDI started improving as the solvent addition rate spherical with an average size of 11 niang( 1€). High-resolution TEM
was increased. At 120 mL/h, PDI was the lowest the residual activity was shows the lattice fringes with a characteristic spacing of 2.3 A associated
at the maximum. Increasing the rate further did not further improve the NP PDI  with (311) plane®f magnetite (F£.,) (Fig. 1). This phase formation was
or activity and the yield was poor (data not shown). These observations are in also observed in powder XRD patteragy 2b) depicting the typical peaks
good agreement with thoselofnger et al. (2003) of magnetite (F,) (JCPDS file no. 79418). In the case of the cNRNP

Once CRL concerdtion, solvent volume, and rate of solvent &ddiwere conjugate, the particle size and distribution wleesame as cNP (inset of
optimized, we focused on increasing the activity of the enzyme NP by adding Fig. 1g). These findings fit with the theoretical predictions that mNP, which
the excipient MbBbCD. We f or AoeMbCINOR wi tsike iswerysmalliog. le aacdhf), add little tb the sizepod cNB.
codi ssolving MbCD with CRL prior t o s Uths iraportant nogpointtout theve thah eur stratégy is wlitfereptrfrenc i p i
step using thegrameters listed inable .  The unbound Mb CD immabdizatiorereporte@ lyy others/ng et al., 2008Xie andMa, 2009;

from the NP by repeated cycles of centrifugation and washing wittlidxéne Wang et al., 20IPwhere lipase was immobilized on the activated NP in
or THF. The size (radius) and the relative activity of the obtained NP were aqueous conditions. Using such an approach, only marginal or no increment
plotted for each lipas®-MbCD ratio Supplementary file: Fig. S39. At the in the size of immobilized CRL on F&, NP was obseed by DLS and

1:4 ratio, maximum activity was achieved, and the radius of the NP was 75 nm. TEM (Wang et al., 2012 which is expected because lipases are soluble in
MbCD has been wused by our gr oup b ethemqueoustplmase ant therafoveemmebilizzg imferm a & thin layér bnythe i n

organic solvents and to obtain nasiaed protein particlesSfiebenow et a) carrier surface Hernandezorente et al.,, 2008 The diameter of
1999; Montalvo et al., 2008; Sharma et al., 2018 immobilized CRL on F¢,was reported with 100 nni\(ang et al., 201)2

CLNP were synthesized by adding glutaraldehyde during cNP formation as In contrast, we construct a conjugate of cNP and mNP narenano
shown inScheme 1To study the effect of crosslinking on cNP properties, the ~ fashion. In contrast to immobilization methods, impact of conjugation
CLNP were prepared with different molar amounts efdlutaraldehyde. The chemistry on lipase in the cNP is expected to be minimum in contrast to
obtained NP were examined in terms of activity and yi€ldpplementary lipase denaturation triggered by direct coating on the caivieniero et
file: Fig. S3b. At molar ratio of 1:200 of CRL/glutaraldehyde, maximum al., 1993; Mei et al., 200Fernanded orente et al., 2008; Wang et al.,
activity and yield of the CLNP were obtained. Increasing the glutaraldehyde 2012. The lipase in cNP is already protected from structural changes
amount furthecaused activity and yield to decrease, which might be due to the because it is dehydrated and the sgent chemistry is carried out in a

interference of the excess amount of the cliog®r with important residues of norraqueous solvent, a fact that has been used for many years to obtain

the protein £heldon et al., 2005The crosslinking reaction was also optimized active enzymes in organic solveni®(dick, 1992; Klibanov, 2001

at using different reactioremperatures and times. Best results were obtained The zeta potential value of cNP, CLNP, and aNRP were found to be

when the reaction was performed at’@ for 16 h under gentle stirring -16,-25, and-20 mV, respectively{upplementaryfile: Table SE5). This

(Supplementaryfile: Table S4). indicates that the cNRINP suspension might not be very stable because
Subsequently, conjugation of cNP with surface modified mNP was carried val ues bet ween +30 and 130 mV sign

out as shown inSchemes land 2. Optimization of the conditions was aggregate. However, this is more relevant in medipplieations but not

performed to achieve maximum conjugation efficiency. Three different weight in catalysis when the suspensions are constantly agitated. Previous reports
ratios of 1:1, 1:0.5, and 1:0.25 were tested to see the effect of cNP attachment on the zeta potential of CRL lipase in solution and as immobilized form
to mNP Gupplementaryfile: Fig. S39. The percentage of cNRtachment to reported nearly the same valuéslgnkiandGupta, 201).

mNP was found to be 92, 94, and 80% (w/w), respectively. However, statistical The magnetization hysteresid{H) curves of bare MNP and the cNP
analysis revealed no significant difference between the 1:0.5 and 1:1 ratio. mNP conjugate are shownfigure 2a. Both samples are showing a strong

Therefore, the 1:0.5 ratio was used in subsequent experiments. magnetic response with a saturation magnetization (MS) of 137 and 41
emul/g of Fe for bare mNP and the cMiRIP conjugate, respectively. The
3.3 NP Characterizatin reductionof MS in ctNPRmMNP after functionalization is attributed to the

presence of the magnetically dead layer consisting of cNP and to the spin
The NP morphology, size, PDI, and zeta potential were inspected by SEM, canting effect on the surface of cNRr( et al., 2011; Thapa et al., 2018
TEM, and DLS. SEM/TEM images give a good idea of the morphology of the 2019. The inset of-igure 2a shows the reenence (MR) and coercivity
NP but due to the invasive nature of the methods, DLS data provide more (HC) values of both samples which are considerably low with 3.7 emul/g of

accuratesize dataFigure 1 shows he SEM, DLS, and TEM images of the Fe and-0.0015 Tesla, respectively, indicating superparamaghetiavior
different NP. Visual inspection by SEM showed a homogeneous distribution of (Wang et al.2016).

the cNP with a narrow size distributiolNo significant difference in the Figure 2b shows the XRD patterns of mNP and the aNRP
morphology of the cNP synthesized using THF (data not shown)-oidxdne conjugate. The diffraction peaks observed were indexed to the reflection
(Fig. 18) was observed. DLS data confirm these findings because patrticle sizes planes of cubic inverse spinel ;&g corresponding to the (220), (311),
follow a Gaussian distribution in a single pedakg( 1b) with a low PDI (400), (422), (511) (440), and (533) plangsm(imoudi et al., 2011; Thapa

(Supplementary file: Table S5 and thus size distribution of the cNP. In et al.,, 201y and were observed to be dafjhly crystalline quality. This
CLNP, an increase in thagicle size was observed, which was expected as the indicates thatthe crystalline structure and phase omNP were retained
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Fig. 1. Morphology and sizéhydrodynamic radiigletermination by scanning electronicroscopy (SEMjand dynamic light scattering (DL®)easurementga and b cNP;(c and d) CLNP; (e)
transmission electron micrographs (TEM) of mNP with inset showing the size distribution ffpfilgh-resolution transmission electron micrographsdiP; (g) cNP-mNP conjugate with inset

showing the size distribution.

during conjugation. The decreased intensity in the XRD patterns imuNP
compared to the bare mNP indiesi the successful conjugation to cNP as the
latter are not ordered. Both VSM and XRD data confirm that theoNP

conjugate has the characteristics of mNP and cNP, which in turn indicates that

these were successfully conjugated.

