Dimethyl sulfoxide enhances both cellulose
dissolution ability and biocompatibility of a
carboxylate-type liquid zwitterion
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Cellulose dissolution ability of a liquid zwitterion, the most
biocompatible cellulose solvent, was improved by adding a co-
solvent, dimethylsulfoxide. Moreover, biocompatibility of the
liquid zwitterion was also improved by adding dimethylsulfoxide
although it is toxic relative to the liquid zwitterion. The mixture is
the efficient and extremely biocompatible cellulose solvent.

Despite being the most abundant biopolymer on earth,
cellulose faces challenges in biorefinery applications because
of its poor solubility. The recalcitrance of cellulose is due to its
highly crystalline structure. Therefore, efficient solvents are
necessary to convert cellulose into biofuels or the other highly
valuable chemical compounds.! Some solvents or solvent

systems, e.g. N-methylmorpholine oxide?, N,N-
dimethylacetamide/lithium chlorides3, 1,3-dimethyl-2-
imidazolidinone/lithium chloride*, and dimethyl sulfoxide

(DMSO)/tetrabutylammonium fluoride, can dissolve cellulose
directly. Recently, ionic liquids (ILs) which are liquid salts
below 100 °C, have been highlighted for their ability to dissolve
cellulose. Swatloski et al. have reported that 1-butyl-3-
methylimidazolium chloride can dissolve 10 wt% of cellulose at
100 °C.% ILs containing carboxylate, dialkylphosphate, or
alkylphosphonate anions have also been reported to have
superior cellulose solubility.”12 Currently, ILs are recognized as
one of the most effective solvents for dissolving cellulose.
However, ILs must overcome some critical challenges
before they can be practically applied in biorefinery.13.14 One
of their problematic characteristics is their toxicity to
microorganisms when bioconversion is used in biorefinery. ILs
show toxicity towards microorganisms by destructing their cell
membranes via a two-step mechanism.1> First, cations of ILs
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are electrostatically atrracted to anionic phospholipids of cell
membranes. Then, the ILs insert the hydrophobic alkyl chain
of their cations (called the cation tail) into the microorganism’s
cell membrane via hydrophobic interactions.

To overcome the problem of toxicity, our group has
previously developed a biocompatible and cellulose-dissolving
zwitterion1®, carboxylate-type liquid zwitterion (OE,imCsC, Fig.
1) as an analogue of cellulose dissolving ILs. The structure has
no hydrophobic cation tail, which contributes to the toxicity,
and has a similar polarity to other ILs capable of dissolving
cellulose. Consequently, OE,imCsC has showed cellulose
dissolution ability and the highest biocompatibility among all
cellulose solvents. However, OE,imC3C has high viscosity,
which limits its capability to dissolve cellulose. For example,
the solubility of cellulose in OE,imC3C is 6 wt% at 100 °C due
to its high viscosity (details later), which is lower than 1-butyl-
3-methylimidazolium chloride (10 wt%). It is the critical
problem to overcome before practical use.

DMSO is a relatively polar aprotic solvent and has been
often used as a co-solvent for the dissolution of cellulose with
ILs. It is reported that DMSO can reduce the viscosity of ILs
without hindering their ability to dissolve cellulose.17-22 |n this
study, we investigated the solubility of cellulose in
OE,imC3C/DMSO mixtures. In addition, the toxicity to
Escherichia coli (E. coli) growth was also investigated and
surprisingly improved by addition of DMSO, although DMSO is
less biocompatible than pure OE,imC3C (but even DMSO is
generally considered biocompatible).

