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Abstract

In this study, novel N,S-substituted naphthaquinone analogues (2, 4, 6, and 8) were synthesized from
the reactions of previously known aminonaphthaquinone derivatives (1, 3, 5, and 7) with allyl mercaptan.
2-(allylthio)-3-(4-phenylpiperazin-1-yl)naphthalene-1,4-dione (2), 2-(allylthio)-3-(4-(2-
fluorophenyl)piperazin-1-yl)naphthalene-1,4-dione 4), 2-(allylthio) -3-(4-benzylpiperidin-1-
yl)naphthalene-1,4-dione (6) and 2-(4-chlorophenylamino)-3-(allylthio)naphthalene-1,4-dione (8) were
obtained from the reactions of 2-chloro-3-(4-phenylpiperazin-1-yl)naphthalene-1,4-dione (1), 2-chloro-
3-(4-(2-fluorophenyl)piperazin-1-yl)naphthalene-1,4-dione (3), 2-(4-benzylpiperidin-1-yl)-3-
chloronaphthalene-1,4-dione (5), and 2-(4-chlorophenylamino) -3-chloronaphthalene-1,4-dione (7) with
allyl mercaptan according to the general synthesis procedure. Synthesized new naphthaquinone
analogues (2, 4, 6, and 8) were purified by column chromatography. The chemical structures of these
novel N,S-substituted naphthaquinone analogues were characterized by spectroscopic methods (FT-
IR, NMR, and MS).

Keywords: Aminonaphthoquinone, Naphthoquinone, Thionaphthoquinone.

Introduction

Natural naphthoquinone derivatives have been used in traditional Chinese medicine for centuries and
are known to treat disease (Hussain et al., 2007; Cruz et al., 2014; Lopez et al., 2014; Aziz et al., 2008;
Masi et al., 2017; Inagaki et al., 2015; Borghese et al., 2017). The Lawsone molecule, an important
naphthoquinone derivative, has also been shown to be effective in killing mosquitoes that transmit the
Zika virus (Masi et al., 2017; Inagaki et al., 2015). Vitamin K1, which plays an active role in blood clotting,
is the most well-known naphthoquinone derivative (Kar et al., 2003; Nishikawa et al., 2015).
Naphthoquinones constitute an important subclass of quinones, which are found in nature and from
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which various derivatives can be obtained synthetically. Plumbagone, juglon, and lawsone are plant-
derived naphthoquinones with antibacterial activity against various aerobic and anaerobic organisms.
Toxins derived from naphthozarin (5,8-dihydroxy-1,4-naphthoquinone) are produced by Fusarium solani
and attack plants, other fungi, and bacteria (Peralta et al., 2015; Riffel et al., 2002). Aliphatic thiols are
important starting materials for the synthesis of thiophosphoric acid esters, drugs, and polysulfides and
are often used as polymerization modifiers in rubber and plastics production. The most important
industrial applications of aromatic thiols are as intermediates in the production of pharmaceuticals,
agrochemicals, dyes and pigments, and chemicals for the electronics industry (Vollhardt et al. 2009;
Roy et al. 2000). The biological activity properties of amino and thionaphthoquinones are known from
the literature (Duréan et al., 2023; Kavaliauskas et al., 2022; Liu et al., 2023; Lépez-Lopez et al., 2022;
Souza et al., 2023). In this study, novel N,S-substituted naphthoquinone analogues 2, 4, 6, and 8 were
synthesized from the reactions of previously known aminonaphthoquinone derivatives 1 (Kalmayer et
al. 1991), 3 (Tadashi et al. 1996), 5 (Vanallan et al. 1963), and 7 (Fries et al. 1922) with allyl mercaptan.
Synthesized new naphthoquinone analogues (2, 4, 6, and 8) were purified by column chromatography,
and their chemical structure was characterized by spectroscopic methods (FT-IR, NMR, MS).

Materials and methods

Chemistry

Infrared (FT-IR) spectra were recorded with the ATR method on a Termo Scientific Nicolet 6700. *H and
13C NMR spectra were recorded on Spectrometer Varian UNITY INOVA 500 MHz (CDCI3, DMSO-d6
solvent, TMS (& = 0) internal standard). Mass spectra were obtained on a Shimadzu LC-MS 8030 triple
quadrupole mass spectrometer. (Mobile phase A: water (5 mu ammonium formate), Mobile phase B:
acetonitrile (5 muy ammonium formate)). Products were purified by column chromatography on silica gel
(Merck silica gel 60, 0.063-0.2 mm). Melting points were measured on a Buchi SMP20 (B-540)
apparatus. Thinlayer chromatography (TLC) was purchased from Merck DC-AlufolienKieselgel 60F254.
The solvents used during the reactions and purification of the products were recovered in a Rotavapor
Buchi Heatig Bath B-490. Chromatograms were observed using a CAMAG Muttenz-Schweiz 29200 UV
lamp. All chemicals used in the reactions were obtained from Merck, Sigma-Aldrich.

Synthesis

General synthesis method. N-substituted naphthoquinone derivative and allyl mercaptan in an
equivalent molar ratio were stirred in a 250 mL flask in the presence of 60 mL of dichloromethane and
triethylamine for 6 h on a magnetic stirrer at room temperature. The reaction mixture in the flask was
extracted with methylene chloride and 200 mL (50 mL x 4) water. The organic phase was dried over
sodium sulfate. After recovery of the solvent in the evaporator, the crude products were separated and
purified by column chromatography. The chemical structures of the synthesized naphthoquinone
analogues were elucidated by spectroscopic methods (NMR, FT-IR, and MS).

2-(allythio)-3-(4-phenylpiperazine-1-yl)naphthalene-1,4-dione (2)

2-(allythio)-3-(4-phenylpiperazine-1-yl)naphthalene-1,4-dione (2) was synthesized from the reaction of
0.5 g (1.417 mmol) 2-Chloro-3-(4-phenylpiperazine-1-yl)naphthalene-1,4-dione (1) and 0.105 g (1.417
mmol) allyl mercaptan according to general synthesis procedure.

2: Red solid. Yield: 0.097 g (% 17.6). FT-IR (ATR):u (cm)= 3200 (CHaromatc), 2963, 2910 (CHaiphaic),
1534, 1501 cm? (C=Caromaic), 1638, 1617 (C=0); *HNMR (500 MHz, CDCI3): & = 7.9-8.0 (dd, 2H,
CHnaphthoquinone), 7.5-7.6 (m, 2H, CHnaphthoquinone), 7.2-7.3 ve 6.9-7.0 (m, 5H, CHaromatic), 5.6-5.8 (m, H,
CH=), 4.9-5.0 (M, 2H, =CHy), 3.2-3.7 (m, 6H, N-CHz, S-CH2), 2.4-2.9 (m, 4H, N-CH); 13C NMR (125
MHz, CDC|3)Z 0=182.1-181 (C:O), 154 (Caromatic-N), 145.2 (Cnaphthoquinone-N), 129 (Cnaphthoquinone), 1345,
132, 131 (Cnaphthoquinone, CHnaphthoquinone), 129.5, 118, 116 (CHaromatic), 37.7 (S-CHZ), 117 (:CHZ ally), 133.9
(CH=any), 52.4 (CH2-N): +ESI: m/z= 391 [M+H]*, m/z =350 [M-(CH2-CH=CH2)]*, C2sH22N20,S, (M=390.5
g/mol).

2-(alylthio)-3-(4-(2-fluorophenyl)piperazine-1-yl)naphthalene-1,4-dione (4)
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2-(alylthio)-3-(4-(2-fluorophenyl)piperazine-1-yl)naphthalene-1,4-dione (4) was synthesized from the
reaction of 2-chloro-3-(4-(2-fluorophenyl)piperazin-1-yl)naphthalene-1,4-dione (3) (0.6 g, 1.618 mmol)
and allyl mercaptan (0.12 g) to general synthesis procedure.

4: Dark red viscos. Yield: 0.179 g (% 27.1). FT-IR (ATR):u (cm1)= 3010 (CHaromatic), 2950 (CHaiiphatic),
1646 (C=0), 1541, 1500 (C=C); 'HNMR (500 MHz, CDCls): & = 7.5-8.0 (m, 4H, CHnaphthoguinone), 6.8-7.0
(M, 4H, CHaromatic), 5.6-5.8 (M, H, CH=), 4.8-5.0 (m, 2H, =CH>), 3.6-3.8 (m, 2H, S-CH>), 3.2-3.5 ve 2.5-
3.0 (M, 4H, CH2-N); 13C NMR (125 MHz, CDCls): 5 = 182.2-182.1 (C=0), 154.9 (Cnaphthoquinone-N), 126.8
(Cnaphthoquinone-S), 132.3, 133.0, 134.0 (Cnaphthoquinone, CHnaphthoquinone), 157 (Caromatic-F), 124.8, 119.7, 116.6,
116.4 (Caromatic, CHaromatic), 37.7 (S-CH2), 118.1 (=CHz), 51.7 (CH2-N); +ESI: m/z= 409.15 [M+H]*, m/z=
368.15 [M-(CH2-CH=CH2)]* , C23H2:FN20.S, (M=408.49 g/mol).

2-(allythio)-3-(4-benzylpiperidine-1-yl)naphthalene-1,4-dione (6)

2-(allythio)-3-(4-benzylpiperidine-1-yl)naphthalene-1,4-dione (6) was synthesized from the reaction of
0.6 g 2-(4-Benzylpiperidine-1-yl)-3-chloronaphthalene-1,4-dione (5) and 0.122 g allyl mercaptan to
general synthesis procedure.

6: Dark red viscos. 0.123 g (% 18.6). FTIR (ATR):u (cm1)= 3199 (C-Haromatic), 2950, 2905 (C-Haiiphatic),
1638, 1618 (C:O), IHNMR (500 MHz, CDC|3) 0=7.9-8.0ve 7.5-7.6 (m, 4H, CHnaphthoquinone), 7.0-7.3 (m,
5H, CHaromatic), 2.0-3.0 ve 1.1-1.4 (m, 10H, 5 CH2), 5.6-5.9 (m, H, CH=), 4.9-5.2 (m, 2H, =CH>), 3.5-3.6
(M, 2H, CH2-S); 13C NMR (125 MHz, CDCls): 8 = 179.2 (C=0), 143.4 (Cnaphthoguinone-N), 132.6, 130.8,
1298, 1281, 1278, 1272, 125,8 (Cnaphthoquinone7 CHnaphthoquinone, CHaromatic), 293 (CH2 piperidine), 41.1 (CHZ'
N), 25.4 (Cpiperidine), 37.7 (CH2-S); +ESI: m/z= 404 [M+H]*, m/z= 331[M-SCH2-CH=CH2]*, C25H25sNO>S,
(403.54 g/mol).

2-(allylthio)-3-(4-chlorophenylamino)naphthalene-1,4-dione (8)

2-(allylthio)-3-(4-chlorophenylamino)naphthalene-1,4-dione (8) was synthesized from the reaction of 0.4
g (1.54 mmol) 2-(4-Chlorophenylamino)-3-chloronaphthalene-1,4-dione (7) and 0.114 g (1.54 mmol)
allyl mercaptan to general synthesis method.

8: Dark red viscos. 0.147 g (% 26.9). FT-IR (ATR):u (cm™)= 3319 (NH), 3050 (Caromatic), 2917, 2849 (C-
Haliphatic), 1666, 1639 (C=0), 1592, 1551 (C=C); 'HNMR (500 MHz, CDCls): & = 7.6-8.1 (m, 4H,
CHnaphthoquinone), 6.8-7.3 (m, 4H, CHaromatic), 5.6-5.7 (m, H, CH=), 4.9-5.0 (m, 2H, CH2 aIIyI), 2.0-3.0 (m, 2H,
CH2-S), 4.0-4.1 (m, H, NH); 3C NMR (125 MHz, CDCls): & = 180, 181 (C=0), 137 (Cnaphthoguinone-NH),
1349, 134.4, 131.1, 1295, 1276, 1239, 118.3 (Caromatic, CHaromatic), 145 (Caromatic-CH), 34.9 (S-CHZ aIIyI),
117.2 (CH2 ai=), 133.6 (CHaw); +ESI: m/z= 356 [M+H]*, 173 [M-(SCH2-CH=CH:)-Ph-CIJ",
C19H14CINO2S, (M=355.84 g/mol).

Results and discussion

In this study, new N,S-substituted naphthoquinone analogues 2, 4, 6 and 8 were obtained from the
substitution reaction of previously known N-substituted naphthoquinone compounds 1 (Kalmayer et al.,
1991), 3 (Tadashi et al., 1996), 5 (Vanallan et al., 1963) and 7 (Fries et al., 1922) with allyl mercaptan.
Due to the chlorine atom in the skeletal structure of the synthesized N-substituted naphthaquinone
derivatives, the substitution reaction with allyl mercaptan was easily realized. The synthesized and
characterized chemical structures of naphthoquinone analogues are presented in Scheme 1.
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Scheme 1. Synthetic pathway of novel N,S-substituted napthoquinone analogues (2, 4, 6 and 8).

In the 1H-NMR spectrum of compound 2, the characteristic (CH=) proton of the allyl group gave a
multiplet signal at 8= 5.6-5.8 ppm and (=CH:) protons gave a multiplet signal at 8= 4.9-5.1 ppm.
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Methylene protons in the piperazine ring were observed as multiplet at 6= 3.2-3.7 and 6= 2.4-2.9 ppm
(Figure 1).

I \
\ ‘ |
“ | l M
W L_M_.lUL i
R L |
o o - & f o
& S @ o | S
T T T T T T T T T
820 B.10 800 780 780 7.0 7.60 7.50 375 350 325 JDF 275 250
ppm (t1) ppm (t1)

‘ T | T T | T
130 120 110 100 9.0
ppm ()

Figure 1. *H-NMR (CDClIz) spectrum of compound 2.

In the B3C-NMR spectrum of compound 2, the carbonyl carbons in the molecule were observed at &=
182.1, 181 ppm, the tertiary carbon of the allyl group at 8= 133.9 ppm and the (=CH) carbon at 8= 117
ppm. Piperazine methylene carbons were seen at 6= 52.4 ppm and the methylene carbon attached to
the sulfur atom was seen at &= 37.7 ppm. In the mass spectrum of compound 2, m/z= 391 [M+H]*
molecular ion and m/z= 350 [M-CH2-CH2-CH=CH2] molecular fragmentation ion was observed with the
breakage of the allyl (CH2-CH=CH:) group from this molecule (Figure 2).