FT-IR characterizatiorof all samples (cNP, CLNP, and ch&NP) was
performed (Fig. 20). A strong signal observed at 570 &rim cNP-mNP
corresponds to the @ bond stretching vibrationviahmoudi et al., 207)1
This vibration confirms the presence of MNP in the sample. SinBevae
modified with TEOS and APTS, two distinguish modes at 1058 refated to
Si-O-Fe bonds of TEOS and at around 800dargely due to the bending
vibration of i NH, groups present in the APTS were obseniedsGan et al.,
2010). The protein amidednd amide Il modes at around 1660 ¢and 1540

cm ‘were also observed, respectively. Both of these distinguishing peaks were

evidently observed in all the three analyzed samples. The biidadt&tching
vibration near 3420 chtis tentatively ascribedotthe adsorbed 4@ in the
sample Pussan et al., 20)0

3.4. Enzyme activity and kinetics of the lipase NP

Excellent catalytic performance of CRL has been reported in several organic

solvents in various transformation reactionérgta et al., 1990; Tsaand

Dordick, 199¢. Dramatic increases in the reaction rate by utilizing solvent
engineering approaches, by adding activators, or simply by optimizing the

water content/activity in the reaction medium have been repoitedd et al.,
1990; Parida and Ddick, 1993;Benjaminand Pandey, 1998 Of these,

optimizing the water content in the reaction medium seems to be one of the
most prominent factors in achieving optimum kinetics. Crude and purified CRL

may respond differently with respect to the wateritimiilbecause crude CRL
powder has a varying composition of the different isoforfissi(and Dordick,
1996; de Maria et al., 20)n6Therefore, optimizing the conditions with respect
to purified isoforms becomes necessarylg and Ballesteros, 1994

Consiering all the critical points mentioned above, we first optimized the
minimum amount of water required to achieve optimum NP activity. Maximum

activity was achieved at 4% water (of the total enzyme amount, w/w) in
bothn-heptane and 1;dioxane.

The specific activities of cNP, CLNP, and cNMP formed by
precipitation with 1,4dioxane or THF were analyzed with respect to
purified lyophilized CRL Supplementaryfile: Fig. S4. In all cases, the
activity of the NP (cNP,CLNP, and cNPMNP) synthesized by
precipitation with 1,4dioxane or THF was the same showing that the
precipitation solvent did not influence activity. Specific lipase activity
increased by around 14, 20, and 40 folds, respectively,-heptane
comparedda lyophilized CRL and similarly in 1;dioxane. No significant
difference in activities of lyophilized CRL in-lmeptane and 1;dioxane
was observedSupplementaryfile: Fig. S4). However, higher activity of
all nanoparticulate formulations was observed lig-dioxane. It is
important to mention here that the data were obtained with the optimum
amount of water present in the reaction. Without water addition, higher
activity was found in heptane (data not shown). This is expected because
water activity isgenerally higher in nopolar solvents than polar solvents
(ZaksandKlibanov, 1988 When low water reactions are performed, the
enzymatic reaction depends on the water adsorbed to the enzymét(a
the same @ water activity is higher in hydrophobgolvents (rFheptane)
than in hydrophilic ones (1,dioxane) and usually in the former, a better
enzymatic activity is achieved. Therefore, adjustment in the optimum
amount of water to perform the reaction in various organic solvents is
indispensable to puide the desired conformational mobility to catalysts in
a nonaqueous environmentafidaandDordick, 1993.

Next, a detailed kinetics analysis was performed using lipase NP. The
MichaelisMenten parameters were obtained from measurements at
increasing soistrate concentrationss(ipplementary file: Fig. S5. The
findings of this experiment indicate that the kinetics in the organic solvents
followed MichaelisMenten kinetics under the conditions employed. The
Vmax Km Keay @nd ka/Ky values obtained aristed inTable 2. In n-heptane,
lower values of I and k. were obtained than in L:dioxane. In other
words, substrate affinity was better ilnaptane while active side chemistry
was betterin 1,4-dioxane. Tounderstand thecasebetter, wecalculded
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Fig. 2. Characterization of the Nia) M-H curves and (inset) MR and Hc of bare cNP and-oN¥P. (b) XRD patterns of bare cNP and cMfNP.(c) FT-IR spetra of cNP, CLNP, and cNRINP.

Table 2.

Kinetic parameters of NP inimeptane and 1,dioxane.

n-heptane 1,4-dioxane

Sample L

Vimax _— KealKm Vinax Keat (min™) Keal/Km

e (L, (mM min-) Kear(min™) (MM min) oo (i, (MM min-) (MM min)

CRL-lyophilized 5.44 + 3.26 0.03 + 0.005 0.991 0.182 14.5 + 8.86 0.05 + 0.013 1.53 0.106
cNP 3.70+1.31 0.51 + 0.048 16.86 4.56 8.37 + 3.65 0.95 + 0.153 31.51 3.76
CLNP 1.86 + 0.44 0.69 *0.032 23.14 12.44 2.54 £ 0.56 1.06 + 0.053 35.31 13.90
cNP-mNP 1.40 £ 0.55 1.35 + 0.086 44.85 32.03 2.13+0.24 1.77 £ 0.041 59.07 27.73
Reaction conditions:5 mL of substrate (2.5 to 30 mM of PNPP in either s atery36,2250pmdr 3 5mmi of

of the product was extracted every 1 min, dissolved in 0.1 M NaOH, and detected at 410 nm. The * valaesl dflk are standard deviations calculated by analyzing three individual

samples in each case.
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Fig. 3. Effect of enzyme andater amount on FAME conversiorfa) Effect of the amount of the added enzyme on FAME conversion. Reaction conditions: 100 mg of lipids, methanol at a 1:3 molar
ratio of lipid-to-alcohol, 212 mg of lyophilized CRL, and 1 mL ofimeptane.(b) Effect of adled water on FAME conversion. Reaction conditions: 100 mg of lipids, methanol at a 1:3 molar ratio of
lipid-to-alcohol, 10 mg of lyophilized CRL,-10 pL of water, and 1 mL of-heptane. All reactions were performed at’@0and 250 rpm for 35 h on a remipal shaker. Error bars represent the

average * standard deviation of three replicates.-ivaoy A NOV A
conversion (10% of enzvme: 4% ofter) and is shown in the insets

(Sidakos

catalytic efficiency (Ka/Kw) of the samples. Except for CLNP, the catalyt
efficiency was overall better inlmeptane. A plethora of factors can cause small
differences in enzyme activity in different solvents, including subtle
conformational differences, differences in enzyme conformational dynamics,
differences in substratkesolvation upon docking to the enzyme, among others
(Griebenowand Klibanov, 1996; Zaksand Klibanov, 1988P. Interestingly,
previous reports onCandida antarcticalipase B demonstrated higher
transesterification activity in 1l;dioxane ata, 0.25 comparé to carbon
tetrachloride and toluen&¢cundo et al., 200 while Tasi et al. reported 225
fold activation in esterification reaction performed in chloroform when only 5
pi/mL water was added using purified CRLs@iandDordick, 1996.

Importantly it isclearly observable that the NP formulations of the lipase
were all vastly superior to the lyophilized powder. It is unclear why the cNP
mNP conjugate performed much better than cNP and CLNP in the two solvents.