Figure 2a shows cellulose solubility in OE,imC3C/DMSO
mixtures at 100 °C. Pure OE,imC3C was capable dissolving up
to 6 wt% of cellulose. However, at this concentration, the
solution became too viscous to stir. Thus, we could not
confirm whether 6 wt% was the true maximum solubility in
pure OE,imC3C. We found that the addition of DMSO
accelerated the dissolution of cellulose. The OE,imC3C/DMSO

\éo /\>; N/\__)N*\/\)(lo,

Fig. 1 A structure of OE,imC;C.
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Fig. 2 (a)Cellulose solubility, (b)viscosity and S value, and (c)ECs, of OE,imC3C/DMSO.
*Solubility of cellulose could not be evaluated anymore because the mixture could not
be stirred due to the high viscosity. The viscosity was measured at 80 °C.

mixture (80/20) dissolved up to 12 wt% while the mixture
faced a similar problem with pure OE,imCsC. The
OE,imC3C/DMSO mixture (60/40) achieved the highest
solubility of cellulose at 14 wt%. When 15 wt% of cellulose was
added, the mixture remained stirrable but did not dissolve the
The solubility was much improved by addition of
DMSO and intermediate between chloride-type ILs® 7 (cf. 1-
butyl-3-methylimidazolium chloride: 10 wt%; 1-allyl-3-
methylimidazolium chloride: 11 wt% at the same temperature)
and carboxylate-type ILs? (1-ethyl-3-methylimidazolium
formate: more than 20 wt%). This result indicates that
OE,imC3C/DMSO mixture is ready to use. The dissolution
ability of the OE,imC3C/DMSO mixture decreased when the
OE,imC3C concentration is less than 60 wt%. The solubility
was 12 and 8 wt% in the OE,imC3C/DMSO mixtures (40/60

cellulose.
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and 20/80), respectively. This trend is similar to that of
previously reported cellulose-dissolving ILs.2!

To clarify the reason for the increase of cellulose solubility,
we measured the viscosity of each mixture (Figure 2b). We
measured the viscosity at 80 °C due to the high viscosity of
OE,imC3C. Addition of DMSO caused the viscosity of the
mixture to decrease almost exponentially. The
OE,imC3C/DMSO mixture (60/40), which showed the highest
solubility, had a much lower viscosity (26.2 cP at 80 °C)
compared to that of pure OE,imCs3C (935.2 cP at 80 °C),
suggesting that low viscosity is related to cellulose solubility.
We here would like to stress that OE,imC3C/DMSO solutions
show similar viscosity to general carboxylate-type ILs23 (cf. 1-
ethyl-3-methylimidazolium acetate: 18 cP at 70 °C). It is noted
that the viscosity of OE,imC3C/DMSO (60/40) at 30 °C was
175.8 cP while that of pure OE,imCsC is too high to be
measured at the same temperature.

To determine the reason for decreased cellulose solubility
in the mixtures (40/60 and 20/80), [ value of Kamlet-Taft
parameters?* of each mixture was measured as reported?®
(Figure 2b). The S value describes hydrogen bond basicity, and
it is known as a key factor in disrupting the hydrogen bond
networks between cellulose chains.” 26 3 value somewhat
decreased in the mixtures (40/60 and 20/80). The f value is
reported to have a rough correlation with cellulose solubility26,
and it may be responsible for low solubility of cellulose in the
OE,imC3C/DMSO mixtures (20/80 and 40/60). Another
hypothesis regarding the low solubility in this region is the
molar ratio of OE,imC3C to the OH groups of cellulose. In the
mixture exhibiting maximum solubility, 14 wt% cellulose in
OE,imC3C/DMSO (60/40), the molar ratio of OE,imC3C/OH is
1.00. In contrast, the molar ratios of OE,imC3C/OH in the
cellulose-saturated OE,imC3C/DMSO mixtures (12 and 8 wt%
cellulose in 40/60 and 20/80) are only 0.60 and 0.45,
respectively. In the case of cellulose dissolved in excess of pure
1-ethyl-3-methylimidazolium acetate, a popular carboxylate-
type IL, it is reported that one OH group makes a hydrogen
bond with 0.92 ILs.2” Therefore, while a ratio of 1.00 is
sufficient to solubilize cellulose, ratios of 0.60 and 0.45 seem
to be relatively low. Regarding the difference in the molar ratio
of OE,imC3C/OH between the mixtures (60/40 and 20/80), the
[ values and cluster structure??® of OE,imC3C/DMSO may also
be involved, but further investigation is required.