Event 3 Product lon Scan(E+) Precursor, 391,00 CE: 200 Ret. Time  [0.2300,238] {0,120 >0,489] Geank; (3085 318][173< »653]

Inten (x1,000,000) Base Peak: 149,00/3,457 620
14800 ™z | 42,00 Abs Inten. 0 Relnten. 0,00

50,0 70 100,0 1250 80,0 1750 200,0 2250 25h,0 2750 300,0 3250 350,0 3750 wE

Figure 2. MS spectrum of compound 2.

In the *H-NMR spectrum of compound 4, the aromatic protons of the fluorophenylpiperazine
group were multiplet at &= 6.8-7.0 ppm, the characteristic (CH=) proton of the allyl group was
multiplet at 6= 5.6-5.8 ppm and (=CH) protons were multiplet at 6= 4.8-5.0 ppm (Figure 3). In
the mass spectrum of compound 4, m/z= 409.15 [M+H]" molecular ion and m/z= 368.15 [M-
CH2>-CH,-CH=CH:]" molecular fragmentation ion was observed with the breakage of the allyl
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(CH2-CH=CH_) group from this molecule (Figure 4). In the 3C-NMR spectrum of compound 4,
the carbonyl carbons in the molecule were observed at 6= 182.2, 182.1 ppm, the quaternary
carbon in the naphthoquinone ring attached to the sulfur atom at 6= 126.8 ppm, the quaternary
carbon attached to the piperazine ring at 6= 154.9 ppm, the piperazine methylene carbons at
0= 51.7 ppm and the methylene carbon attached to the sulfur atom at &= 37.7 ppm. In the
mass spectrum of compound 6, m/z= 404 [M+H]* molecular ion and m/z= 331 [M-SCH»-CH.-
CH=CH_]" molecular fragmentation ion was observed with the breakage of the allylthiol (S-
CH2-CH=CH) group from this molecule.
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Figure 3. *H-NMR (CDCIs) spectrum of compound 4.
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Figure 4. MS spectrum of compound 4.

In the 'H-NMR spectrum of compound 6, the aromatic protons in the benzylpiperidine ring gave multiplet
signals at 8=7.0-8.0 ppm, the characteristic (CH=) proton of the allyl group gave multiplet signals at 6=
5.6-5.9 ppm and (=CH2) protons gave multiplet signals at = 4.9-5.2 ppm (Figure 5). In the *C-NMR
spectrum of compound 6, the quaternary carbon in the naphthoquinone ring attached to the nitrogen
atom in the molecule was observed at 6= 143.4 ppm, the methylene carbons in the piperidine ring at 6=
29.3 ppm and the quaternary carbon at 6= 25.4 ppm.
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Figure 5. *H-NMR (CDCIs) spectrum of compound 6.

In the mass spectrum of compound 8, m/z= 356 [M+H]* molecular ion was observed (Figure 6). In the
IH-NMR spectrum of compound 8, aromatic protons in the 4-chlorophenylamino ring were multiplet at
0=6.8-7.3 ppm, the characteristic (CH=) proton of the allyl group was multiplet at = 5.6-5.7 ppm, (=CH>)
protons were multiplet at 5= 4.9-5.0 ppm. In the 13C-NMR spectrum of compound 8, the carbonyl carbons
in the molecule were observed at 6= 180, 181 ppm, the quaternary carbon of the naphthoquinone ring
attached to the nitrogen atom was observed at 6= 137 ppm and in the FT-IR spectrum of the compound,
the characteristic stretching band of the NH group at u= 3319 cm! was observed (Figure 7).
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Figure 6. MS spectrum of compound 8.
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Figure 7. FT-IR spectrum of compound 8.

Quinones are used in many areas of technology, including as pigments, as drugs, in microbial fuel cells
and in supramolecular chemistry. Biosynthetically, quinones can be synthesized in bioreactors and,
thanks to their structural richness, they are preferred for industries that use this advantage, for example
in the search for new antibiotics, cancer drugs, food colourants and textile dyes (Christiansen et al.,
2021). Quinones play a key role as charge storage electrode materials due to their redox centre and
integration into the material flow in the biosphere. Effective electrical conductors and quinone-based
biomaterials can greatly enhance electrical energy storage systems and technologies. Quinones are
used, for example, in the creation of biopolymer energy storage systems using renewable biohybrid

electrodes (Ajjan et al., 2019).

Conclusions

The biological activities of natural or synthetic naphthoquinone compounds containing amino and thio
groups have been known for many years. The active properties of the naphthoquinone compounds are
due to their redox ability. The aim of this study is to synthesize amino- and thiosubstituted
naphthoquinone molecules based on previously known aminonaphthoquinone analogues with biological
activity. In the structures of the new compounds obtained, there are groups such as amino, thioether,
fluorine, chlorine with high biological activity in the literature. We expect that new N,S-substituted
naphthoquinone analogues will provide a basis for pharmaceutical chemistry studies.
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Abstract

The effect of platinum (Pt) loadings of air-cathodes in the 0-0.5 mg cm-? range on single chamber
microbial fuel cell (MFC) performance and cathode impedance was evaluated. In MFC tests, reducing
benchmarking Pt loading of 0.5 mg cm= to 0.1-0 mg cm-? decreased maximum power density by
between 38% and 84%. The decrease in cathode open circuit potential with reduced loadings was
small down to a catalyst loading of 0.03 mg cm2, but was significant when the loading was further
reduced to 0.01 or 0 mg cm2. Impedance measurements of cathodes revealed that both charge-
transfer and diffusion resistance increase with decreasing catalyst loadings on cathodes. Charge-
transfer resistance of benchmarking cathode increased to a small extent when loadings were reduced
to 0.1-0.03 mg cm. Below 0.03 mg cm, dramatic increase of charge-transfer resistance suggested
that 0.03 mg cmcan be considered as the minimum Pt loading for which kinetic limitations are not of
great concern and can be overcome to a large extent compared to lower loadings. In comparison to
charge-transfer resistance, diffusion resistance differed more significantly between the loadings of
0.03 and 0.5 mg cm2; and it was therefore the main component that changed the internal resistance of
these cathodes.

Keywords: Charge-Transfer Resistance, Diffusion Resistance, Electrochemical Impedance
Spectroscopy, Microbial Fuel Cell, Platinum Loading
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Introduction

Microbial fuel cells (MFCs), which use microorganisms to convert chemical energy stored in
biodegradable substances to electricity represent an emerging clean energy production technology
(Rittman et al., 2008). The working principle of an MFC is based on biocatalytic oxidation of the carbon
source at the anode and a reduction reaction of an electron acceptor at the cathode; where oxygen,
potassium ferricyanide/permanganate/dichromate and ferric chloride have been used as electron
acceptors so far (Oh et al., 2004; You et al., 2006; Wei et al., 2012; Kumar et al., 2017; Ucar et al.,
2017). Among them, the use of oxygen has been the most common in recent years due to its
sustainability and renewability compared to the others, while single chamber designs with air-cathodes
further simplified MFC operation by allowing passive oxygen transfer and eliminating the need for
aeration of aqueous cathodes used in double chamber systems (Liu and Logan, 2004). When oxygen
is employed as a cathodic electron acceptor, low kinetic rate of oxygen reduction reaction (ORR)
occurring at the surface of carbon or graphite electrodes necessitates the use of an electrocatalyst to
lower the activation energy barrier and increase the current output of MFCs (Rismani-Yazdi et al.,
2008). Platinum (Pt), which is a widely used cathode catalyst in the form of nanoparticles dispersed on
a carbon support (Pt/C) for MFC studies, is considered to have the highest catalytic activity towards
ORR among metals based on the calculations of O2- , O- and OH- binding energies (Lima et al., 2007;
Wang et al., 2014;). However, as an expensive noble metal, the use of Pt in cathodes has been
reported to account for approximately 50% of the total cost of lab-scale MFCs, making this
electrocatalyst economically non-viable, especially for targeted large-scale wastewater treatment
applications (Rozendal et al., 2008). Although some efforts have been made to completely replace Pt
catalyst with metal oxides (Xia et al., 2018; Majidi et al., 2019; Ayyaru et al., 2019), metal-nitrogen-
carbon complexes (Lu et al., 2016; Yang and Logan, 2016; Tang and Ng, 2017), and metal-free
carbon materials (Feng et al., 2011; Liu et al., 2015); reported maximum power densities were either
lower than achieved with Pt/C cathode at the same catalyst loading (Feng et al., 2011; Majidi et al.,
2019; Ayyaru et al., 2019) or higher than obtained with Pt/C cathode but required higher loadings of
alternative catalysts than typical benchmarking loading of Pt (0.5 mg cm2) (Liu et al., 2015; Xia et al.,
2018). Therefore, if the criterion of catalyst loading is considered along with maximum power density,
Pt can be still regarded as the best performing catalyst material in the majority of the studies and
reducing its use to lower loadings on cathodes without significant loss in performance might be
another suitable approach to decrease MFC costs.

Previously, the effect of reduced Pt loadings on performance has been examined by several studies in
MFC literature in different aspects. Cheng et al. performed chronopotentiometry to air-cathodes with Pt
loadings ranging from 0.1 to 2 mg cm2 and reported a potential difference less than 10-20 mV for all
samples with respect to 0.5 mg Pt cm-2 cathode when Nafion was used as the binder material. They
also found a 19% decrease in maximum power density of MFC when Pt loading was reduced from 0.5
to 0.1 mg cm-? (Cheng et al., 2006). In the work of Mateo et al., maximum current density and power
density from polarization data were strongly dependent on Pt loading of cathodes ranging from 0.25 to
2 mg cm2, however open circuit voltages (OCVs) and treatment capacity of MFCs with a synthetic
wastewater did not differ significantly (Mateo et al., 2017). Santoro et al. tested the time-dependence
of power densities obtained throughout an operational period of 8 days in MFCs with a wider range of
Pt loadings on cathodes (0.005-1 mg cm-2) and they showed that difference between power densities
achieved with high (1 and 0.5 mg cm?) and lower Pt loadings became smaller over this period
(Santoro et al.,, 2013). Although these studies provide useful information about losses in some
performance indicators related to MFC operation for their own experimental conditions; they lack a
quantitative analysis of electrochemical processes occurring at the cathode which limit the power
outputs of MFCs when catalyst loadings are reduced. In this context, determining individual sources of
internal resistance of cathodes can help to better understand the effect of cathode structure with
reduced Pt loadings on overall MFC performance and to design more effective electrodes with such
low catalyst loadings accordingly. Electrochemical impedance spectroscopy (EIS), which is a powerful
electrochemical technique for characterization of fuel cells/electrodes, can be used to determine
ohmic, charge transfer and diffusion resistance constituting three main components of internal
resistance; for which contribution of these processes to voltage losses are not distinguishable in the
more commonly used polarization curve method (Yuan et al., 2007). In spite of higher charge transfer
resistances expected for cathodes with reduced Pt loadings, the extent of these increases in charge

12



Eur. Chem. Biotechnol. J. 1: 11-26 (2024)

transfer resistance and the effect of catalyst loading on the other resistances related to ohmic and
diffusion processes, if exists, remain unknown.

In this study, air-cathodes with Pt loadings ranging from 0.01 to 0.5 mg cm2 were prepared by a
conventional ink-based method. Performance of single chamber MFCs with different cathodes was
investigated in terms of polarization behaviour, maximum power density and Coulombic efficiency. To
give insight into changes in the internal resistance compositions of cathodes when Pt loading was
reduced, EIS was performed on polarized cathodes.

Materials and methods

Electrodes

Anodes and cathodes of MFCs were non-wet proofed and wet proofed carbon clothes (BASF Fuel Cell
Inc.), respectively. Anodes were used as purchased without any treatment whereas the air side of the
cathodes were coated to have one carbon base layer and four additional PTFE diffusion layers, as
described previously (Cheng et al., 2006). To produce the catalyst layer on the solution-facing side of
the carbon cloth cathodes, a catalyst ink with a density of 87.5 mg Pt/C mL' was prepared by
thoroughly mixing Pt/C catalyst (20 wt.% Platinum on Vulcan XC-72R, BASF), Nafion ionomer solution
(5 wt.%, Sigma-Aldrich), isopropyl alcohol and water. To achieve 0.5 mg Pt cm-2 loading on the
cathode, corresponding volume of the starting ink was directly pipetted onto carbon cloth for brush
coating. For lower loadings, corresponding volumes of the starting ink were pipetted into separate
tubes and further diluted with isopropyl alcohol and water to make the resulting inks applicable to the
carbon cloth substrate for brush coating. The weight ratio of the ionomer (dry) to Pt/C catalyst was 3:7
in all cathodes and the volume ratio of the solvents (water and isopropyl alcohol) was 1:1 in all the inks
prepared. The amount of Pt on cathodes was verified by weighting the cathodes before the coating
and after the end of the drying process at room temperature (24 hours). Tested Pt loadings were 0.5
mg Pt cm-2, 0.1 mg Pt cm2, 0.05 mg Pt cm?2, 0.03 mg Pt cm=2 and 0.01 mg Pt cm2. A cathode with a
carbon base layer and diffusion layers on the air side but without catalyst loading on the solution side
was also prepared as a negative control sample.

Construction, acclimation and operation of MFCs

Six membrane-less air-cathode MFCs were constructed from 12 mL plexiglass cube-shaped reactors
in which anodes and cathodes were placed in opposite sides of the reactor chamber. The surface area
of both anodes and cathodes was 7 cm?2. MFCs were operated in batch mode and with an external
resistance of 1 kQ except during polarization measurements. Before testing cathodes with different
platinum loadings in MFCs, anodes were colonized with activated sludge as starting inoculum and
sodium acetate medium solution which contained 1 g sodium acetate, 0.31 g NH4Cl, 0.13 g KClI, 4.54
g NaH2P04.H20, 2.44 g Na2HPO4, 12.5 mL mineral and 12.5 mL vitamin solution per liter (Lovley and
Phillips, 1988). Colonization of anodes was started by adding inoculum and sodium acetate medium to
the reactors in a 1:1 volume ratio until voltage outputs exceeded 100 mV and continued by adding only
medium solution afterwards. During this acclimation period, all six cathodes were identical carbon
cloths with 0.5 mg Pt cm-? catalyst loading to ensure uniform conditions in all reactors. Anodes were
considered acclimated when reproducible voltage outputs were obtained from at least 3 batch cycles.
At this point, cathodes were changed with newly fabricated cathodes with different Pt loadings.