3.5, Biodiesel production (optimizing comidns)

The main cost of biodiesel production depends on the feedstaclalci
and Sanli, 200§. Recycling of otherwise unattractive nedible feedstock
loaded with FFA, like UCO and BG, could significantly reduce costs and are
readily available fromhe fast food industry. While UCO is predominantly
available in a liquid form, BG is thick and often sesolid. Such feedstock can
be transformed efficiently only in the soluble form to achieve the desired mass
transfer. This could be accomplished by digsg the viscous substrates in
suitable organic solvents, but the lipase must be formulated to work effectively
in this context. Fortunately, UCO and BG are readily solublehieptane and
1,4-dioxane and our NP exhibited good activity in these sohiarttee model
reaction. Apart from #heptane and 1,dioxane, we also employedttanol as

mul tiple

comparisons test) was used ®ME compar

experimats. Next, we optimized the water amount in the reaction and for
that, £10 pL water was added, while other parameters kept constant.
Similar to the model reaction at 4% of added water, maximum FAME
conversion was achieved in both, UCO and B .(3b). The same trend
was reported in an earlier worksai and Dordick, 199§ and it is more
pronounced with purified CRL than with crude CRL. The decrease of
FAME yield after increasing the water amount beyond 4% might be due to
the coalescence of the lipase fwdes or favoring hydrolysis over
transesterification reaction.

Next, we varied themolar ratios of methanol and ethanol at a fixed
amount of enzyme and waigrig. 48). When BG was used as lipid source,
67% of FAME and 74% of FAEE conversion was achieWlsignificant
effect of methanol on FAME conversion was noticed comparing the 1:3 and
1:4 ratio while no significant effect of ethanol was seen from the 1:2 to 1:5
ratio (Fig. 4a). When the ratio was further increased up to 1:6, the
FAME/EE conversion as reduced but the effect of ethanol was less
pronounced, which agrees with the literatureti| et al., 201). In the case
of UCO, data did not show any significant difference from the 1:2 to the
1:4 ratio. However, at the 1.5 ratio, FAME/EE conversi@erdased in
both, methanol and ethanol, but the effect of ethanol was insubstaftial (
4b). The highest conversion yield was found when BG and ethanol were
used.

3.6. Time course study of biodiesel production
A time course study was performed byngsBG and methanol in-n

heptane to understand the catalytic performance of the NP at various time
intervals. The performance of cNRNP was significantly the best among

a solvent because it has been reported to be an excellent solvent for biodieselall tested samples as maximum FAME conversion was achiévgds).

synthesisiRoyon et al., 2007; Tan et al., 2Q%&nd it allowed us to evaluate the
peaformance of the NP in solvents with a varietylo§ P values Halling,
1990. In the first optimizing step, we performed the biodiesel reaction with
both UCO and BG, solubilized in-lmeptane, and a variable amount of
lyophilized lipase without adding arwater to the reaction. The total FAME
produced was plotted against the amount of lipadeéed (Fig. 38). This
experiment gave us an idea on a suitable lipadipid ratio to produce
biodiesel. The FAME conversion was improved with an added amount of CRL
up to 10 wt.%. The maximum FAME conversion was 29% with UCO and
36.5% with BG. No additional FAME conversion was obtained when enzyme
loading wasincreasedfurther. Therefore, waised this ratio in subsequent

Except for cNP andCLNP, all samples significantly differed from each
other.

3.7. Biodiesel production in{meptane, 1,4lioxane, and-butanol

The performance of each sample was analyzed in three solvents, n
heptane, 14lioxane, and-butanol for biodiesel synthesising BG and
UCO as lipid and ethanol or methanol. No effect of the solvent was noticed,
which might be due to the fact that a very small amount of water was added
to the reactions to serve as molecular lubricant for the enzymed). A
detailed statigical analysis was performed by comparingall possible
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Fig. 4. Effect of different amounts of alcohol on FAME/FAEE conversi@)BG and(b) UCO as lipids. Reaction conditions: 100 mg of lipids; methanol and ethanol molar ratios were 1:2, 1:3, 1:4,
1:5, and 1:6 (lipid:alcadi); 10 mg of lyophilized CRL; 4 pL of water, and 1 mL cheptane. All reactions were performed af@Gnd 250 rpm for 35 h on a reciprocal shaker. Error bars represent
the average * standard deviation of three replicates-Wwaaoy A NOV A (S iedanbadisons test) was used to compare the mean of each sample with the mean at which highest FAAE
conversion was obtained:8) as shown in fiqure insets.

Fig. 5. Time course study of FAME conversion. Reactions conditions: 200 mg of lipids, methartbBamolar ratio (lipid/methanol), 20 mg of each NP, 4 pL of water, and 2 mheptane. All
reactions were performed at 30 and 250 rpm for 10 h on a reciprocal shaker. Error bars represent the average * standard deviation of three repleatey. TWoN OV A (Tukeyos
comparisons test) was performed where the FAME conversion % of all samples were compared with each other (see inset).

combinations of the tested NP and solvents, which yielded some interesting significant difference in performance was found here but some exceptions
information. It is apparent frorigure 6 thatthe performance of the NP was were also observed-ig. 7). Most of thee exceptions were between CRL
increased significantly over lyophilized CRL under all tested conditions. and CLNP, which indicates that CLNP was the least effective NP
Therefore, first, we focused on the performance of lyophilized CRL only under ~formulation as far as activity is concemed. No difference was observed
different substrate conditions. No significant difference was observed. hetween cNP and the cNfNP conjugate which is in agreement with

" expectations since tetlieg of a NP to another NP should not produce
Subsequentlywe analyzedthe casebetweenlyophilized CRL and NP. A major differences.
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Fig. 6. FAEE and FAME synthesis in different organic solvents by (PBG with ethanol(b) BG with methaol, (c) UCO with ethanol, an¢t) UCO with methanol. Reactions conditions: 200 mg
of lipids, alcohol at a 1:3 molar ratio of liptd-alcohol, 20 mg of each NP, 4 pL of water, and 2 mL of either organic solvent. All reactions were performé@ an@@ 250 rpm for 35 h on a

reciprocal shaker. Error bars represent the average + standard deviation of three replicatea. fwoAN OV A

( Tuk ey 6sons test)l was pdrfemed ovinepe @ach value of the mean

(biodiesel conversion) was compared with every other mean (biodiesel conversion). No difference was observed in FAA# qercersage when NP (cNP, CLNP, and -chi¥P) derived

biodiesel conversion as compared with each other.

In the literature, fheptane or hexane have been reported as the most

frequent solvents for biodiesel production because generally lipasedetter

in nonpolar solvents and they improve solubilization of the lipidssikinen
andKlibanov, 199§. However, 1,4ioxane and-butanol have also been used
as solvent for biodiesel productiosd et al., 2001; Royon et al., 2007; Tan et
al., 20D0). We now find that the choice of solvent is not that relevant and the

using the four enzyme formulations and BG and ethanshieptane were
selected as model reacti@iig. 73). In all of the batches, the performance

of the NP was superior to that of the lyophilized sample. Lyophilized lipase
showed a decrease in activity during each of the five batches studied. No
conversion wa obtained in the'Sbatch using lyophilized CRL. In case of
cNP, no difference was found up to tiebatch but in batch 5, there was a

most economic choice can be chosen when it comes to enzyme activity as long drop in the activity. When CLNP and cNRNP were analyzed, no

as the water content is adjusted and reaction parameters are opénitesk

there is not much influena# the solvent on lipase activity might be related to
the structural rigidity of the lipase in organic solvekts. example, when the
structure of CRL was studied in water and carbon tetrachloride, no major
changes in the structure was observegd et &, 2004). This is probably the

main reason why CRL works efficiently under both, aqueous and nonagueous

conditions, which we have demonstrated in our activity data and also in
biodiesel production.

3.8 Operational and storage stability of the NP

Operdional stability of the catalyst during batetise biodiesel production
is key to the economy of biodiesptoduction and therefore,we analyzedit

significant drop in the conversion was found.

These rsults evidence that our novel formulation strategy was
advantageous because we were able to avoid the possible blockage of the
enzyme by the deposition of large molecules of lipids and FAAE, which is
a common problem in enzyme immobilizatidhe(baek et la 2009. We
also achieved enhanced thermal stability because nanoparticulate
formulation increased the thermal activation compared to the free enzyme
as in immobilized form enzyme have more restricted confirmation to
overcome the heating effectsj€rbad et al., 2009; Verma et al., 2013
Finally, operational stability of the system was also better compared to the
literature where after4catalytic cycle, drastic drop in the activity was
reported Kie andMa, 2009.
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Fig. 7. Operational and storage stability of the N&).Operational stability of lipase formulations in five subsequent catalytic cycles. Reaction conditions: 200 mg of BGatethah@ molar ratio

of lipid-to-alcohol,20 mg of each NP, 4 uL of water, and 2 mL dieptane. All reactions were performed af@G&nd 250 rpm for 35 h on a reciprocal shaker. After each batch, NP were recovered,
washed, and dried before using them in the subsequent batch. Error bars réjpeeseerage + standard deviation of three replicates-Wwaoy ANOVA (Tukeyods multiple
performed. The operational stability of the CRL was found to be significantly lower when compared with the nanoparticuiktiofts while noignificant difference was observed between NP

(cNP, CLNP, and cN#NP) with the sole exception in thB1satch of cNP and cNRINP. (b) Storage stability of the lipase formulations calculated at the interval of various days. Reaction conditions:

5 mL of sibstrate (10 mM of PNPP inimeptane), 0.3 mL of ethanol (1M), 10 mg of each samplegron ) , 4 e l°’C,of25vMatrepm f30r 5 min. 200 eL of t h
min, dissolved in 0.1 M NaOH and detected at 410 nm and product absorbance was converted into concentration usingl therstacofastructed in-lneptane. Foresidual activity calculation,

the activity obtained at day 1 was considered as 100%. Error bars represent the average + standard deviation oftése@weplicay ANOV A (Tukeyods multiple compa
A sianificant difference wasbserved in all samoles excent cRRP from dav 1 to 15.

Storage stability data of the samples are shownrdnre 7b. The results [3] Benjamin,S., Pandey, A., 2001. Isolation and characterization of
signify that crosslinking and conjugation considerably enhanced the storage three distinct forms of lipases fro@andida rugosgproduced in
stability of the lipase NP as nearly 50% and 82% activity of CLNP and cNP solid state fermentation. Braz. Arch. Biol. Technol. 44(2)-223.
mNP were retained even aftstoring them for 40 d at%, respectively. In [4] Canakci, M., Sanli, H., 2008. Biodiesel production from various
contrast, no such improvement in the stability of the CRL and cNP were feedstocks and their effects on the fuel properties. J. Ind. Microbiol.
observed. These findings are better than published reports where CRL was Biotechnol. 35(5), 43441.
immobilized on chitosan beads and retained only 67% activityd of storage [5] Cipolatti, E.P., Silva, M.J.A., Klein, M., Feddern, V., Feltes,
(Hung et al., 2001 Statistical analysis revealed that a significant drop in the M.M.C., Oliveira, J.V., Ninow, J.L., de Oliveira, D., 2014. Current
activity was observed in all samples from day 1 to day 40. The only exception status and trends in enzymatic nanoimmobilization. J. Mol. Catal.
was cNPmMNP whose activity did not change up to 15 d and then decreased B: Enzym. 99, 567.
margirally up to 25 d. These findings along with other experiments suggestthat [6] De Maria, P., Sanchédontero, J.M., Sinisterra, J.V., Alcantara,
cNP-mNP was the most active and stable formulation in all tested NP. A.R., 2006. UnderstandinGandida rugosdipases: an overview.

Biotechnol. Adv. 24(2), 18Q96.
4. Conclusions [7] Dordick, J.S., 1992. Designing enzymes for use in organic solvents.
Biotechnol. Prog. 8(4), 25267.

In this work, we were able to develop three highly active rsired [8] Dussan, K.J., Cardona, C.A.ir@do, O.H., Gutiérrez, L.F., Pérez,
fc_)rmL_JIatlons of CRL and q-.rfor_med their detailed characterlz_atlon. Data of V.H., 2010. Analysis of a reactive extraction process for biodiesel
kinetics study showed that conjugated NP (eNRP) were superior among all production using a lipase immobilized on magnetic nanostructures.
tested formulations, which is evident from its high./Kw values. The Bioresour. Technol. 101(24), 954549.
performance of cN¥WNP was superior to the other formulasdn the kinetics g Dyal, A, Loos, K., Noto, M., Chang, S.W., Spagnoli, C., Shafi,
of biodiesel production and in storage stability experiments. To the best of our KV., Uiman, A., Cowman, M., Gross, R.A., 2003. Activity of
knowledge, this is the first study where lipids of the BG apart from UCO were Candida rugosal i pas e i mmo #éQ0; i nmgndic o n
utilized in enzymatic biodiesel production. The high performance of NP is nanoparticles. J. Am. Chem. Soc. 125(7), 16685.

ati buted to the inclusion of MbCD f9q fa@Wed, abms, I 8erddozeC 5.@S, SHetndhkel mOm. and
conjugation, which provided additional activity and stability to the lipase. 2006 ﬁrodhction of’ extraycellular "pa’se frmbergillus nigérby '

solid-state fermentation. Food TechnBlotechnol. 44(2), 23240.

References
[1]] Fernandedorente, G., Cabrera, Z., Godoy, C., Fernandez
[1] Adlercreutz, P., 2. Immobilisation and application of lipases in Lafuente, R., Palomo, J.M., Guisan, J. M., 2008. Interfacially
organic media. Chem. Soc. Rev. 42(15), 64686. activated lipases agest hydrophobic supports: effect of the support
[2] Benjamin, S., Pandey, A., 1998andida rugosdipases: molecular nature on the biocatalytic properties. Process Biochem. 43(10),
biology and versatility in biotechnology. Yeast. 14(12), 20687. 1061-1067.

Please cite this article aSharma R.K., O'Neill C.A., Ramos H.A.R., Thapa B., Bar&#wvea V.C., Gaur K., Griebeno. Candida rugosdipase
nanopatrticles as robust catalyst for biodiesel production in orgalvients Biofuel Research Journ2B (2019)10251038 DOI: 10.18331/BRJ2019.6.3.3