Analysis

Voltage generation of the MFCs was monitored at 10 min intervals using a digital multimeter with a
data acquisition system (Pico Technology). Current (I= V/R) and power (P= 1.V) were calculated based
on Ohm’s law and normalized to the cathode projected surface area. Polarization data were obtained
by multiple cycle method (Watson and Logan, 2011), in which the resistors of MFC circuits were
changed from 1 kQ to 100 Q and each resistor was used during complete batch cycles (triplicate). 3-
hour of maximum steady-state period of voltage vs. time graphs was used to average voltage, current
and power values. Columbic efficiency (CE) was calculated as the ratio of actual Coulombs obtained
to the theoretical amount of Coulombs that can be obtained from the substrate during a batch cycle, by
integrating current over time and using the formula

_ M[}Iat

CE= FBbSv 1)
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where F is Faraday’s constant (F=96 485 C mol?), b is the number of moles of electrons produced per
mole of acetate (b= 8), S is substrate concentration (S=1 g L1), v is the liquid volume (v=0.012 L) and
M is the molecular weight of sodium acetate (M= 82 g mol?) (Liu et al., 2005).

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was performed on cathodes by using a 3-electrode
setup which consisted of cathode as the working electrode, anode as the counter electrode and an
Ag/AQCI reference electrode (+197 mV vs. SHE). Measurements were conducted in potentiostatic
mode over a frequency range of 100 kHz to 5 mHz with an AC signal of 10 mV amplitude and data
registration of 10 points per decade by using a potentiostat (Bio-Logic Science Instruments). Before
the impedance measurements, the working electrode was stabilized at open circuit potential (OCP)
and then the potential to be applied for EIS was set for 30 minutes. Cathode potentials were set to -0.2
V vs. Ag/AgCl with an aim to observe the effects of both kinetic and diffusion processes in the spectra;
for which the applied potential was assumed to provide suitable polarized conditions for cathodes
based on measured cathode OCP values. Additional measurements were taken at less polarized
conditions on some samples to evaluate the potential dependence of the impedance behaviour. EIS
data were analysed with EC-Lab software by fitting the spectra with equivalent circuits shown
according to the flooded-agglomerate model of gas diffusion electrodes (Zhang et al., 2011; Springer
and Raistrick, 1989). In both circuits, constant phase elements (CPEs) were used to represent non-
ideal behaviour of capacitors due to non-homogeneous surface roughness, coating and reaction rate
distribution on electrodes (He and Mansfeld, 2009). Impedance of a CPE is mathematically expressed
as follows:

Zcpe = QL. (j21rf)2 (2)

where j is the imaginary unit (j2 = -1), Q is pseudo-capacitance (Q! s2 or F s&1), f is frequency (Hz) and
a is CPE exponent (Dominguez-Benetton et al., 2012). For the cathodes whose Nyquist impedance
plots showed 2 clear loops, the equivalent circuit with two time constants in Figure 1a was used to
determine the values of electrochemical components; namely Ra for ohmic resistance, Rct for charge
transfer resistance in parallel with CPE: for the kinetic process and Rq for diffusion resistance in
parallel with CPE: for a diffusional process. For the cathodes which showed a single apparent loop in
Nyquist plots, the equivalent circuit with one time constant in Figure 1b which consisted of serial
connection of Ra with a parallel combination of polarization resistance R, and CPE was used; where
Rp was suggested as the sum of charge transfer and diffusion resistance (Rp= Rc«t+Rd). To avoid
complications of high frequency artefacts resulting from experimental setup, typically observed for all
samples in this study, data fitting was performed between 1.5 kHz and 5 mHz. Values of x?/|Z| were
reported to represent the goodness of the fit of the equivalent circuits with data.

a
CPE, CPE,
A A
[N 17
A —
Ra {1
Ry R4
b CPE
A\
Ir
A —
Ro -
Rp

Figure 1. Equivalent circuits used to fit impedance data which shows a) two loops b) one loop in
Nyquist plots.
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Results and discussion

Voltage generation

After acclimating bacteria in MFCs and ensuring similar performances for anodes based on
comparable voltage outputs with the same type of cathodes in all reactors; cathodes were replaced
with newly fabricated ones having different Pt loadings and stable voltage generation with new
electrodes was confirmed. Figure 2a and 2b show 3 successive cycles of voltage production in MFCs
at 1 kQ, indicating reproducible power generation of MFCs with each cathode. The maximum voltage
of 456 + 5 mV produced by MFC with cathode of highest Pt loading in this study (0.5 mg Pt cm-?)
decreased to 343 £ 4 mV, 263 + 3 mV and 211 mV * 3 when loading was reduced to 0.1, 0.05 and
0.03 mg Pt cm?, respectively. The maximum voltage obtained with a minimal catalyst loading on
cathode (0.01 mg Pt cm2, 162 + 2mV) was only slightly higher than that obtained with bare cathode
(154 + 1 mV). Durations of voltage cycles ranged from ~22 hours to 30 hours and they did not show a
clear relationship with cathode catalyst loading.

500
450
400
350

£ 300 ¥
&, 250

5 H

S 200 §
150
100

50

Voltage / mV

0 20 40 60 80 100
Time / hour

0 20 40 60 80
Time / hour

Figure 2. Reproducible voltage generation of MFCs with a) 0.5, 0.1 and 0.05 mg Pt cm-? cathodes b)
0.03, 0.01 and 0 mg Pt cm2 cathodes at 1 kQ.

Voltage losses and power densities of MFCs

The performance of the MFCs having different catalyst loadings on cathodes were evaluated in terms
of their polarization behaviour and generated power densities. At open circuit conditions, cell voltage
decreased with decreasing Pt loadings on cathodes and were in 736-762 mV range for the MFCs with
0.03 to 0.5 mg Pt cm*? cathodes and much lower for the MFCs with 0.01 mg Pt cm? and bare
cathodes (611 and 602 mV, respectively). Measurement of the open circuit potentials (OCPs) of the
cathodes individually with a reference electrode showed that OCP of the 0.5 mg Pt cm-? cathode
slightly decreased from 560 mV to 541-531 mV vs. SHE with decreasing loadings down to 0.03 mg Pt
cm-?; and then to ~ 397 and 387 mV vs. SHE for the 0.01 mg Pt cm-2 and zero loadings. This indicated
that OCPs of the anodes were close in all MFCs and differences in the cell voltage at zero current
were due to different cathode OCPs.
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The polarization curves of MFCs showed that overpotentials of the cells with bare and 0.01 mg Pt cm-2
loaded cathodes were comparable up to a current density of ~ 0.35 A m2 and at ~ 0.55 A m-?,
whereas they differed in the 0.35-0.55 A m=2 range (Figure 3a). For MFCs having higher catalyst
loading on cathodes (0.03, 0.05, 0.1 and 0.5 mg Pt cm-2), overpotential was increased with decreasing
catalyst loadings in the entire range of current densities. The maximum power density obtained in
MFC with the cathode of the highest Pt loading in this study (0.5 mg Pt cm-2) was 303 + 11 mW m-2
(Figure 3b). When the catalyst loading of cathode was reduced to 0.1 mg Pt cm-2, MFC generated a
power density of 189 + 5 mW m2, showing a 38% decrease compared to that generated with 0.5 mg
Pt cm2 cathode. Further reducing Pt loading on cathodes decreased maximum power density by 62%
for 0.05 mg cm? (115 £ 8 MW m-2), 75% for 0.03 mg cm2 (76 + 7 mW m-2) and 80% for 0.01 mg cm-
(59 £ 3 mW m2) cathodes. The maximum power density of MFC obtained without catalyst on cathode
(48 £ 1 mW m?) was approximately one sixth of that obtained with the highest Pt loading on cathode
and slightly lower than that of MFC with 0.01 mg Pt cm cathode. These results suggested that
reducing the catalyst loading of 0.5 mg Pt cm2 by a factor of 5 or more significantly affected MFC
performance in terms of voltage losses and maximum power density; and even with the closest Pt
loading of 0.1 mg cm2 to this benchmarking cathode, difference in overvoltages and maximum power
densities was notable.
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Figure 3. a) Polarization and b) power density curves of MFCs with cathodes having different Pt
loadings. Error bars represent standard deviations based on triplicate measurements.

Coulombic efficiencies of MFCs

Coulombic efficiencies (CEs) of MFCs with different cathodes were calculated for the entire current
density range measured in polarization tests to evaluate the effect of Pt loading on this performance
indicator. For each MFC, CE was increased with increasing current density (Figure 4). CE range of
MFC with 0.5 mg Pt cm2 cathode was between ~15% and 33% whereas it was slightly different for
MFCs with 0.1 mg Pt cm?2 and 0.05 mg Pt cm? cathodes (17-33% and 18-32%, respectively).
However, at a given current density; CE of MFC with 0.05 mg Pt cm cathode was higher than other
two, possibly resulted from longer batch cycle durations for this MFC compared to the others. When
the Pt loading on cathodes was further reduced; CEs for MFCs varied from 10% to 20% for 0.03 mg Pt
cm-2, from 9% to %20 for 0.01 mg Pt cm2 and from 9% to 17% for bare cathodes. These CEs were
comparable on the basis of both quantity and corresponding current density, unlike MFCs of cathodes
with higher Pt loadings.
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Figure 4. CE as a function of current density for MFCs with cathodes having different Pt loadings.
Error bars represent standard deviations based on triplicate measurements.

Impedance of the cathodes with different Pt loadings

EIS was performed on cathodes with different Pt loadings at polarized conditions. At a cathode
potential of -0.2 V vs. Ag/AgCl, Nyquist impedance plots showed that the total internal resistance of
cathodes decreased with increasing Pt loadings; inferred from decreasing resistances in the low
frequency region of the spectra (Figure 5a and 5b). Complex plane impedance plots of cathodes with
0, 0.01 and 0.03 mg Pt cm2 consisted of two well separated semi circles, which could be attributed to
charge transfer and diffusion processes (Figure 5a); whereas plots of cathodes with higher loadings
(0.05, 0,1 ,0.5 mg cm-?) showed a single loop in which charge transfer and diffusion regions were
indistinguishable at first glance. In additional experiments with higher applied potentials to these
cathodes (0.1 mg Pt cm cathode is given as an example in Figure 6), it was observed that arcs in the
impedance spectra converged to larger semi-circles with increasing potentials; indicating that it is both
possible for these samples to be found in kinetic-controlled or kinetic/diffusion mixed controlled region
when the set potential was -0.2 V. We therefore referred to the semi-circles of the spectra in Figure 5b
to as polarization resistance (Rp), in which contributions of charge or mass transfer remained unknown
until a second mathematical analysis of the data. A more detailed analysis of impedance spectra for
the cathodes with these 3 highest loadings is discussed below.
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Figure 5. Nyquist plots of cathodes with a) 0, 0.01, and 0.03 mg Pt cm-2 loadings b) 0.05, 0.1 and 0.5
mg Pt cm2 loadings. Symbols and lines represent experimental data and data obtained by fitting the
spectra with equivalent circuits, respectively.
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Figure 6. Potential dependence of impedance of the cathode with 0.1 mg Pt cm-2 loading.

Loading of the cathode with the lowest amount of Pt/C in this study (0.01 mg Pt cm-) decreased the
charge transfer resistance of the bare cathode by ~ 13 Q whereas diffusion resistances of these
cathodes differed very little (Figure 5a, Table 1), suggesting that the presence of this minimal catalyst
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loading affected ORR kinetics but did not cause a significant change in the cathode structure which is
related to diffusion process. When the catalyst loading was 0.03 mg Pt cm2, the reduction of R¢t and
Ra with respect to bare cathode was more pronounced as these were decreased by 57.45 Q and
54.74 Q, respectively. Polarization resistance (Rp) for cathodes with 0.05, 0.1 and 0.5 mg Pt cm-2were
decreased with increasing catalyst loading and they were all smaller than the sum of R« and R4
calculated for cathodes having less catalyst content.

Despite the use of the same solution and cell configuration for all samples during EIS experiments,
ohmic resistance measured between working and reference electrode differed for cathodes. Rq, which
was similar and between 80-80.5 Q for the cathodes without catalyst loading and with 0.01 Pt cm;
first decreased to 72.4 Q with 0.03 mg Pt cm and then to 49.5-55.8 Q range with higher loadings
(Table 1).

A more detailed examination of the apparent loops in Nyquist plots for cathodes with 0.05, 0.1 and 0.5
mg Pt cm2 loadings (Figure 5b) revealed that the arcs constituting these loops were not perfectly
symmetrical. This situation was especially evident in the cathode with 0.1 mg Pt cm-2 and brought out
the possibility of the presence of two relatively close time constants corresponding to charge transfer
and diffusion processes in Nyquist plots. With an attempt to mathematically solve these individual
contributions to Rp of these cathodes, we first estimated the starting values for diameters of charge
transfer and mass transfer semi-circles for the 0.1 mg Pt cm2 cathode sample, based on characteristic
frequencies of these two time constants and the x-axis intercepts to which high and low frequency arcs
converged. By using the equivalent circuit in Figure 1a for the fitting process, we obtained the values
for electrochemical components and used them as starting values to fit the spectra of the other
cathodes with 0.05 and 0.5 mg Pt cm-2. Following this procedure, we were able to obtain the values for
Rct, Ra and their corresponding CPE parameters; while the goodness of the fits with the newly used
circuit was improved as compared to the previous one for 0.05 and 0.1 mg Pt cm-2 cathodes (Table 1).
According to this fitting model, cathodes showed a decrease in both Ret and Ra between 3 samples
with increasing loadings and these results were consistent with those of the other cathodes (0, 0.01
and 0.03 mg Pt cm2), as the addition of more catalyst yielded an overall decrease in charge transfer
and diffusion resistances.

Distribution of resistive components of the individual cathodes is shown in Figure 7, in which fitting
parameters obtained with both equivalent circuits for 0.05, 0.1 and 0.5 mg Pt cm? cathodes are given
for clarity. For the cathodes with zero and 0.01 mg Pt cm? loadings, the major contributor to the
internal resistance was diffusion resistance, which accounted for 46% and 48% of the total resistance,
respectively. Loading with a minimal amount of catalyst decreased the charge transfer contribution of
the negative control sample from 28% to only 23%, whereas ohmic and charge transfer percentages
were close in both cathodes. With the 0.03 mg Pt cm2 cathode, a dramatic decrease of the charge
transfer contribution to 11% was found and from this loading on, the ratio of charge transfer resistance
to internal resistance remained between 9-15%; which was the smallest among those of other
components. While the 0.03 mg Pt cm=? cathode had nearly equal contributions from ohmic and
diffusion resistances, diffusion resistance percentages were reduced with increasing loadings from this
point and eventually the internal resistance became ohmic-dominant for the cathodes with highest
loadings (0.1 and 0.5 mg Pt cm). These findings indicated that 0.03 mg Pt cm2 loading might be
regarded as a turning point for which charge transfer resistances due to ORR kinetics contribute to the
internal resistance to a much smaller extent than below this loading and this contribution changes
relatively little for higher loadings. However, high diffusion resistance is still valid for 0.03 mg Pt cm
cathode and is the major cause for the difference between its resistance distribution profile and those
of the cathodes with higher Pt loadings. For the cathodes whose impedance spectra were modelled by
using the equivalent circuit in Figure 1b, the contribution of polarization resistance to internal
resistance decreased from 61% to 40% and 26% as the Pt loading was increased.
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Table 1: Values of electrical elements extracted by fitting EIS data of cathodes having different Pt
loadings with equivalent circuits. . For 0.05, 0.1, and 0.5 mg Pt cm-2 cathodes, rows with and without
(*) symbol show fitting results obtained by using equivalent circuit in Figure 1a and Figure 1b,
respectively. For the other cathode samples, given parameters correspond to those obtained by using

equivalent circuit in Figure 1a. x* |Z| values represent the goodness of the fit.

Ra Ret Q. a2 Rq Qs a3 Rp X1Z|

Pt @ (@) (mF s@2) (0)) (mF s@31) (0))

loading
(mg cm?)

0 80.52  76.13 0.14 0.712 133.8 34 0.76 - 3.48E-03
0.01 80.14 63.12 1.482 0.741 132.5 24 0.821 - 3.11E-03
0.03 72.39 18.68 6.673 0.539 79.06 80 0.867 - 2.79E-03
0.05 49.24 - - - - - - 77 3.09E-03
0.1 54.85 - - - - - - 36.39 8.76E-04
0.5 55.76 - - - - - - 19.83 1.72E-04
0.05* 49.47 15.98 42 0.942 61.71 28 0.770 - 1.29E-03
0.1* 54.74 13.83 67 0.646 21.71 97 0.825 - 3.64E-04
0.5* 55.8 6.846 69 0.855 12.39 125 0.9 - 3.84E-04
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Figure 7. Internal resistance of cathodes having 0-0.5 mg Pt cm-? loadings in terms of ohmic
resistance (Rq), charge-transfer resistance (Rc), diffusion resistance (Rd) and polarization resistance

(Rp). Symbol of (*) indicates cathode samples whose EIS data were analysed according to the
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ORR is proposed to occur by a direct 4 electron transfer or an indirect 2 electron transfer mechanism
per molecule of O2 consumed at the cathode. Corresponding redox potential of the half-cell reaction
with 4e- transfer is 815 mV vs. SHE, whereas it ranges from 267 to 337 mV vs. SHE for 2e- transfer
mechanism depending on the formation of H202, OH- or HO2 at pH 7 and 25 °C (Rossi et al., 2019).
OCP of the cathode with the highest Pt loading in this study (0.5 mg cm?) was 560 mV vs. SHE.
Although this potential was still far from the thermodynamically predicted value for ORR through 4e-
transfer, it was consistent with OCPs reported for in-house prepared and commercial gas diffusion
cathodes with the same Pt loading (HaoYu et al.,, 2007). A non-negligible difference between
theoretical and observed cathode potential at equilibrium is usually observed in MFCs (Logan and
Regan, 2006), and explained by the formation of a mixed potential at the cathode due to substrate
crossover from anode. These crossover effects are expected to be stronger in separator-free reactors
like those in current study and Pt catalyst, in particular, has been shown to be susceptible to them
earlier (Harnisch et al., 2009). The decrease in the cathode OCP with reduced Pt loadings was small
down to a catalyst loading of 0.03 mg Pt cm-2 (a maximum difference of 29 mV between 0.5 and 0.03
mg Pt cm2 cathode samples), but was significant when the loading was further reduced to 0.01 mg Pt
cm-2 or zero, yielding 397 and 387 mV vs. SHE, respectively. These lower OCPs of the 0.01 mg Pt cm-
2 and bare cathodes could be attributed to ORRs which are relatively incomplete and which proceed
closer to the 2e- transfer mechanism compared to the higher Pt loading cathodes. Overall; OCPs of
the cathodes became farther from the potential proposed for 4e- transfer ORR when the Pt loading
was reduced, but loss in OCP was much more pronounced for the cathode having lowest Pt loading
and cathode without catalyst.

As expected, maximum power densities obtained in MFCs were in the same order as the catalyst
loading on cathodes. The addition of minimum amount of Pt only slightly improved the maximum
power density of MFC with uncatalyzed cathode (59 + 3 mW m=2 vs. 48 + 1 mW m=2) and voltage
outputs in the entire current density range, indicating that 0.01 mg cm-2 was not very effective as a
minimal Pt loading with the coating method described here. The decrease in maximum power density
of MFC was 38% or higher when the use of Pt loading was reduced from 0.5 to 0.1 mg cm-2 or lower
loadings, suggesting a considerable effect of catalyst loading on this performance indicator. On the
other hand, CE range obtained throughout the polarization experiments was almost unaffected when
the loading was reduced from 0.5 to 0.05 mg cm-? (~15-33%), and lower (~9-20%) when the loadings
were between 0 and 0.03 mg cm-2. These low CEs usually result from decreased recovery of electrons
from the substrate due to oxygen diffusion to the anode in MFC designs lacking a separator and the
CE range obtained here with 0.5 mg cm2 cathode was comparable to that obtained in a previous study
which used the same cathode/reactor configuration and substrate, except lower current density range
obtained here (Zhang et al., 2009). The durations of batch cycles in polarization experiments were
unexpectedly longer with 0.1 and 0.05 mg Pt cm-2 cathodes than with 0.5 mg Pt cm-2 cathode, which
resulted in higher CEs with these reduced loadings compared to 0.5 mg cm=2 at a given current
density. In the work of Cheng et al., who showed CE data at 1 kQ during an operational period of ~25
cycles, CEs obtained with 0.1 mg cm2 cathode were half of those obtained with 0.5 mg cm2 cathode.
CEs further decreased by 10-20% compared to 0.1 mg cm2 in the absence of Pt (Cheng et al., 2006).
By comparison, individual CE values obtained here at 1 kQ were consistent with their findings for zero
and 0.5 mg Pt cm2 loadings, but CE obtained with 0.1 mg cm-? cathode at 1 kQ (~17%) was higher
than CE obtained with their cathode sample having the same loading. This difference is likely due to
the trends observed in CEs with 0.05-0.5 mg Pt cm loadings explained above.

For potentiostatic EIS experiments, a potential of -0.2 V vs. Ag/AgCl was chosen in order to observe
diffusion resistances in cathodes along with resistances resulting from kinetic and ohmic limitations.
Although impedance spectra of cathodes with 0.5, 0.1 and 0.05 mg Pt cm at this selected cathode
potential can be interpreted as the splitting of the main arcs into two, well-developed semi-circles
corresponding to kinetic and diffusion processes were not clearly seen. In general, charge transfer
resistance decreases with increasing overpotentials due to increasing kinetic rates, whereas
resistance related to mass transfer effects is expected to appear below a certain potential and
increase with further polarization for air-cathodes in PEM fuel cells (Yuan et al., 2007; Tang et al.,
2006). Additional tests with these cathodes at higher potentials showed that there was not a diffusion-
related characteristic at these potentials and single arcs present in spectra decreased in size with
decreasing potential down to -0.2 V vs. Ag/AgCl, which means that apparent single loops observed at
-0.2 V were either charge-transfer semi-circles that shrank with increasing overpotential, or a
combination of a charge-transfer and a diffusion semi-circle which decreased and increased in size,
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respectively, compared to a spectrum that would be obtained at an intermediate potential between 2
lowest potentials examined. Therefore, spectra at -0.2 V for these samples were fitted in two ways, by
using two equivalent circuits. For consistency, resistive element in the circuit with a single time-
constant was proposed as polarization resistance rather than charge-transfer resistance, and
polarization resistance included unknown portions of charge-transfer and diffusion resistance. On the
other hand, spectra of cathodes having 0-0.03 mg Pt cm2 loadings at -0.2 V showed 2 semi-circles
clearly and modelled by using only the equivalent circuit with 2 time-constants.

Internal resistance of the cathodes increased with reduced loadings, as expected. Internal resistance
of 0.01 mg cm cathode mainly differed from the cathode without catalyst in charge-transfer portion,
as shown by a ~ 13 Q decrease, indicating little kinetic improvement with this ultra low Pt loading. The
dramatic decrease in charge-transfer resistance of 0.03 mg Pt cm-2 cathode with respect to 0.01 mg Pt
cm2 and relatively small decrease from this point on with higher loadings suggested that 0.03 mg cm-2
can be considered as the minimum Pt loading for which kinetic limitations are not of great concern and
can be overcome to a large extent compared to lower loadings, although diffusion resistance of this
cathode was still prominent. Like charge-transfer resistance, diffusion resistance was also found to
decrease with increasing catalyst loadings. Diffusion layer structure, thickness of the catalyst layer and
ionomer loading in cathodes are factors that possibly affect the transport of oxygen, protons or
generated water at the cathode through the catalyst layer and therefore, diffusion resistance (Song et
al., 2001; Lim et al., 2012). Considering the diffusion layers prepared in the same way for all cathodes
in this study, differences in diffusion resistance can be attributed to catalyst layer thickness and Nafion
content of cathodes which were varied with the application of different loadings by using the Pt/C
catalyst with a constant weight percentage (20%) and constant weight ratio of ionomer to Pt/C (3:7).
However, these effects can be better understood by using the same Pt loading but various thickness
via altering Pt/C weight percentage, or by using the same Pt loading with various ionomer loadings in
cathodes and their subsequent comparison in impedance spectra in terms of diffusion resistance.

An interesting finding throughout EIS experiments was the decrease of ohmic resistance to some
extent with increasing catalyst loadings. In our setup, ohmic resistance includes contributions from
resistance of the electrolyte solution, ionic and electronic resistances of the catalyst layer and contact
resistances; while electronic and contact resistances are considered much smaller than ionic
resistance [40] (Reimer et al.,, 2018). Therefore, the intercept values of the high frequency
semicircles/arcs with the Zre axis in Figure 5a and 5b were mainly a combination of resistance of the
electrolyte solution and ionic resistance of the catalyst layer. Assuming the same resistance for
solution, it is likely that differences in Rawere resulted from different ionic conductivities in the catalyst
layers. Nafion ionomer, which was added to catalyst layers in proportion with Pt/C amounts in this
study (constant weight ratio of ionomer to Pt/C = 3:7 in all samples), possibly enhanced proton
transport there and decreased the Rq with increasing catalyst loadings.

Conclusions

The effect of Pt loadings of cathodes in the 0-0.5 mg cm2 range on MFC performance and impedance
behaviour was evaluated. Reducing benchmarking Pt loading of 0.5 mg cm- by a factor of 5 or more
resulted in a 38% or higher decrease in maximum power density. The lowest loading of 0.01 mg Pt
cm-2 used in the study only slightly improved OCV, voltage output throughout polarization, maximum
power density in MFC tests and charge-transfer resistance in EIS compared to the cathode without
catalyst. Charge-transfer resistance of 0.03 mg cm-? cathode was increased to a smaller extent than
lower loadings when Pt loading was reduced, whereas OCPs of cathodes were comparable in the
0.03-0.5 mg Pt cm range in contrast with its significant decrease with 0.01 mg Pt cm2 and bare
cathodes. Along with charge-transfer resistance, diffusion resistance was also found to increase with
decreasing catalyst loadings on cathodes due to structural differences affecting mass transfer in
catalyst layers.
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Abstract

In the study, it was aimed to develop new candidate inhibitor molecules by targeting the AWP1 protein
structure of Candida glabrata organism. Hesperetin molecule was taken as a reference and different
substituted groups were attached to the determined ends of the molecule to increase the inhibition
potential on the protein structure. A total of 100 molecules were designed and after conformer
distribution using the Molecular Mechanics/MMFF method for each designed molecule, the area,
volume, weight, energy, Enomo, ELumo, polarizability, dipole moment, log P values of these molecules
were calculated using the Semi Empirical/PM6 method. Molecular docking studies of the optimized
molecules were carried out through the Autodock Vina program. After the docking studies, the
interactions of the designed molecules with the active site amino acids of the protein structure were
analyzed by BIOVIA Discovery Studio Client software in case of possible mutation. As a result of the
analysis, five molecules with higher binding energies than other designed molecules and currently used
antifungal drugs were recommended.