https://pubs.rsc.org/en/content/articlehtml/2013/cs/c3cs35446f
https://pubs.rsc.org/en/content/articlehtml/2013/cs/c3cs35446f
https://onlinelibrary.wiley.com/doi/abs/10.1002/(SICI)1097-0061(19980915)14:12%3C1069::AID-YEA303%3E3.0.CO;2-K
https://onlinelibrary.wiley.com/doi/abs/10.1002/(SICI)1097-0061(19980915)14:12%3C1069::AID-YEA303%3E3.0.CO;2-K
http://www.scielo.br/scielo.php?pid=S1516-89132001000200016&script=sci_arttext&tlng=es
http://www.scielo.br/scielo.php?pid=S1516-89132001000200016&script=sci_arttext&tlng=es
http://www.scielo.br/scielo.php?pid=S1516-89132001000200016&script=sci_arttext&tlng=es
https://link.springer.com/article/10.1007/s10295-008-0337-6
https://link.springer.com/article/10.1007/s10295-008-0337-6
https://link.springer.com/article/10.1007/s10295-008-0337-6
https://www.sciencedirect.com/science/article/pii/S1381117713003111
https://www.sciencedirect.com/science/article/pii/S1381117713003111
https://www.sciencedirect.com/science/article/pii/S1381117713003111
https://www.sciencedirect.com/science/article/pii/S1381117713003111
https://www.sciencedirect.com/science/article/pii/S0734975005001229
https://www.sciencedirect.com/science/article/pii/S0734975005001229
https://www.sciencedirect.com/science/article/pii/S0734975005001229
https://aiche.onlinelibrary.wiley.com/doi/abs/10.1021/bp00016a001
https://aiche.onlinelibrary.wiley.com/doi/abs/10.1021/bp00016a001
https://www.sciencedirect.com/science/article/pii/S0960852410012344
https://www.sciencedirect.com/science/article/pii/S0960852410012344
https://www.sciencedirect.com/science/article/pii/S0960852410012344
https://www.sciencedirect.com/science/article/pii/S0960852410012344
https://pubs.acs.org/doi/abs/10.1021/ja021223n
https://pubs.acs.org/doi/abs/10.1021/ja021223n
https://pubs.acs.org/doi/abs/10.1021/ja021223n
https://pubs.acs.org/doi/abs/10.1021/ja021223n
https://pdfs.semanticscholar.org/cab1/706bda4f7c6e77145e7b6964ce6694fc111d.pdf
https://pdfs.semanticscholar.org/cab1/706bda4f7c6e77145e7b6964ce6694fc111d.pdf
https://pdfs.semanticscholar.org/cab1/706bda4f7c6e77145e7b6964ce6694fc111d.pdf
https://www.sciencedirect.com/science/article/pii/S135951130800175X
https://www.sciencedirect.com/science/article/pii/S135951130800175X
https://www.sciencedirect.com/science/article/pii/S135951130800175X
https://www.sciencedirect.com/science/article/pii/S135951130800175X
https://www.sciencedirect.com/science/article/pii/S135951130800175X

Sharmaet al./ BiofuelResearch Journ&3 (2019) 10251038

(12

(13

(14

(19

(16

(17

(18

(19

(29

(21

(22

(23
(24
(29

(26
(27

(28

(29

(30

(31

(32
(33

(34

Fjerbaek, L., Christensen, K.V., Norddahl, B., 2009. yiew of the
current state of biodiesel production using enzymatic
transesterification. Biotechnol. Bioenergy. 102(5), :2385.

Griebenow, K., Klibanov, A.M., 1996. On protein denaturation in
aqueousorganic mixtures but not in pure organic solvents. J. Am.
Chem. Soc. 118(47), 11693.700.

Griebenow, K., Laureano, Y.D., Santos, A.M., Clemente, .M.,
Rodriguez, L., Vidal, M.W., Béetta, G., 1999. Improved enzyme
activity and enantioselectivity in organic solvents by mefhyl
cyclodextrin. J. Am. Chem. Soc. 121(36), 84H63.

Grochulski, P., Li, Y., Serag, J.D., Cygler, M., 1994. Two
conformational states @@andida rugosdipase. Protein Sci. 3(1), 82

91.

Halling, P.J., 1990. Solvent selection for biocatalysis in mainlgrarg
systems: predictions of effects on equilibrium position. Biotechnol.
Bioenergy. 35(7), 69701.

Hirata, H., Higuchi, K., Yamashina, T., 1990. Lipassalyzed
transetrification in organic solvent: effects of water and solvent,
thermal stability and some applications. J. Biotechnol. 14(2),1857
Hung, T.C., Giridhar, R., Chiou, SHWu, W.T., 2003. Binary
immobilization ofCandida rugosdipase on chitosan. J. Mol. Catal. B:
Enzym. 26(32), 6978.

Iso, M., Chen, B., Eguchi, M., Kudo, T., Shrestha2801. Production

of biodiesel fuel from triglycerides and alcohol using immobilized
lipase. J. Mol. Catal. B: Enzym. 16(1),-58.

Kamat, S., Beckman, E.J., Russell, AT992. Role of diffusion in
nonaqueous enzymology. 1. theory. Enzyme Microb. Technol. 14(4),
265-271.

Kartal, F.., Janssen, M. H. , Hol |
2011. Improved esterification activity dandida rugosalipase in
organic solvent by immobilization as crdgsked enzyme aggregates
(CLEAS). J. Mol. Catal. B: Enzym. 7148, 85-89.

Kim, B.H., Lee, N., Kim, H., An, K., Park, Y.l., Choi, Y., Shin, K., Lee,
Y., Kwon, S.G., Na, H.B., 2011. Largeale synthesis of uniform and
extremely smailbkized iron oxide nanoparticles foigh-resolutionT;
magnetic resonance imaging contrast agents. J. Am. Chem. Soc.
133(32), 1262412631.

Kim, J., Grate, J.W., Wang, P., 2008. Nanobiocatalysis andtis{sl
applications. Trends Biotechnol. 26(11), 6346.

Klibanov, A.M., 2001. Improving enzymes by using them in organic
solvents. Nature. 409(6817), 241.

Kojima, S., Du, D., Sato, M., Park, E.Y., 2004. Efficient production of
fatty acid methyl ester from waste activated bleaching earth using diesel
oil as organic solvent. J. Biosci. Bioenergy. 98(6),-42@.

Koskinen, A.M., Klibanov, A. M. 1996. Enzymatic reactions in
organic media. Springer, New York, Chapman and Hedi19.

Kuo, C.H., Peng, L.T., Kan, S.C., Liu, Y.C., Shieh, C.J., 2013. Lipase
immobilized biocatalytic membranes for biodiesel production.
Bioresour. Technol. 145, 22282.

Kuo, T.C., Shaw, J.F., Lee, G.C., 2015. Conversion of crude Jatropha
curcas seed oil into biodiesel using liquid recombirzaridida rugosa
lipase isozymes. Bioresour. Technol. 192534

Langer, K., Balthasar, S., Vogel, V., Dinauer, N., von Briesen, H.,
Schubert, D., 2003. Optimization of the preparation process for human
serum albumin (HSA) nanopatrticles. Int. J. Pharm. 22§(169180.

Li, X., Zhu, H., Feng, J., Zhang, J., Deng, X., Zhou, B., Zhang, H., Xue,
D., Li, F., Mellors, N. J., 2013. Ormot polylol synthesis of graphene
decorated with sizand densitstunable FgO, nanoparticles for porcine
pancreatic lipase immobilization. Carbon 60, 489 .

Linko, Y.Y., Lams&, M., Huhtala, A., Rantanen, O., 1995. Lipase
biocatalysis in the production of estersAth. Oil Chem. Soc. 72(11),
12931299.

Liou, Y.C., Marangoni, A.G., Yada, R.Y., 1998. Aggregation behavior
of Candida rugosdipase. Food Res. Int. 31(3), 2238.

Lotti, M., Pleiss, J., Valero, F., Ferrer, P., 2015. Effects of methanol on
lipases: molecular, kinetic and process issues in the production of
biodiesel. Biotechnol. J. 10(1), &0.

Mahdavi, M., Ahmad, M.B., Haron, M.J., Namvar, F., Nadi, B.,
Rahman, M.Z.A., Amin, J., 2013. Synthesis, surface modification and

(39

(36]

(37

(38

(39
(49

(41

(42

man

(43

(44

(49

(46

(47

(48

(49

(50

(51

(52

(53
(54

1037

characterisation of biocompatible magnetic iron oxide nanoparticle
for biomedical applications. Molecules. 18(7), 753318.

Mahmoudi, M., Sant, S., Wang, B., Laurent, S., Sen, T., 2011.
Superparamagnetic  iron oxide nanoparticles PICNS):
development, surface modification and applications in

chemotherapy. Adv. Drug Delivery Rev. 631}, 24-46.

Mei, Y., Miller, L., Gao, W., Gross, R.A., 2003. Imaging the
distribution anl secondary structure of immobilized enzymes using
infrared microspectroscopy. Biomacromolecules. 4(1)7Z0
Montalvo, B.L., Pacheco, Y., Sosa, B.A., Vélez, D., SéaciG.,
Griebenow, K., 2008. Formation of spherical protein nanoparticles
without impacting protein integrity. Nanotechnology. 19(46),
465103.

Montero, S., Blanco, A., Vig, M.D., Landeta, L.C., Agud, .,
Solozabal, R., Lascaray, J., de Renobales, M., Llama, M. J., Serra,
J.L., 1993. Immobilization offandida rugosalipase and some
properties of the immobilized enzyme. Enzyme Microb. Technol.
15(3), 239247.

Parida, S., Dordick, J.S., 1993. Tailoring lipase specificity by
solvent and substrate chemistries. J. Org. Chem. 58(12),32238
Park, E.Y., Sato, M., Kojima, S., 2008. Lipasgtalyzed biodiesel
production from waste activated bleaching earth as raw material in
a pilot plant. Bioresour. Technol. 99(8), 313035.

Pinsirodom, P., Parkin, K.L., 2001. Lipase assays. Current protocols
in food analytical chemistry. 1, €B

Rebelo, L.P., Netto, C.G., Toma, H.E., Andrade, L.H., 2010.
Enzymatic kinetic resolution of (RS)(Phenyl) ethanols by
Burkholderia cepacia lipase immobilized on magnetic
manopéiticles. JBnae. Chitm.iSoc. 2R8),AE342. Kél énc,
Ribeiro, B.D.,de Castro, A.M., Coelho, M.A.Z., Freire, D.M.G.,
2011. Production and use of lipases in bioenergy: a review from the
feedstocks to biodiesel production. Enzyme Res. 2018, 1

Royon, D., Daz, M., Ellenrieder, G., Locatelli, S., 2007. Enzymatic
production of biodiesel from cotton seed oil usidgutanol as a
solvent. Bioresour. Technol. 98(3), 6883.

Rua, M.L., Ballesteros, A., 1994. Rapid purification of two lipase
isoenzymes fronCandida rugosaBiotechnol. Technol. 8(1), 21

26.

Schenk, P.M., Thomadall, S.R., Stephens, E., Marx, U.C,,
Mussgnug, J.H., Posten, C., Kruse, O., Hankamer, B., 2008. Second
generation biofuels: higkfficiency microalgae for biodiesel
production. Bioenergy Res. 1(1),-28.

Schober, S., Seid|, I., Mittelbach, M., 2006. Ester content evaluation
in biodiesel from animal fats and lauric oils. Eur. J. Lipid Sci.
Techol. 108(4), 303814.

Secundo, F., Carrea, G., Soregaroli, C., Varinelli, D., Morrone, R.,
2001. Activity of different Candida antarctica lipase B
formulations in organic solvents. Biotechnol. Bioenergy. 73(2),
157-163.

Shah, S., Sharma, S., Gupta, M., 2004. Biodiesel preparation by
lipasecatalyzed transesterification détrophaoil. Energy Fuels.
18(1), 154159.

Shao, P., Meng, X., He, J., Sun, P., 2008. Analysis of immobilized
Candida rugosalipase catalyzed preparation of biodiesel from
rapeseed soapstock. Food Bioprod. Process. 86(4R883
Sharma, R. K., Saxena, M., OO6Neill
K., 2018. Synthesis dRhizopus arrhizudipase nanoparticles for
biodiesel production. ACS Omega. 3(12), 182@213.

Sheldon, R.A., Schoevaart, R., Van Langen, L.M., 2005. €ross
linked enzyme aggregates (CLEAS): a novel and versatile method

for enzyme immobilization (a review). Biocatal. Biotransform.
23(34), 141147.

Sheldon, R.A., 2010. Crodinked enzyme aggregates as industrial
biocatalysts. Org. Process Res. Dev. 15(1);223

Solanki, K., Gupta, M.N., 2011. Simultaneous purification and
immobilization of Candida rugosalipase on superparamagnetic

FeO, nanoparticles for catalyzing transadfication reactions.

New J.Chem. 35(11), 2551.

A.

Please cite this article aSharma R.K., O'Neill C.A., Ramos H.A.R., Thapa B., Bar@oea V.C., Gaur K., Griebenok. Candida rugosdipase
nanopatrticles as robust catalyst for biodiesel production in orgalvients Biofuel Research Journ2B (2019)10251038 DOI: 10.18331/BRJ2019.6.3.3