Keywords: Awpl, Candida glabrata, hesperetin, molecular docking

Introduction

Fungal infections affect more than one billion people worldwide each year, with more than 1.6 million
infected cases resulting in death (Bongomin et al., 2017; Gupta et al., 2012). Among the microorganisms
that cause disease in humans in the clinic, two important members of the yeast class can be ranked as
Candida albicans and Candida glabrata according to their frequency of disease in humans (Calderone
& Clancy, 2011). Invasive nosocomial infections are caused by Candida species, particularly in patients
with impaired immune systems. Of these, Candida albicans is the most prevalent species that causes
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non-invasive candidiasis of the skin and mucous membranes (Tamo, 2020). But non-albicans Candida
species—like C. glabrata, C. parapsilosis, C. tropicalis, C. krusei, C. lusitaniae, C. dubliniensis, and C.
guilliermondii—have shown a more than 50% increase in prevalence in recent years (Seyedmousavi et
al., 2015; Tamo, 2020). According to recent research, C. glabrata is more frequently isolated in cases
of invasive candidiasis and is linked to a higher patient death rate. Depending on the region under
investigation, C. glabrata is either the second or third most commonly isolated species of Candida
(Guinea & Infection, 2014). Additionally, C. glabrata is frequently encountered in the environment,
particularly on surfaces, water, soil, flowers, and leaves. After Candida albicans, it is the second most
common isolated cause of candidiasis. About 15-25% of invasive clinical cases are accounted for by it
(McCarty & Pappas, 2016; Pfaller & Diekema, 2007). About 40—60% of cases of invasive candidiasis
caused by Candida glabrata result in substantial morbidity and mortality, possibly as a result of the
bacteria's intrinsic low sensitivity to the most widely used azoles (Timmermans et al., 2018). C. glabrata
is basically a yeast, but what distinguishes it from non-pathogenic yeasts used as bread and brewer's
yeast are differences in the structure of the cell wall. Studies using various biochemical tests have shown
that adhesin-like glycophosphatidylinositol proteins are present in higher amounts in C. glabrata than in
other yeasts (Weig et al., 2004). Mass-spectrometry was then used to identify the proteins more
accurately, resulting in the identification of four new adhesin-like proteins. In addition to the results, these
proteins were subsequently named Awp 1,2,3,4. In addition, Epa6 from the lectin-like EPA family, which
clusters with these four new adhesin-like proteins, is responsible for the gel-like biofilm layer formed by
C. glabrata to adhere to human epithelial cells. (de Groot et al., 2008) In conclusion, Awp2,3,4 and Epasb,
which are novel adhesin-like proteins of C. glabrata, were found only in C. glabrata strains obtained in
stool test results, while Awpl was found in strains isolated from blood. Treatment of C. glabrata
infections is complicated by their inherent resistance to antifungals, especially azoles. (Mota et al., 2015)
Long-term exposure to antifungal drugs for treatment and prevention of infections may be the main
reason for the development of newly drug-resistant strains, according to analytical studies (Jensen et
al., 2016). The virulence of C. glabrata was investigated by combining biochemical tests and mycoscopy
methods, and bioinformatics studies were utilized in further studies (Enkler et al., 2016).

In this study, the crystallographic structure of AWP1 which belongs to fungus C. glabrata organism was
determined as a macromolecule and the designing of new ligands as candidate drug active molecules
that can show antifungal effect was aimed. While designing new drug active molecules, the study was
started using the hesperetin molecule. Afterwards, derivatization studies of the molecule were carried
out with functional groups added to the hesperetin molecule.

The aglycone form of the hesperedin molecule, a flavanone glycoside abundant in citrus fruits, is called
hesperetin. The scientific and common names of the plants containing the hesperetin molecule and the
plant parts containing the molecule are given in Table 1.

Table 1. List of Plants Containing Hesperetin Molecule.

Plant Common Name Part

Artemisia dracunculus Estragon Shoot

Citrus paradisi Grapefruit Fruit

Citrus spp. Citrus Plant

Cynara cardunculus Cardoon Leaf

Eriodictyon californicum  Yerba santa Resin, exudate, sap
Mentha aquatica Water-mint Plant

Mentha x piperita Mentha spicata Leaf

Resource: U.S. Department of Agriculture, Agricultural Research Service. (1992-2016). “Dr. Duke's Phytochemical and
Ethnobotanical Databases. Home Page”. (Duke, 2020)

The two-dimensional structure of the hesperetin molecule and the positions on this structure where
functional groups are planned to be attached are named as Ri1, Rz, Rs, R4, Rs, Rs, R7, Rs.
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HO

Figure 1. 2D structure and derivatization positions of the Hesperetin molecule.

In Table 2, functional groups and ligand numbers added to the binding positions described in Figure 1
are given. Based on the skeletal structure of the Hesperetin molecule, 100 molecular modifications were

performed.

Table 2. Functional groups attached to the Hesperetin molecule and their positions.
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Materials and methods

In the study, conformer distribution analysis with molecular mechanics/MMFF method and geometry
optimization of the designed molecules were performed using Semi Empirical/PM6 method in
Spartan'l4 (Spartan ’14 V1.1.4) software. Visualization of the selected protein structure before docking
studies was performed using the BIOVIA Discovery Studio software (Biovia, 2021). During these
imaging processes, the water molecules in the crystal structure of the protein were deleted and the
active site coordinates were selected as given in Table 3. The determined active site coordinates were
also selected as the gridbox center coordinates in the Autodock Tools software (Morris et al., 2009)
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used in the preparation of the docking files of proteins and ligands in the continuation of the studies, and
other data used for the gridbox are given in Table 3.

Table 3. Grid Box Coordinates, Size and Spacing of the protein.

Coordinates  Grid box size Grid space
X = 8.968 x=40

y = 28.866 y=40 0.374 A
z=41.670 z=40

Docking studies of protein and derivatized ligand molecules were performed by running the Autodock
Vina software on the command prompt (Eberhardt et al., 2021). After the docking scores were
calculated, the results obtained were analyzed using the BIOVIA Discovery Studio software. In the
analyses, protein-ligand interaction maps were generated and the interaction types and distances of the
ligand molecule with the amino acids around the active site in the target protein structure were noted in
these maps.

Results and discussion

For each modification, area, volume, molecular weight(MW), energy, Ernomo, ELumo, polarizability (a),
dipole moment(p), logP values of these molecules were calculated using Spartan'l4 software and
applying the Semi-Empirical/PM6 method. The results obtained are given in Table 4. In addition to the
physicochemical parameters, the Binding Energies (BE) of the molecules with the protein structure and
the inhibition constants (Ki) of these molecules also calculated.

Table 4. Physicochemical parameters of hesperetin and its derivatives.

Ligands /?Xi? Vo(kgr)ne (aMrr\lALlJ) (k(I:Eerlll‘.erLgoyl'l) E(Z(zy)O E((LauvM)o (deﬁye) logP (kcalﬁrlflol'l) Ki
Fluconazole 30251 28130 30627  -41.76  -1035 097 6198 297  -104 86 4.96 x 107
Hesperetin 30162 28556 30228  -853.19  -8.94 -0.62 6257 470  -3.12 87 419 x 107
L-1 31511 20634 317.29  -007.05  -897 -0.65 6345 411  -4.84 8.9 2.99 x 107
L-2 3003 20286 31828 -1038.63  -8.84 -0.86 6325 472  -4.21 94  1.29x7107
L-3 31076 30353 31630  -991.75  -8.93 -0.62 6404 513  -2.95 9.2 1.8x 107
L-4 32402 30854 33429 -1091.90  -8.98 -0.67 64.44 469  -2.91 87 419 x 107
L5 32778 307.07 347.27  -82818  -9.36 -0.74 6425 310  -4.46 9.3 1.52x 107
L6 32299 31015 332.30 -1097.20  -9.09 -057 6452 635  -401 87 419 x 107
L7 31010 30324 31630  -930.19  -8.76 -0.56 64.04 539  -2.95 9.3 1,52 x 107
L-8 33628 31810 350.75  -944.40  -9.16 -0.67 6518 485  -2.41 9.0 2,53 x 107
L-9 330.86 321.99 33033  -934.96  -8.93 -060 6553 506  -2.53 9.2 1.8x107
L-10 32411 31215 34629 -1230.78  -8.92 -120 64.87 273  -3.49 8.9 2.99 x 107
L-11 36295 35503 356.39  -978.70  -8.75 -054 6824 578  -173 9.3 1,52 x 107
L-12 31062 29305 31628 -1097.51  -9.10 -0.63 6315 608  -2.90 9.7 7.75x 10°
L-13 307.43 29212 31828 -108540  -8.70 -0.81 6321 328  -421 97 7.75x 10°
L-14 306.81 29273 31828 -1039.91  -8.76 -0.95 6328 226  -3.78 9.0 2,53 x 107
L-15 30957 20292 31828 -1037.21 892 -0.85 6323 699  -421 9.4 1.29x 107
L-16 30037 20275 31628 -107480 911 -053 6310 577  -421 9.2 1.8x 107
L-17 307.99 29225 31828 -1096.81  -9.27 -068 6305 635  -3.36 9.4 1.29x 107
L-18 31068 29313 31628 -107581 946 -0.70 6309 436  -421 9.8 6.54 x 10°
L-19 31852 30324 31630  -916.86  -891 -0.60 6401 424  -2.95 9.1 2.13x 107
L-20 33922 32124 34230  -797.93 928 -0.78 6543 507  -3.78 9.2 1.8x107
L-21 35417 33052 34436  -967.14  -8.89 056 66.95 469  -2.00 8.8 3.54 x 107
L-22 34247 32254 33033  -04544 888 -0.60 6558 527  -2.30 9.3 152 x 107
L-23 34240 32844 34633  -1126.65  -9.10 -063 6602 600  -3.69 8.8 3.54 x 107
L-24 34674 33062 34633 -107431  -8.86 042 6620 687  -3.65 8.6 4.96 x 107
L-25 37875 36381 37438 -120532  -8.87 -045 6890 470  -3.19 95 1.09 x 107
L-26 32790 31506 34530 -107535  -9.30 -0.98 6497 829  -453 9.2 1.8x107
L-27 32052 31580 34530 -1063.75  -8.79 -0.93 6514 203  -4.14 9.1 2.13x 107
L-28 33437 32221 34431 -110544 923 -0.78 6552 844  -3.37 9.1 2.13x 107
L-29 42218 40802 39845  -047.47  -886 -053 7251 380  -0.51 9.0 253 x 107
L-30 32170 305.60 347.27  -926.60  -9.24 -123 6429 924  -556 9.3 1.52x 107
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-0.98
-0.97
-1.07
-1.34

63.24
69.33
69.94
70.60
63.01
65.97
66.21
67.58
67.34
69.42
69.33
69.29
69.28
69.32
69.33
64.03
64.10
64.10
64.01
63.43
63.45
63.43
63.44
63.50
63.56
65.72
64.73
63.72
63.52
64.63
69.70
70.79
71.99
71.72
69.69
72.37
73.65
74.29
63.52
71.04
76.52
67.88
72.40
71.00
67.43
71.33
69.42
71.08
70.59
69.68
68.29
68.77
70.02
71.92
67.22
66.56
67.16
74.62
71.58
68.11
68.22

6.42
4.70
6.33
4.64
4.40
3.16
6.61
4.24
5.60
4.90
7.16
4.42
4.32
5.27
5.08
4.44
2.90
5.14
4.15
6.15
4.18
7.70
4.53
5.91
3.14
4.48
5.08
5.50
2.42
2.91
3.03
4.96
2.43
5.75
7.88
7.57
3.20
4.70
2.42
7.34
4.06
8.13
5.41
2.95
7.18
8.89
2.69
4.28
4.24
3.45
7.53
7.35
4.08
4.15
6.09
7.06
3.20
2.60
1.71
5.16
2.20

123
-2.56
-3.64
-4.35
-2.95
-3.73
-3.36
-3.32
-3.47
-2.19
-2.56
-2.56
-2.56
-2.56
-1.37
-2.56
-2.95
-2.78
-2.95
-3.74
-4.84
-4.84
-4.84
-4.84
-4.16
-3.81
-4.03
-3.98
-4.04
-4.60
-2.39
-2.38
-3.20
-3.96
-4.88
-4.68
-5.30
-3.19
-4.04
-2.79
-0.41
-3.81
-2.36
-3.16
-3.27
-3.87
-3.28
-1.28
-1.68
-3.56
-3.01
-5.08
-4.83
-1.43
-2.01
-3.18
-3.73
-1.43
-4.24
-3.32
-4.61

-9.4
-10.3
-9.9
-9.7
-9.1
-9.2
-9.6
-8.7
-9.4
-9.4
-9.5
-10.1
-10.3
-10.0
-9.1
-8.7
-9.0
-9.4
-9.1
-9.3
-9.4
-9.6
-9.0
-9.3
-9.2
-8.9
-8.9
-9.6
-9.3
-9.7
-9.9
-9.4
-9.9
-9.0
-10.0
-11.2
-9.8
-10.0
-9.2
-10.1
-9.9
-9.6
-10.4
-10.4
-9.8
-8.4
-9.5
-8.3
-9.3
-8.1
-9.9
-9.9
-10.3
-10.2
-10.0
-9.0
-10.1
-9.1
-9.9
-11.0
-10.6

1.29 x 107
2.81x10°%
5.53 x 108
7.75x 10
2.13x 107
1.8 x107
9.17 x 108
4.19x 107
1.29 x 107
1.29 x 107
1.09 x 107
3.94x10°%
2.81x10°%
4.67 x 108
2.13x 107
4.19x 107
2.53x 107
1.29 x 107
2.13 x 107
1.52x 107
1.29 x 107
9.17 x 10
2.53 x 107
1.52x 107
1.8 x 107
2.99 x 107
2.99 x 107
9.17 x 10®
1.52 x 107
7.75x 108
5.53x 10®
1.29 x 107
5.53x10%
2.53x 107
4.67 x 10%
6.16 x 10°
6.54 x 108
4.67 x 10%
1.8 x 107
3.94x10%
5.53x10%
9.17 x 10®
2.38 x 108
2.38x 10°®
6.54 x 10
6.95 x 107
1.09 x 107
8.23x 107
1.52 x 107
1.15x 10°
5.53x10%
5.53x10%
2.81x10°%
3.33x10°%
4.67 x 10®
2.53 x 107
3.94x10%
2.13x 107
5.53x10%
8.63 x 10°
1.7x10%
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L-92
L-93
L-94
L-95
L-96
L-97
L-98
L-99
L-100

383.87
346.88
355.27
348.99
348.97
463.02
354.89
367.46
448.28

377.83
331.86
336.19
336.74
331.79
462.15
338.44
348.00
440.64

478.66
376.32
362.33
395.75
382.75
554.76
393.37
391.33
465.45

-1304.22
-1278.09
-1345.06
-1257.37
-1347.49
-1285.57
-1316.26
-1431.91
-1246.87

-8.93
-8.27
-9.05
-9.55
-9.61
-8.97
-8.41
-8.83
-9.16

-1.29  70.22
-0.95 66.56
-0.62 66.66
-1.10 66.70
-0.99 66.26
-1.01  76.98
-0.90 67.05
-1.08 67.77
-0.74 75.13

2.39
9.80
5.98
3.19
3.61
2.34
5.09
2.56
5.57

-3.86
-6.46
-3.44
-4.66
-3.26
-3.32
-4.81
-6.13
-4.45

-10.6
-9.8
-9.6

-10.8

-10.2
-9.5

-10.1

-10.5
-9.7

1.7 x 10®
6.54 x 108
9.17 x 10°®
1.21x 108
3.33x10%
1.09 x 107
3.94x 10%
2.01x10%
7.75x10%

In the study, the docking results of Hesperetin and its derivatives were found in the range of -8.7 to -
11.0 kcal.mol%, while the binding affinity of the drug Fluconazole was found to be -8.6 kcal.mol1. This
change in binding energy means that the affinity of the molecule under study is increased approximately
100 times. In particular, it was observed that the -CONH:2 substituent attached to the R1 and Rz positions
of the substituted groups contributed positively to the affinity. It was also observed that the increase in
the area and volume values of the molecules was in parallel with the increase in the binding energies of
the molecules. In order to make more detailed analysis with the obtained interaction map, the active site
amino acids interacting with the ligands are organized in Table 5 by indicating the distances of the

interaction types.