https://onlinelibrary.wiley.com/doi/abs/10.1002/bit.22256
https://onlinelibrary.wiley.com/doi/abs/10.1002/bit.22256
https://onlinelibrary.wiley.com/doi/abs/10.1002/bit.22256
https://pubs.acs.org/doi/abs/10.1021/ja961869d
https://pubs.acs.org/doi/abs/10.1021/ja961869d
https://pubs.acs.org/doi/abs/10.1021/ja961869d
https://pubs.acs.org/doi/abs/10.1021/ja990515u
https://pubs.acs.org/doi/abs/10.1021/ja990515u
https://pubs.acs.org/doi/abs/10.1021/ja990515u
https://pubs.acs.org/doi/abs/10.1021/ja990515u
https://onlinelibrary.wiley.com/doi/abs/10.1002/pro.5560030111
https://onlinelibrary.wiley.com/doi/abs/10.1002/pro.5560030111
https://onlinelibrary.wiley.com/doi/abs/10.1002/pro.5560030111
https://onlinelibrary.wiley.com/doi/abs/10.1002/bit.260350706
https://onlinelibrary.wiley.com/doi/abs/10.1002/bit.260350706
https://onlinelibrary.wiley.com/doi/abs/10.1002/bit.260350706
https://www.sciencedirect.com/science/article/pii/016816569090004U
https://www.sciencedirect.com/science/article/pii/016816569090004U
https://www.sciencedirect.com/science/article/pii/016816569090004U
https://www.sciencedirect.com/science/article/pii/S138111770300167X
https://www.sciencedirect.com/science/article/pii/S138111770300167X
https://www.sciencedirect.com/science/article/pii/S138111770300167X
https://www.sciencedirect.com/science/article/pii/S1381117701000455
https://www.sciencedirect.com/science/article/pii/S1381117701000455
https://www.sciencedirect.com/science/article/pii/S1381117701000455
https://www.sciencedirect.com/science/article/pii/014102299290149I
https://www.sciencedirect.com/science/article/pii/014102299290149I
https://www.sciencedirect.com/science/article/pii/014102299290149I
https://www.sciencedirect.com/science/article/pii/S1381117711001068
https://www.sciencedirect.com/science/article/pii/S1381117711001068
https://www.sciencedirect.com/science/article/pii/S1381117711001068
https://www.sciencedirect.com/science/article/pii/S1381117711001068
https://pubs.acs.org/doi/abs/10.1021/ja203340u
https://pubs.acs.org/doi/abs/10.1021/ja203340u
https://pubs.acs.org/doi/abs/10.1021/ja203340u
https://pubs.acs.org/doi/abs/10.1021/ja203340u
https://pubs.acs.org/doi/abs/10.1021/ja203340u
https://www.sciencedirect.com/science/article/abs/pii/S0167779908002254
https://www.sciencedirect.com/science/article/abs/pii/S0167779908002254
https://www.nature.com/articles/35051719
https://www.nature.com/articles/35051719
https://www.sciencedirect.com/science/article/pii/S1389172305003063
https://www.sciencedirect.com/science/article/pii/S1389172305003063
https://www.sciencedirect.com/science/article/pii/S1389172305003063
https://www.springer.com/gp/book/9780751402599
https://www.springer.com/gp/book/9780751402599
https://www.sciencedirect.com/science/article/pii/S0960852412019128
https://www.sciencedirect.com/science/article/pii/S0960852412019128
https://www.sciencedirect.com/science/article/pii/S0960852412019128
https://www.sciencedirect.com/science/article/pii/S0960852415006720
https://www.sciencedirect.com/science/article/pii/S0960852415006720
https://www.sciencedirect.com/science/article/pii/S0960852415006720
https://www.sciencedirect.com/science/article/pii/S0378517303001340
https://www.sciencedirect.com/science/article/pii/S0378517303001340
https://www.sciencedirect.com/science/article/pii/S0378517303001340
https://www.sciencedirect.com/science/article/pii/S0378517303001340
https://www.sciencedirect.com/science/article/pii/S0378517303001340
https://www.sciencedirect.com/science/article/pii/S0378517303001340
https://www.sciencedirect.com/science/article/pii/S0378517303001340
https://link.springer.com/article/10.1007/BF02546202
https://link.springer.com/article/10.1007/BF02546202
https://link.springer.com/article/10.1007/BF02546202
https://www.sciencedirect.com/science/article/pii/S0963996998000994
https://www.sciencedirect.com/science/article/pii/S0963996998000994
https://onlinelibrary.wiley.com/doi/abs/10.1002/biot.201400158
https://onlinelibrary.wiley.com/doi/abs/10.1002/biot.201400158
https://onlinelibrary.wiley.com/doi/abs/10.1002/biot.201400158
https://www.mdpi.com/1420-3049/18/7/7533
https://www.mdpi.com/1420-3049/18/7/7533
https://www.mdpi.com/1420-3049/18/7/7533
https://www.mdpi.com/1420-3049/18/7/7533
https://www.sciencedirect.com/science/article/abs/pii/S0169409X1000133X
https://www.sciencedirect.com/science/article/abs/pii/S0169409X1000133X
https://www.sciencedirect.com/science/article/abs/pii/S0169409X1000133X
https://www.sciencedirect.com/science/article/abs/pii/S0169409X1000133X
https://pubs.acs.org/doi/abs/10.1021/bm025611t
https://pubs.acs.org/doi/abs/10.1021/bm025611t
https://pubs.acs.org/doi/abs/10.1021/bm025611t
https://iopscience.iop.org/article/10.1088/0957-4484/19/46/465103/meta
https://iopscience.iop.org/article/10.1088/0957-4484/19/46/465103/meta
https://iopscience.iop.org/article/10.1088/0957-4484/19/46/465103/meta
https://iopscience.iop.org/article/10.1088/0957-4484/19/46/465103/meta
https://www.sciencedirect.com/science/article/pii/014102299390144Q
https://www.sciencedirect.com/science/article/pii/014102299390144Q
https://www.sciencedirect.com/science/article/pii/014102299390144Q
https://www.sciencedirect.com/science/article/pii/014102299390144Q
https://www.sciencedirect.com/science/article/pii/014102299390144Q
https://pubs.acs.org/doi/pdf/10.1021/jo00064a008
https://pubs.acs.org/doi/pdf/10.1021/jo00064a008
https://www.sciencedirect.com/science/article/pii/S0960852407004750
https://www.sciencedirect.com/science/article/pii/S0960852407004750
https://www.sciencedirect.com/science/article/pii/S0960852407004750
https://currentprotocols.onlinelibrary.wiley.com/doi/abs/10.1002/0471142913.fac0301s00
https://currentprotocols.onlinelibrary.wiley.com/doi/abs/10.1002/0471142913.fac0301s00
http://www.scielo.br/scielo.php?pid=S0103-50532010000800019&script=sci_arttext&tlng=pt
http://www.scielo.br/scielo.php?pid=S0103-50532010000800019&script=sci_arttext&tlng=pt
http://www.scielo.br/scielo.php?pid=S0103-50532010000800019&script=sci_arttext&tlng=pt
http://www.scielo.br/scielo.php?pid=S0103-50532010000800019&script=sci_arttext&tlng=pt
https://www.hindawi.com/journals/er/2011/615803/abs/
https://www.hindawi.com/journals/er/2011/615803/abs/
https://www.hindawi.com/journals/er/2011/615803/abs/
https://www.sciencedirect.com/science/article/pii/S0960852406000794
https://www.sciencedirect.com/science/article/pii/S0960852406000794
https://www.sciencedirect.com/science/article/pii/S0960852406000794
https://link.springer.com/article/10.1007/BF00207628
https://link.springer.com/article/10.1007/BF00207628
https://link.springer.com/article/10.1007/BF00207628
https://link.springer.com/article/10.1007/s12155-008-9008-8
https://link.springer.com/article/10.1007/s12155-008-9008-8
https://link.springer.com/article/10.1007/s12155-008-9008-8
https://link.springer.com/article/10.1007/s12155-008-9008-8
https://onlinelibrary.wiley.com/doi/abs/10.1002/ejlt.200500324
https://onlinelibrary.wiley.com/doi/abs/10.1002/ejlt.200500324
https://onlinelibrary.wiley.com/doi/abs/10.1002/ejlt.200500324
https://onlinelibrary.wiley.com/doi/abs/10.1002/bit.1047
https://onlinelibrary.wiley.com/doi/abs/10.1002/bit.1047
https://onlinelibrary.wiley.com/doi/abs/10.1002/bit.1047
https://onlinelibrary.wiley.com/doi/abs/10.1002/bit.1047
https://pubs.acs.org/doi/abs/10.1021/ef030075z
https://pubs.acs.org/doi/abs/10.1021/ef030075z
https://pubs.acs.org/doi/abs/10.1021/ef030075z
https://www.sciencedirect.com/science/article/pii/S0960308508000217
https://www.sciencedirect.com/science/article/pii/S0960308508000217
https://www.sciencedirect.com/science/article/pii/S0960308508000217
https://pubs.acs.org/doi/abs/10.1021/acsomega.8b02069
https://pubs.acs.org/doi/abs/10.1021/acsomega.8b02069
https://pubs.acs.org/doi/abs/10.1021/acsomega.8b02069
https://www.tandfonline.com/doi/abs/10.1080/10242420500183378
https://www.tandfonline.com/doi/abs/10.1080/10242420500183378
https://www.tandfonline.com/doi/abs/10.1080/10242420500183378
https://www.tandfonline.com/doi/abs/10.1080/10242420500183378
https://pubs.acs.org/doi/abs/10.1021/op100289f
https://pubs.acs.org/doi/abs/10.1021/op100289f
https://pubs.rsc.org/en/content/articlelanding/2011/nj/c1nj20277d/unauth
https://pubs.rsc.org/en/content/articlelanding/2011/nj/c1nj20277d/unauth
https://pubs.rsc.org/en/content/articlelanding/2011/nj/c1nj20277d/unauth
https://pubs.rsc.org/en/content/articlelanding/2011/nj/c1nj20277d/unauth

Sharmaet al./ BiofuelResearch Journ&3 (2019) 10251038

(59

(56
(57

(58

(59

(60

(61]

(62

(63

Talebi, A.F., Tabatabaei, M., Chisti, Y., 2014. BiodieselAnalyzer: a
userfriendly software for predicting the properties of prospective
biodiesel. Biofuel Res. J. 1(2), &

Tan, T., Lu, J., Nie, K., Deng, L., Wang, F., 2010. Biodiesel production
with immobilized lipase: a review. Biotechnol. Adv. 28(5), &8!.

Tejo, B.A., Salleh, A.B., Pleiss, J., 2004. Structure and dynamics of
Candida rugosdipase: the role of organic solvent. J. Mol. Model. 20(5
6), 358366.

Thapa, B.DiazDiestra, D., BeltrarHuarac, J., Weiner, B.R., Morell,
G., 2017. Enhanced MRI,Telaxivity in contrasiprobed anchefree
PEGylated iron oxide nanopatrticles. Nanoscale Res. Lett. 12(1), 312.
Thapa, B., DiaDiestra, D., Santiaghedina, C., Kumar, N., Tu, K.,
BeltranHuarac, J., Jadwisienczak, W.M., Weiner, B.R., Morell, G.,
2018. T-and T-weighted magnetic resonance dual contrast by single
core truncated cubic iron oxide nanopaes with abrupt cellular
internalization and immune evasion. ACS Appl. Bio Mater. 1(1), 79
89.

Thapa, B., Diadiestra, D., BadilleDiaz, D., Sharma, R.K., Dasari, K.,
Kumari, S., Holcorh, M.B., BeltranHuarac, J., Weiner, B.R., Morell,
G., 2019. Controlling the transverse proton relaxivity of magnetic
graphene oxide. SdRep. 9, 5633.

Tsai, S.W., Dordick, J.S., 1996. Extraordinary enantiospecificity of
lipase catalysis in organic media induced by purification and catalyst
engineering. Biotechnol. Bioengy. 52(2), 2%@0.

Verma, M.L., Barrow, C.J., Puri, M., 2013. Nanobiotechnology as a
novel paradigm for enzyme immobilisation and stabilisation with
potential applications in biodiesel production. Appl. Microbiol.
Biotechnol. 97(1), 239.

Wang, X., Dou, P., Zhao, P., Zhao, C., Ding, Y., Xu, P., 2009.
Immobilization of lipases onto magnetic ;8 nanoparticles for
application in biodiesel production. ChemSusChem. ahuesbility
Energy Mat. 2(10), 94950.

(64

(63

(66

(67

(68

(69

(79

(71

(72
E

1038

Wang, H., Yao, Q., Wang, C., Fan, B., Sun, Q., Jin, C., Xiong, Y.,
Chen, Y., 2016. A simple, orstep hydrothermal approach to
durable and robust superparamnatic, superhydrophobic and
electromagnetic wavabsorbing wood. Sci. Rep. 6, 35549.

Wang, J., Meng, G., Tao, K., Feng, M., Zhao, X., Li, Z., Xu, H.,
Xia, D., Lu,J.R., 2012. Immobilization of lipases on alkyl silane
modified magnetic nanopatrticles: effect of alkyl chain length on
enzyme activity. PloS one. 7(8), e43478.

Xie, W., Ma, N., 2009. Immobilied lipase on R®, nanoparticles

as biocatalyst for biodiesel production. Energy Fuels. 23,-1347
1353.

Xu, J.K., Zhang, F.F., Sun, J.J., Sheng, J., Wang, F., Sun, M., 2014.
Bio and nanomaterialsased on F©,. Molecules. 19(12), 21506
21528.

Xun, E.N., Lv, XI., Kang, W., Wang, J.X., Zhang, H., Wang, L.,
Wang, Z., 2012. Immobilization éfseudomonas fluoresceiEase
onto magnetic nanoparticles for resolution ofo&anol. Appl.
Biochem. Biotechnol. 168(3), 69707.

Yong, Y., Bai, Y.X., Li, Y.F,, Lin, L., Cui, Y.J., Xia, C.G., 2008.
Charaterization of Candida rugosalipase immobilized onto
magnetic microspheres with hydrophilicity. Process Biochem.
43(11), 11791185.

Yu, C.Y., Huang, L.Y., Kuan, I, Lee, S.L.,, 201®ptimized
production of biodiesel from waste cooking oil by lipase
immobilized on magnetic nanopatrticles. Int. J. Mol. Sci. 14, 24074
24086.

Yu, H., Chen, H., Wang, X., Yang, Y., Ching., 2006 Cross
linked enzyme aggregates (CLEAs) with controlled particles:
application to Candideugosa lipase. J. Mol. Catal. Bnzym. 43,
124127.

Zaks, A., Klibanov, A.M., 1988aThe efect of water on enzyme
action in organic media. J. Biol. Chem. 263, 880D21.

Zaks, A., Klibanov, A.M., 1988b Enzymatic catalysis in
nonaqueous solvents. J. Biol. Chem. 263, 332011.

Please cite this article aSharma R.K., O'Neill C.A., Ramos H.A.R., Thapa B., Bar@oea V.C., Gaur K., Griebenok. Candida rugosdipase
nanopatrticles as robust catalyst for biodiesel production in orgalvients Biofuel Research Journ2B (2019)10251038 DOI: 10.18331/BRJ2019.6.3.3



https://www.biofueljournal.com/article_5546_1.html
https://www.biofueljournal.com/article_5546_1.html
https://www.biofueljournal.com/article_5546_1.html
https://www.sciencedirect.com/science/article/pii/S0734975010000637
https://www.sciencedirect.com/science/article/pii/S0734975010000637
https://link.springer.com/article/10.1007/s00894-004-0203-z
https://link.springer.com/article/10.1007/s00894-004-0203-z
https://link.springer.com/article/10.1007/s00894-004-0203-z
https://nanoscalereslett.springeropen.com/articles/10.1186/s11671-017-2084-y
https://nanoscalereslett.springeropen.com/articles/10.1186/s11671-017-2084-y
https://nanoscalereslett.springeropen.com/articles/10.1186/s11671-017-2084-y
https://pubs.acs.org/doi/abs/10.1021/acsabm.8b00016
https://pubs.acs.org/doi/abs/10.1021/acsabm.8b00016
https://pubs.acs.org/doi/abs/10.1021/acsabm.8b00016
https://pubs.acs.org/doi/abs/10.1021/acsabm.8b00016
https://pubs.acs.org/doi/abs/10.1021/acsabm.8b00016
https://pubs.acs.org/doi/abs/10.1021/acsabm.8b00016
https://www.nature.com/articles/s41598-019-42093-1
https://www.nature.com/articles/s41598-019-42093-1
https://www.nature.com/articles/s41598-019-42093-1
https://www.nature.com/articles/s41598-019-42093-1
https://onlinelibrary.wiley.com/doi/abs/10.1002/(SICI)1097-0290(19961020)52:2%3C296::AID-BIT9%3E3.0.CO;2-L
https://onlinelibrary.wiley.com/doi/abs/10.1002/(SICI)1097-0290(19961020)52:2%3C296::AID-BIT9%3E3.0.CO;2-L
https://onlinelibrary.wiley.com/doi/abs/10.1002/(SICI)1097-0290(19961020)52:2%3C296::AID-BIT9%3E3.0.CO;2-L
https://link.springer.com/article/10.1007/s00253-012-4535-9
https://link.springer.com/article/10.1007/s00253-012-4535-9
https://link.springer.com/article/10.1007/s00253-012-4535-9
https://link.springer.com/article/10.1007/s00253-012-4535-9
https://onlinelibrary.wiley.com/doi/abs/10.1002/cssc.200900174
https://onlinelibrary.wiley.com/doi/abs/10.1002/cssc.200900174
https://onlinelibrary.wiley.com/doi/abs/10.1002/cssc.200900174
https://onlinelibrary.wiley.com/doi/abs/10.1002/cssc.200900174
https://www.nature.com/articles/srep35549
https://www.nature.com/articles/srep35549
https://www.nature.com/articles/srep35549
https://www.nature.com/articles/srep35549
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0043478
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0043478