Table 5. Ligand-amino acid interactions.

L-0 L-1

L-2

L-3 L4

L-5 L-6

L-7 L-8

L-9 L-10 L-11 L-12 L-13 L-14 L-15 L-16 L-17 L-18 L-19 L-20

AB:72
AB:73
V B:74
SB:75
S B:98
N B:99
T B:100
G B:101
P B:102
S B:103
TB:104
TA: 128
TB:128
N B:129
E A:152
S B:153
G A:155
G B:155
S A:156
S B:156
E B:157
TB:158
N A:159
D A:160
N A:186
A B:188
A A:189
A B:189
K A:208
K B:208
F A:210
T A:227
A A:230
F A:247
F A:248
G A:249
1 A:251
A A:253
T A:297
L A:298
L A:309

5.23 5.27

(281 5.32

270 3.27

21597 3.09

317 250

2.66 3.79

242

w
[N

2.82

[2%2] 5.23
262 378

5.36

[4563) 358

2.94

3.28

2.96 2.66

4.06

4.10
4.92

5.40
5.03

3.03 3.03

259 240

N
=
w

@
N}
o

2.98

2.35

251

2.61

2.81
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Table 5. Ligand-amino acid interactions (cont.)

L-21 L-22 L-23 L-24 L-25 L-26 L-27 L-28 L-29 L-30 L-31 L-32 L-33 L-34 L-35 L-36 L-37 L-38 L-39 L-40

AB:72 4.45

AB:73 529 232 2523 5.40 [20012139]] 5.23 2.33
ve:74 1289
SB:75 2.89

N B:99 3.43 3.49 218 3.73
T B:100 2,60 (243 (223 344 302 319 [260012:33002%68] 3.17 2.80
286

GB:101 2.49 2.72
P B:102

S B:103 222 2.75 1270247
TB:104 2.74 2.68 2.40 3.02 230 266 256 3.40 2.80
E B:105 (290

TB:128
S A:153
S B:153 3.04
S B:156
E A:157
E B:157
N A:186 3.62
A B:187
A B:189
K A:208 3.00

T A:227
F Ac210 s o DI W W S
5.08
295

4.09

NG
©
©

L A:311 5.24
N A:313

Table 5. Ligand-amino acid interactions (cont.).

L-41 L-42 L-43 L-44 L-45 L-46 L-47 L-48 L-49 L-50 L-51 L-52 L-53 L-54 L-55 L-56 L-57 L-58 L-59 L-60
AB:72 5.48 5.43 5.44
AB:73 274 3.77 2.29 2188 517 2.83

VB:74 272 3.74

SB:75 2.80

2.88
N B:99
TB:100 (236 314 343 3.19 [236] .07 2860 2.94 316
G B:101 3 3.05
P B:102 2.41

=

S B:103 243 - E=a
253 277

TB:104 257 284 279 244 297 246 259 2.79

HB:127 471
TB:128 [122]
N B:129

T B:130

SA153 .
S B:153

P B:161
N A:186
AB:187
AB:188
A A:189 .
A B:189

K A:208  2.64 2.95

K B:208 3.13 2.48 246

F A:210

TA:227 - - _

F A:247 5.35

FA:248 492 I :o 4

G A:249 3.73 3.71 3.71 276

I A:251 5.06
L A:298 2.93

S A:209 [265 |

L A:311 4.89

N A:313 308

3.47

4.46

3.36

w
~
~
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Table 5. Ligand-amino acid interactions (cont.).

L-61 L-62 L-63 L-64 L-65 L-66 L-67 L-68 L-69

L-70 L-71 L-72 L-73 L-74 L-75 L-76 L-77 L-78 L-79 L-80

AB:72

AB:73

V B:74

SB:75

S B:98

N B:99

T B:100
G B:101
P B:102
S B:103
TB:104
TB:128
N B:129
E A:152
S A:153
S B:153
G A:155
S A:156
S B:156
E A:157
E B:157
N A:159
D B:160
P B:161
N A:186
A A:189
A B:189
K A:208
K B:208
F A:210
T A:227
F A:247
F A:248
G A:249
I A:251

TA:297
L A:311
N A:313

2.34

3.10

3.42 -

243

=
3.39
ol

3.25

3.08
2.66

3.77
2.89
2.51

[221]
(398 488
2.61
5.17

[2a7]
455
2.49

4.98

3.98

3.06

w
]
~

g

4.20

3.78
3.29
3.20
3.82

2.62

1 s

2.45
256 3.59

2.62

4.25

Table 5. Ligand-amino acid interactions (cont.).

L-81 L-82 L-83 L-84 L-8 L-86 L-87 L-88 L-89 L-90 L-91 L-92 L-93 L-94 L-95 L-96 L-97 L-98 L-99 L-100

AB:73
V B:74
SB:75

SB:98 -

N B:99 2.09
TB:100 [12146)
G B:101
P B:102
S B:103
TB:104
TB:128
N A:129
N B:129
S A:153
S B:153
G B:155
S B:156
E A:157
E B:157
D A:160
D B:160
N A:186
A B:187
A A:189
A B:189
K A:208

5.42 5.50 5.20

2.05

251

(2391 254

2.79

3.83

536 264

2.78

240

258
3.07
232
3.79
221 250
253
248

236
(627 2.42
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K'B:208 5.36 2.04 244 348 3.15 [ 2.49
F a2 [ 458 32 250 55 [
L A:311 5.2
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——— Pi-Alkyl

Conventional Hydrogen Bond
Amide -Pi Stacked

Pi-Pi T-shaped

Carbon Hydrogen Bond

10
I}

unfavorable Positive Positive

In addition to the results, it can be said that the derivatizations made at the R4, R7 and R8 positions
contribute less to the affinity than those made at the R1and Rs ends, even if there is an increase in the
binding energy, they support unfavorable donor-donor interactions. The Re position had no positive or
negative effect on affinity. Especially -NH2, -OH and -CHz groups can be said to increase protein-ligand
interactions by increasing the number of conventional hydrogen bonds which are very important in
intermolecular interactions. When the interactions of Hesperetin molecule with the target macromolecule
structure are considered, it is seen that it interacts with Ser103 and Val74 amino acids with conventional
hydrogen bonds of 2.46 and 2.63 A, respectively, and with Gly101 and Thr104 amino acids with carbon-
hydrogen bonds of 2.70 and 2.66 A, respectively also. A remarkable point in the interaction map is that
the interacting amino acids belong to the B lobe. As a result of the substituted groups attached to the
molecule in the derivatization study, interactions with amino acids in the A lobe could also be observed.
Therefore, this allows us to interpretation of both the effector molecules designed and the active site
characterization of the protein structure. The critical amino acids in the active site of the protein were
determined by analyzing the data in Table 5. As a result of these examinations, the amino acids that
interacted with the closest conventional hydrogen bond were determined as Ala B: 73, Thr B: 100, Ser
B: 103, Thr B: 128, Asn B: 129, Ser B: 150, Ala A: 189, Ala B: 189, Lys A: 208. Therefore, it can be said
that a possible mutation in these amino acids is critical in protein structure and function. In the analyzed
results, the proposed molecules are ligands L-66, L-92, L-95, L-90 and L-99.

Conclusions

The aim of this study was to design new drug molecules that can show antifungal effect against C.
glabrata. Out of 100 designed molecules, 5 candidate active molecules were selected. This is because
there is more than one eliminating factor. While candidate molecules are expected to have high binding
energies, they are also expected to interact in close proximity with the critical active site amino acids in
the targeted protein structure. Another criterion evaluated is the type and characteristics of the observed
interactions. At the same time, in the results obtained, the amino acids in the active site of the protein
and determining the interactions with the molecules were generally polar and uncharged amino acids.
Exceptionally, the apolar and aliphatic amino acid alanine and the positively charged amino acid lysine
were also significant. Considering that C. glabrata develops a mechanism of resistance to drugs by
mutating in a rapid period of time, it is necessary to design new candidate molecules that are antifungal
effective, resistant to mutations and highly selective. It is recommended to further improve the
information obtained on the inhibition potential of candidate molecules by targeting different protein
structures of the organism in future studies.
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Abstract

Haloperidol is an antipsychotic used in the treatment of schizophrenia. Compared to other
antipsychotics, it is widely used in developing countries due to its affordable price. Haloperidol has a
narrow therapeutic range and variable pharmacokinetics; therefore, therapeutic drug monitoring (TDM)
is recommended. For this reason, in this study, an easily applicable, fast, selective, accurate, reliable,
and economical LC-MS/MS method was developed for the determination of haloperidol in human
plasma for use in TDM and also method was validated according to European Medicines Agency (EMA)
Bioanalytical method validation guidelines. In the developed method, analyte and internal standard were
extracted from plasma by salt-assisted liquid-liquid microextraction (SALLME) technique and after that
injected to the LC system. The limit of quantification of haloperidol was determined as 1 ng/ml. The
calibration curve was validated between 1-15 ng/ml, with correlation coefficients >0.99. In addition, the
developed method was used to determine drug concentration levels in the plasma of real patients.

Keywords: haloperidol, LC-MS/MS, SALLME, TDM

Introduction

Haloperidol is a butyrophenone derivative antipsychotic agent used in the treatment of schizophrenia
and related psychoses (Lee et al., 2007). It was synthesized in 1958 and first marketed in the United
States in 1967 (Gerace et al., 2012). While there is a wide choice of antipsychotics, some very
expensive, in developed countries, older and less expensive drugs such as haloperidol is still widely
used in developing countries (Leucht et al., 2008). Although haloperidol is frequently prescribed and
often used as a comparator in clinical trials, both acute and long-term use can cause extrapyramidal
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side effects such as dystonia, dyskinesia and parkinsonism (Grubor et al., 2020). This drug exerts its
therapeutic effect through D2 receptor antagonism, as with other antipsychotic drugs (Tyler et al., 2017).
It has a rapid onset of action and an extensive volume of tissue distribution. It is also lipophilic and highly
protein bound (Wang et al. 2012). Only 1% of the administered dose of haloperidol is excreted
unchanged in the urine because the drug is extensively metabolized in the liver (Gass6 et al., 2013). Its
metabolism includes conversion to an “inactive metabolite” (50/60%) by glucuronidation, to “reduced
haloperidole” (an active metabolite - 23%) by reduction and back oxidation, and to a “pyridium
metabolite” (a toxic metabolite 20/30%) by N-dealkylation (Vella-Brincat and Macleod 2004). The
CYP2D6 genotype has an important role in the excretion of “haloperidol” and “reduced haloperidol” and
may pose a risk of serious adverse effects. In addition, body weight, and smoking may cause changes
in pharmacokinetics (Brockmodller et al., 2002). Haloperidol can be used with a variety of medications
such as antipsychotics, antidepressants, and benzodiazepines (Shin et al. 2001). Combination
antipsychotic therapy is a common practice, but it also has effects such as drug-drug interactions,
variability in serum levels, and difficulties in patient adherence to treatment (Lally and MacCabe 2015).
Because of this variable pharmacokinetics and narrow therapeutic range, haloperidol therapy requires
personalized optimization. For this reason, therapeutic drug monitoring is recommended for haloperidol
(Kudo and Ishizaki 1999). The recommended plasma concentration for haloperidol is 1-10 ng/mL, while
the alert level is 15 ng/mL (Hiemke et al., 2018). Therapeutic drug monitoring (TDM) helps the clinician
reach targeted concentrations and direct dosage to reduce the risk of side effects (Eliasson et al. 2013).
TDM is performed by chromatographic and immunoassay methods, but in immunoassays the presence
of various other components in the sample can lead to a lack of analytical specificity (Ates et al., 2020).
For this reason, reliable, sensitive, high-quality analytical methods by instruments combined with
Ultraviolet (UV), Fluorescent (FL), and mass spectrometry (MS) detectors are the main techniques used
for TDM (Tuzimski and Petruczynik 2020).

Salt-assisted liquid liquid microextraction (SALLME) is a simple, fast and easily applicable sample
preparation technique that uses various salts and water-miscible organic solvents (Gupta et al. 2009).
Currently, there is a lack of any SALLME technique in the literature for the determination of haloperidol
in human plasma. Therefore, the aim of this study was to develop a rapid, economical and easily
applicable LC-MS/MS method for the determination of haloperidol in human plasma using SALLME
technique.

Materials and methods

Materials and reagents

Haloperidol, haloperidol-d4, sodium hydroxide, sodium chloride, and organic solvents were procured
from Merck (Darmstadt, Germany). Water was purified by a Purelab option-Q water system from Elga
(Elga, Lane End, UK).

Stock solutions of haloperidol were prepared separately in methanol at a 1 mg/mL concentration. A
working standard solution was prepared by diluting the stock standard solutions with an appropriate
volume of methanol. Calibration standards and quality control samples were prepared by spiking the
(internal standard) IS and working standard solution into blank plasma. The concentrations of the
calibration standard solutions were 1, 2, 4, 6, 8, 10, 13, and 15 ng/mL, while the concentrations of the
quality control samples were 1, 3, 7.5,12 ng/mL. All solutions were kept at -20°C when not in use.

Sample preparation

The salt-assisted liquid-liquid microextraction technigue was followed for cleaning the plasma samples.
The sample preparation procedure is shown in Figure 1.
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Figure 1. Sample preparation.

LC-MS/MS analysis

The method was performed on an Agilent 1200 series HPLC system coupled to an Agilent 6460 triple
quadrupole tandem mass spectrometry with an InterSustain C18 (3.0 um, 3.0x 100 mm) column. The
column temperature and the injection volume were 30 °C and 5 pL respectively. The isocratic elution
was performed using mobile phase A (water with 0.1% formic acid) and mobile phase B (acetonitrile
with 0.1% formic acid) (60:40). The total run time was 4 min with flow rate of 0.4 mL/min. The desolvation
gas temperature, nebulizer, and desolvation gas flow were set at 300 °C, 45 psi, 11 L/min. The typical
ion transitions were 376.2— 165.1 for haloperidol and m/z 380.2—169.0 for haloperidol-d4. Analytes
were detected using electrospray ionization in the positive mode.

Validation of the method

Method validation was performed to evaluate the selectivity, lower limit of quantification (LLOQ),
precision, accuracy, dilution integrity, matrix effects, carryover, calibration curve performance, and
stability, according to European Medicines Agency (EMA) Bioanalytical Method Validation Guideline
(EMA 2011). Selectivity is the ability of the method to separate the analyte from other substances in the
matrix. For this purpose, blank plasmas from six different sources were analyzed and examined for any
interference. The lower limit of quantification (LLOQ) is the lowest concentration of analyte that can be
measured in a sample with acceptable accuracy, reliability, and precision. LLOQ was determined by
considering the therapeutic range of the analyte. Accuracy and precision parameters were assessed by
preparing quality control samples at 4 different concentrations (LLOQ, low-QC, medium-QC, and high-
QC) and analyzing them six times on three different days. Calibration curve performance was evaluated
using 8 different calibration concentration levels for the analyte and the calibration curve was defined
between the lower limit of quantification and upper limit of quantification (ULOQ). Carryover was
evaluated by injecting a blank sample after the standard at the upper limit of quantification. Dilution
integrity was assessed by diluting a sample with a higher concentration than the ULOQ sample to within
the range of the calibration curve. The stability parameter was evaluated using freshly prepared samples
of the analytes and internal standard under 3 different conditions (4 weeks at -20°C, 24 hours in
autosampler, 3 times freeze-thaw). In the matrix effect study, low and high QC samples were prepared
in the plasma matrix and the solution obtained from six different sources was analyzed. The matrix effect
was calculated by proportioning the response values obtained.

Sample analysis

The developed method has been successfully applied to plasma samples from patients on drug therapy.
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Results and discussion

Method optimization

In this study, various amounts of sodium chloride salt (150, 200, and 300 mg), organic solution types
(acetonitrile and ethyl acetate), and volumes (300, 400, and 500 L) were tested for phase separation.
200 mg of sodium chloride and 300 pL acetonitrile produced the best yield.

Method validation

No interference was detected in the retention time of the analytes and internal standard in blank plasma.
The retention times for the internal standard and haloperidol (Figure 2). The lower limit of quantification
of haloperidol was determined as 1 ng/mL. The calibration curves were validated between 1-15 ng/mL
for haloperidol, with correlation coefficients >0.99. No interference was detected in the blank plasma
injected after the ULOQ sample.
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Figure 2. Chromatograms of the haloperidol (a) and IS (b).

All accuracy and precision values are given in Table 1. It is seen that the results comply with the EMA

criteria.

Table 1. Accuracy and precision data for haloperidol.

QC concentration

Intra-assay (n=6)

Inter-assay (n=18)

(ng/mL) Accuracy (%) CV (%) Accuracy (%) CV (%)
1 (LLOQ) 102.9 4.4 96.3 4.2
3 (low) 103.1 2.1 106.8 2.9
7.5 (medium) 106.4 3.8 100.9 35
12 (high) 102.5 5.7 106.3 4.8

QC: quality control, LLOQ: lower limit of quantification, CV: coefficient of variation

The accuracy and precision of the diluted samples were 101.7% and 3.4% for haloperidol. The accuracy
values of the stability analyses for haloperidol and the internal standard are shown in Table 2. The

results comply with EMA acceptance criteria.
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Table 2. The stability of haloperidol in plasma.

Stability (% Accuracy)

QC concentration
(ng/mL) 24 hours in the 4 Weelis three freeze-thaw
g _ at-20 °C -
autosampler (n=6) (n=6) cycles (n=6)
3 (low) 104.3 102.9 108.7
12 (high) 105.1 103.1 106.5

QC: quality control

The matrix effect results were within EMA's acceptable ranges (CV, 15%) (Table 3).

Table 3. The matrix effect data of haloperidol.

QC concentration

*Normalized matrix effect factor (n=6) CV (%)
(ng/mL)
3 (low) 1.0 1.0 1.0 11 1.0 11 5.0
12 (high) 1.0 1.1 1.0 1.0 0.9 1.0 6.3

QC: quality control, CV: coefficient of variation

Application to real sample

Five actual samples were successfully used to test the developed method. Table 4 presents all results.

Table 4. The results of the samples.

Concentration of plasma

Sample Age Dose of haloperidol (ng/mL)
Sample-1 19 5mg 55
Sample-2 44 10 mg 2.4
Sample-3 14 10 mg 9.9
Sample-4 46 10 mg 2.3
Sample-5 24 10 mg 1.4

Method comparison

There are various LC-MS/MS methods in the literature for the determination of haloperidol in plasma
and serum. These methods have various sample preparation techniques such as protein precipitation
(Juenke et al. 2013, Gradinaru et al., 2014, Domingues et al., 2016, Cao et al. 2020), liquid-liquid
extraction (Remane et al., 2011, Montenarh et al., 2016, Degreef et al., 2021), and solid phase extraction
(Hempenius et al., 1999, Khelfi et al., 2018). Among these sample preparation techniques, protein
precipitation is relatively easy but it has a low recovery. Liquid-liquid extraction requires the use of a lot
of organic solvents, while solid-phase extraction is quite expensive compared to these methods. The
Sample preparation technique presented in this study is not only easy to apply but also more
environmentally friendly as it uses less organic solvents.

Conclusions

The LC-MS/MS method developed using the SALLME technique is simple, accurate, and precise. The
values of the European Medicines Agency's bioanalytical method validation parameters are acceptable
and therefore, the method is suitable for the therapeutic drug monitoring of haloperidol. Additionally, the
SALLME technique can be used as an extraction method in many biotechnological studies.
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Abstract

The voltage output of a single MFC is normally less than 0.8 V, often less than 0.3 V at maximum power
output, which greatly limits the application of MFCs. When MFCs are scaled up, however, increasing
reactor size has typically resulted in decreased power density. In this study, we developed a novel MFC
configuration that contains multiple cloth electrode assemblies in which the MFCs were internally
connected in series (iCiS-MFC). The iCiS-MFC, equivalent to 3 CEA-MFCs, produced a high voltage
output over 1.8 V and a maximum power density of 3.5 W m-2 using carbon cloth cathodes containing
activated carbon as the catalyst. This power density is 6% higher than that reported for a similar smaller
CEA-MFC, indicating that power can be maintained during scale-up with a greater than 33-fold increase
in total cathode surface area and greater than 20-fold increase in reactor volume. High stability was also
demonstrated based on the performance of the iCiS-MFC over a period of one year of operation. The
high power and stability is likely due, in part, to a more efficient means of current collection through the
internal series connection, which also avoids the use of expensive current collectors. These results
clearly demonstrate the great potential of this MFC design for further scaling-up.

Keywords: activated carbon, cloth electrode assembly, internally connected in series, microbial fuel
cell, scaling-up

Introduction

There is a significant cost associated with wastewater treatment, which is largely attributable to energy
consumption (Logan and Rabaey, 2012). On the other hand, wastewater contains several times more
energy than needed for its treatment. Releasing energy stored in the high organic content in domestic,
industrial, and agricultural wastewaters represent a potential means to offset this high cost and even for
energy production (Perlack et al., 2005). With an ever-increasing demand for wastewater treatment
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compounded by the enormous cost associated with treatment plant operation, finding more efficient and
cost effective means of treating wastewater has become more important than ever. Developing new
treatment technologies which will off-set this high-energy cost is necessary to maintain both water and
energy security.

Microbial fuel cell (MFC) technology represents one such alternative. Despite its great potential, some
researchers lose confidence on the future of MFC for wastewater treatment and energy recovery,
primarily due to the great challenge in scaling-up (Logan et al., 2015). For example, compared with our
previous reported 0.03L (liquid volume) MFC producing maximum power output of 62.3 mW, the total
maximum power of 90L, 100L and 250L MFCs were only slightly higher: 82 mW, 114 mW, and 116 mW,
respectively (Feng et al., 2014; Ge et al., 2015; Dong et al., 2015). Although media composition and our
experimental conditions contributed the 3-4 orders of magnitude difference in volumetric power density,
the main reason should be the difference in reactor architecture.

There are two general strategies for scaling-up MFCs: increasing the size of individual MFCs and
connecting multiple MFCs into a stack (Cheng et al., 2014; Aelterman et al., 2006). Unfortunately,
increasing individual reactor size typically results in decreased power generation measured in both
volumetric power density and surface power density (Janicek et al., 2014; Dekker et al., 2009)"i. The
decrease in surface power density might be caused by considerable potential loss over large commonly
used carbon cloth electrodes, which can be as high as 0.35 V, or about 50% of open circuit potential,
for carbon cloth of 1 meter long (Cheng et al., 2014). Another possible cause of the decrease in surface
power density is the large internal resistance due to increased anode-cathode spacing, as Ohmic
potential loss is proportional to electrode spacing (Fan et al., 2008). In addition to the decrease in surface
power density, the decrease in volumetric power density is amplified by the much lower surface/volume
ratio of the large individual MFC. Therefore, connecting multiple MFCs into a stack might be the only
choice to scale-up MFC while maintaining its performance (leropoulos et al., 2008; Wang et al., 2011).

When connected into a stack, MFCs can be connected electrically in series to increase voltage. The
open circuit voltage of an individual air cathode MFC is around 0.8V with an operating voltage less than
0.4 V at its maximum power output due to electrochemical losses. Such a low voltage output greatly
limits the practical application of MFCs for power generation. Increasing voltage output through series
electrical connection has the potential to result in lower power loss compared to other means of boosting
voltage due to the lack of conversion energy loss. Serial connection, producing higher voltage but lower
current than parallel connection, may also lead to lower power loss in electricity collection and
transmission. However, in spite of many attempts, current MFC stack designs have not achieved the
ideal voltage output with an overall voltage decrease ranging from 30-98% for serial connection of 2-4
MFCs (Dekker et al., 2009; Gurung et. al., 2012; Oh and Logan 2007; Gurung and Oh 2012). Using
power managing system can booster voltage output of parallel connected MFCs, however, the addition
of another system can further increase the complexity, thus reduce the reliability of MFC system.
Furthermore, the maximum power density or energy output might be affected significantly (Donovan et
al., 2011; Adami et al., 2013; Zhu et al., 2011; Wu et al., 2012). A more efficient MFC stack design
capable of high power and voltage outputs are critical for successful scaling up of MFC technology.

Among the various MFC designs, the cloth electrode assembly (CEA)-MFC, which contains a compact
electrode/separator design resulting in minimized electrode spacing, has demonstrated high
performance and treatment efficiency at several milliliter scales (Fan et al., 2012; Janicek et al., 2015a;
Fan et al., 2007). This reactor design replaces the membranes with low-cost and low-resistance cloth
separators, thus lowering its contribution to the internal resistance of MFCs and greatly increasing the
performance of MFCs (Janicek et al., 2015a). The CEA design also has great advantage over other
MFC designs in terms of maintaining its performance during scale-up, as the electrode spacing is fixed
and thus keeps the specific internal resistance as low as 20 mQ m?2 (Fan et al., 2008). A stable power
density of 3.3 Wm-2 was achieved using activated carbon as cathode catalyst during 24 days of operation
in batch mode (Janicek et al., 2015b). The high power, relatively low-cost, good scale-up potential, and
stability of CEA-MFCs suggest that this configuration may be the best option for MFC stack
development.

When MFC are scaled up or connected into stacks, a current collector is typically required to reduce
ohmic losses of the electrode (Logan 2010). Although MFCs operate at low current densities, the energy
loss can be as much 2 orders of magnitude greater when single point connection is used compared to
optimized connections in a larger scale operation (electrode area of 1 m?) (Cheng et al., 2014). Current
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collectors can either be incorporated as the electrode base material or can be a separate wire or mesh
that attaches to the electrode base material (Wei et al., 2011). In MFCs, current collectors have been
made from titanium mesh, titanium wire, graphite plates, gold, and stainless-steel mesh (Logan 2010;
Wei et al., 2011). Use of stainless steel may not be suitable for MFC applications due to the potential
for severe corrosion, which ultimately leads to reduced performance (Janicek et al., 2015a). Precious
metal current collectors are also cost prohibitive for scaling up MFC technology. As a result, a more
efficient means of current collection is needed while avoiding the use of expensive or unstable current
collectors.

In this study, we present a new MFC stack configuration, CEA-MFCs internally connected in serial (iCiS-
MFC), in which the anode and the adjacent cathode share the same base material, i.e. carbon cloth,
avoiding the need of a current collector. An iCiS-MFC equivalent to 3 MFCs was built and operated for
approximately one year to demonstrate its long-term stability in producing high voltage output and power
density.

Materials and methods

Reactor design and construction

A double iCiS air-cathode CEA-MFCs (3 on each side) was constructed with a total effective surface
area of 480 cm? (for the double CEA-MFC) and a liquid volume of 240 ml (Figure 1a). Each CEA-MFC
was placed in between 3 PVC frames. The internal frame, which served as the anode chamber,
contained 3 openings measuring 20 cm by 4 cm by 1 cm. Cathodes and anodes were internally
connected and made from the same piece of carbon cloth (CCP, fuelcellearth.com) (Figure 1b). The
end MFC’s electrodes were connected to the external circuit via a titanium wire, forming a double iCiS-
MFC stack with 3 MFC connected in series on the top (designated as Stack A) and 3 on the bottom
(designated as Stack B) (Figure 1a). A non-woven fabric layer was sandwiched between the anode
and cathode of each CEA-MFC as previously described (Fan et al., 2012). In order to prevent gas from
becoming trapped between the anode and cathode, 1 cm x 1 cm slits, as previously described, were cut
into the anode to provide a means for gas to be released (Fan et al., 2012). Carbon cloth cathodes
were constructed as previously described with an activated carbon loading of 25 mg cm2 (Janicek et
al., 2015b). Each MFC was labeled according to the position in Stack A (MFC1, MFC2, MFC3) and
Stack B (MFC1, MFC2, MFC3) according to Figure 1a.
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Internal Series Emma@
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Anode Internal Connection

Figure 1. (a) Schematic of iCiS-MFC stacks containing 3 CEA-MFCs connected internally in series on
the bottom initially (Stack A) and 3 on the top initially (Stack B). Also shown are the internal and
external electrical connections, direction of hydraulic flow, and position/naming of individual MFCs
within the reactor; (b) Schematic showing the anode/cathode pairs, each made from a single piece of
carbon cloth (resulting in the internal electrical connection); and (c) photograph of the reactor.

MFC operation and analysis

The MFC was inoculated with a mixed bacterial culture as previously described (Fan et al., 2012).
Acetate (5.9 g/L or 0.59 g/L) was used as the substrate and the medium solution contained the following
(per liter), unless otherwise specified: NH4Cl, 1.5 g; KCI, 0.13 g; NaH2PO4.H20, 4.67 g; Na2HPO4.7H-0,
12.4 g; and mineral (12.5 ml) and vitamin (12.5 ml) solutions as reported (Lovley and Phillips 1988).
The MFC experiments were operated at 32 + 1°C in a temperature controlled chamber. The reactor
was operated hydraulically in series. The reactor was initially operated in batch mode to facilitate start-
up of the reactor. The system was switched to the continuous flow mode after three days as the power
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output started to increase significantly. Then the reactor was continuously fed at a flow rate of 3 ml min-
! maintained through a peristaltic pump, corresponding to a hydraulic retention time of 80 min (unless
otherwise specified). The external resistance of both the top and bottom reactors was set to maintain
an operating voltage ~ 0.9 V during normal operation. The reactor was operated for a total of 365 days.
For the first 100 days the reactor was operated at 5.9 g L (100 mM) acetate and 80 mM PBS at different
HRTSs to determine the optimal operating conditions at higher substrate concentration. For the next 115
days, the reactor was operated at different substrate concentrations and different HRTs to further
examine the effect of operational conditions on MFC performance. For the remaining 150 days, the
reactor was operated at 0.59 gL-* (10 mM) acetate and 10 mM PBS at an HRT of 25 minutes to determine
performance and stability at lower substrate and buffer concentration. Total stack voltage as well as the
voltage of individual MFCs were monitored using a multichannel data acquisition system (2700, Keithly,
USA).

Results and discussion

Start-up of the iCiS-MFC

During start-up, the resistance of the Stack A and Stack B were controlled separately and set at 1000
ohms to facilitate growth of the biofilm. The voltage of Stack A (bottom) rapidly reached a maximum of
1.72 V within 3 days of operation (Figure 2a). During this period, voltage of individual MFCs of Stack A
were similar, ranging from maximum values between 0.56 V to 0.6 V during the first 3 days, with a
variability of less than 7% between MFCs (Figure 2b). The resistance of Stack A, controlled using a
variable resistor, was then set to maintain an operating voltage of ~ 1.5 V for another five days to further
facilitate anodic biofilm development. In the following 18 days of operation, the resistance was
incrementally decreased to achieve a higher power output and stabilized at operating voltage of ~ 0.9 V
corresponding to approximately 0.3 V per MFC in the series.
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Figure 2. Voltage and power as a function of time during start-up of (a) Stack A; (b) individual cells of
Stack A (bottom).

Stable power output for Stack A reached a maximum of 3.5 Wm-2 after 18 days of operation (Figure 2a),
which was 6% higher than that previously obtained (3.3 W m=2) in a significantly smaller CEA-MFC
operated in batch mode (Zhu et al., 2011). This result indicates that power can be maintained during
scale-up with a greater than 33-fold increase in total cathode surface area and greater than 20-fold
increase in reactor volume. It should be noted that the result for the smaller scale CEA-MFC was
obtained at a buffer concentration of 50 mM, which was lower than that used to obtain the result
presented here (80 mM). However, previous results have shown that when buffer concentration was
increased from 50 mM PBS to 100 mM PBS, in a similar smaller CEA-MFC operated under similar
conditions, power density only increased 11% (Fan et al., 2012). The result presented here is also
similar to that obtained when platinum was used as the cathode catalyst in a smaller CEA-MFC operated
under similar conditions (Fan et al., 2012). The equivalent specific internal resistance, computed from
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polarization curve, is 23.8 mQ m? for Stack A (Figure S1), which is comparable to that achieved in a
similar smaller reactor (Fan et al., 2012).

The voltage of Stack B (top) reached a maximum value of ~ 1.57 V at 1000 ohms resistance after 7
days of operation, which was 9% lower and took twice as long as Stack A (Figure 3a). The resistance
of Stack B was then adjusted to maintain an operating voltage of ~ 1.4 V for 5 days. During this start-up
period voltage of individual MFCs of Stack B were highly variable, ranging from 0.07 V to 0.77 V (Figure
3b). After this 12 day’s operation, the resistance was gradually decreased until a total stack operating
voltage of ~ 0.9V was achieved in approximately 20 days. However, voltage of individual MFCs
remained significantly variable with 36% variability between cells. Furthermore, voltage of individual
MFCs also varied between 0.25V and 0.36V. By comparison, Stack B took slightly longer to achieve a
stable power output, reaching 2.2 Wm after 20 days of operation, representing a power density 37%
lower than Stack A (Figure 3a).

© Voltage - Stack B 1

i + MFC1 = MFC2 - MFC3 (b)
Power Density - Stack B

Voltage (V)

Power Density (W/mA2)

20 24
Time (days) Time (days)
Figure 3. Voltage and power as a function of time during start-up of (a) Stack B; (b) individual cells of
Stack B (top).

Effect of the stack location on performance

Due to the higher performance and faster start-up of Stack A, and the highly variable voltage of Stack B
during and after start-up, it was believed that reactor location may have led to the significantly different
performance of the stacks. Therefore, after 28 days of operation, the reactor was flipped so that Stack
A was operating as the top reactor and Stack B was operating as the bottom reactor. Voltage of
individual MFCs of Stack A (initially the bottom reactor) were similar prior to flipping the reactor (Figure
4a). However, variability in voltage between individual MFCs began to increase after the reactor was
flipped, ranging from 0.23 V to 0.32 V, representing a 32% difference between individual MFCs (Figure
4a). In contrast, voltage of individual MFCs of Stack B (initially the top reactor), prior to flipping, were
highly variable (Figure 4b). Once the reactors were flipped, variability in voltage decreased to only 7%
between individual MFCs, ranging from 0.29 V to 0.31 V (Figure 4b). Furthermore, the decreased
voltage variability corresponded to an increase in power density of Stack B (Figure 4c), which ultimately
reached a maximum value of 3 Wm- after 40 days of operation (Figure S2). This represents a greater
than 36% increase in power density when Stack B was operated as the bottom reactor compared to
when operated as the top reactor, although it was 14% less than the maximum power achieved with
Stack A before flipping. Flipping the reactors, however, had a detrimental effect on Stack A, as power
density was decreased 28% to 2.5 Wm-,

The higher performance and stable voltage of Stack B when operated as the bottom reactor in
combination with the decreased performance and variable voltage of Stack A after the reactors were
flipped indicate that reactor location can significantly affect performance. The reduced performance
when reactors are operated as the top reactor is likely due to mass transfer limitations and increased
electrode spacing caused by gas being trapped within the CEA structure. Despite gas-venting slits in
the anodes, when operated as the top reactor, gas is more likely to become trapped, as it will rise unless
otherwise prevented. Both increased electrode spacing and mass transfer limitations; caused by gas
build-up, result in increased internal resistance, which ultimately decreases performance. Distribution
of trapped gas within the CEA structures would not be the same across the 3 MFCs connected in series.
Gas could accumulate in one MFC faster and/or in larger quantities than in other MFCs in the series.
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As a result, internal resistance of individual MFCs will be different within the Stack, ultimately leading to
the highly variable voltage observed when either Stack A or Stack B was operated as the top reactor.
Differences in internal resistance could also affect biofilm growth, limiting development during the critical
start-up phase, ultimately effecting maximum power density achievable within a stack of MFCs.
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Figure 4. Performance of the reactor before and after flipping showing (a) voltage as a
function of time for Stack A; (b) voltage as a function of time for Stack B; and (c) power as a
function of time for both Stack A and Stack B.

Effects of operational conditions (HRT, substrate and buffer concentrations) on iCiS-MFC
performance

At an acetate concentration of 5.9 g/L, decreasing HRT from 240 min to 120 min resulted in an increase
in power density of Stack B by 6% from 2.56 to 2.71 Wm-2 (Figure 5a). Further decreasing HRT from
120 min to 80 min resulted in a further increase in power density by 11% (3 Wm-?). However, decreasing
HRT from 80 to 60 min did not result in further increase in power density. A similar trend was observed
for Stack A.

When the MFC stacks were operated at lower acetate concentration (0.59 g L), power density
decreased by more than 68% for both Stack A and Stack B. Decreasing HRT of Stack B from 80 min to
40 min resulted in an increase in power density by 21% from 0.55 Wm-=2to 0.67 Wm-2 (Figure 5b). An
additional decrease in HRT from 40 min to 25 min resulted in an additional increase in power density by
46% (0.98 Wm2). However, further decreasing HRT from 25 to 20 min resulted in a decrease in power
density by 12%. A similar trend was observed for Stack A.

The results at both high and low acetate concentration, presented here, indicate that at longer HRTS,
substrate can become limiting when iCiS-MFC s are operated hydraulically in series (Janicek et al.,
2014) . The decreased performance at the lowest HRTs tested (highest flow rates) was possibly due
to lower concentration of produced bicarbonate buffer (Fan et al., 2012) Hata! Yer isareti
tanimlanmamis.. Furthermore, significantly higher performance was achieved when the reactor was
operated at the higher acetate concentration. This has not been shown to be the case for other MFC
designs in which increasing acetate concentration beyond 0.59 g L did not appreciably affect
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performance (Cheng and Logan 2011). The disparity might be due to the high substrate utilization rate
achieved in the CEA-MFCs caused by the much higher electrode area/volume ratio and development
of a highly efficient anodic biofilm resulting from the lowered internal resistance of the iCiS-MFCs.
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Figure 5. Power density as a function of HRT for (a) Stack A & B operated at higher acetate
concentration (5.9 g L1); and (b) Stack A & B operated at lower acetate concentration (0.59 g L1).

It is well known that increasing buffer concentration can increase maximum power generation of MFCs
(Liu et al., 2005). However, addition of large quantities of buffers will likely be cost prohibitive for practical
applications. To investigate how power generation of the newly developed system was affected by the
buffer concentration, iCis-MFC stack were also operated under low buffer concentration (10 mM PBS).
Results show that power reached a maximum of 1.5 Wm-2 at an acetate concentration of 5.9 g L1 (Figure
6). This represents only 50% decrease in power density when buffer concentration is decreased from
80 mM PBS to 10 mM, suggesting the produced bicarbonate might considerably contribute to the
reduction in internal resistance. When the substrate concentration decreased to 0.59 g L-1, the power
density further decreased to 0.5 Wm-2 and remained stable over the 150 days of operation. (Figure 7a
and b, Figure S2). The significant decrease in power density at lower acetate concentration might be
due to substrate limitation and less produced bicarbonate buffers.
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Figure 6. Power density as a function of substrate (acetate) concentration for Stack B operated at 10
mM PBS.
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Figure 7. Power density as a function of at an acetate concentration of 0.59 g L-1 and buffer
concentration of 10 mM PBS for (a) Stack A; and (b) Stack B.

Conclusions

Results presented here demonstrate that the iCiS-MFCs can achieve a high stable power output of over
3 W/m?2 at an overall voltage output of 0.9 V. The high performance can be attributed to both the CEA
structure and the design of internal series connection, which lead to lower internal resistance. The
lowered internal resistance combined with the fact that the reactor was acclimated at the higher acetate
concentration (5.9 gL1), may also have allowed a highly efficient anodic biofilm to develop. The internal
series connection also alleviated the need for a current collector, resulting in reduced cost for fabrication
and enhanced reliability. With this design, reactor size was increased significantly with no decrease in
performance, as is typically the case when increasing MFC reactor size. Voltage reversal, a common
issue for serially connected MFCs, hasn’t affected the operation of the iCiS-MFC during the one-year
operation. These results clearly demonstrate the great potential of this iCiS-MFC s design for scaling-

up.

Lower performance when both stacks were operated as the top reactor suggests that trapped gas may
be an issue during scale-up if the current operational mode is used. One alternative is to operate the
reactor in a vertical orientation rather than the current horizontal orientation. Vertical orientation in
combination with gas release mechanisms may prevent gas from becoming trapped between
electrodes. The activated carbon/carbon cloth cathode used in this study is well suited for this type of
operation, as it has shown high pressure tolerance (Janicek et al., 2015a; Janicek et al., 2015b). Results
presented here also indicate that a high degree of voltage variability between MFCs in a stack, during
start-up, may lead to lower performance during the stable power output phase. Facilitating even biofilm
growth during start-up phase seems crucial.

The high and low acetate concentrations tested in the reactor represent COD values of approximately
6000 mg L COD and 600 mg L COD, respectively, as representatives of typical food pressing
wastewater and municipal wastewater. The significantly higher power density of the reactor at the higher
acetate concentration suggests that treating wastewaters with higher COD values would be more
appropriate for the iCiS-MFC to balance the energy recovery and capital cost. Treating municipal
wastewater may not justify the current expense of MFC technology, as adequate energy may not be
generated to offset the high cost of MFCs. In addition, despite the low internal resistance caused by the
internal series connection compared to reactors connected in series that don’t contain this feature, low
buffer concentration presents a significant challenge to performance, especially when substrate
concentration is also low. Further scaling up this reactor could be accomplished by increasing the
number of MFCs connected in series as well as increasing the size of each MFC. Further investigation
into scaling-up the iCiS-MFC design will ultimately determine any limitations with respect to size and
reactor effectiveness for practical application.
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