We investigated the toxicity of the mixtures to E. coli
growth (Figure 2c), by means of ECsg, which is the critical
concentration of chemical compounds required for inhibiting
the growth of microorganisms (details in Experimental section).
The ECso of pure OE,imCsC was 159 g/L was almost 1.7-fold
higher than that of DMSO (90 g/L). Therefore, it was confirmed
that the toxicity of OE,imCsC was even lower than that of
DMSO, a known biocompatible organic compound often used
as a solvent for adding hydrophobic compounds to cultures.
Remarkably, the ECso value increased to 217 g/L in the mixture
(80/20): a lower toxicity than that of either pure OE,imCsC,
although the addition of DMSO was expected to decrease the
ECso. It is noted that this value is extremely high because ECsg
of 1-ethyl-3-methylimidazolium acetate is only 9 g/L6. In the
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mixture (60/40), the ECso decreased to 157 g/L, which is close
to that of the pure OE,imCsC. Further, addition of high
concentration of DMSO to OE,imCsC (40/60 and 20/80)
caused the ECso of the mixtures to decline to 118 and 93 g/L
respectively. As expected, the ECso of the solutions with high
concentration DMSO became nearly equal to that of pure
DMSO.

In order to explain the trend of the ECsq in Figure 2c,
contribution of each solvent to the total ECso was separately
calculated. The contribution of OE,imC3C to the total ECsg in
the OE,imC3C/DMSO (80/20) was 173 g/L (namely, that of
DMSO and total ECso were 44 and 217 g/L, respectively).
Because this calculated contribution is higher than the ECso of
pure OE,imC3C (159 g/L), there may be positive synergistic
effect. It may be caused by strong interaction of cations with
DMSO?8 although further investigation is required to clarify.
We think that there also seems to be another possibility—it is
not synergistic effect—because 159 and 173 g/L is not so
different and could be in error (see error bars in Figure 2c, and
details are in discussed in ESI, the text for Fig. S1). In contrast,
in the mixtures (60/40, 40/60, and 20/80), the ECso values of
each component were 94/62, 47/70, and 19/74 g/L
(OE2imC3C/DMSO), respectively; it appears that the toxicity
does not come from only one of the components, because the
values are not similar to the ECso of either of the pure
OE»imCs5C or pure DMSO (159 or 90 g/L). This observation may
indicate a negative synergetic effect between OE,imCsC and
DMSO when the DMSO concentration is over 20 wt%. The
reason of positive/negative synergistic effect depending on the
DMSO concentration is presumably due to forming ion clusters
in DMSO at higher concentration.?8 In conclusion, the
capability of OE;imCsC and DMSO mixtures to dissolve
cellulose and their toxicity towards E. coli were evaluated. The
addition of DMSO significantly increased the cellulose
solubility. Notably, the mixtures with 20-60 wt% DMSO
showed two fold higher cellulose solubility compared to that
of pure OE,imC;3C. Regarding the toxicity of the mixtures to E.
coli, addition of 20 wt% DMSO unexpectedly improved the
biocompatibility, despite DMSO having higher toxicity than
that of OEimCsC. From all results, OE,imC3C/DMSO (80/20) is
the first solvent satisfying both efficient cellulose dissolution
and utilization of microorganisms: the mixture is a promising
solvent for biomass via bioconversion.

Experimental
Materials

OE,imC3C was synthesised as reported.?) Avicel PH-101 was
purchashed from Sigma-Aldrich.Co., Lic. DMSO was purchased
from Nacalai Tesque Inc. The solvatochromic dyes, 4-
nitroaniline was purchased from Tokyo Chemical Industries
Co., Ltd. and N,N-diethyl-4-nitroaniline was purchased from
Kanto Chemical Co., Inc. E.coli was purchased from ATCC.
Tryptone, NaCl (Nacalai Tesque Inc.) and yeast extract (Becton,
Dickinson and Company) were purchased and used for
preparing lysogeny broth (LB) without purification. Viscometer
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(Brookfied DV-Il+ Pro) was used for measurement of viscosity
of OE,imC3C/DMSO.

Dissolution of cellulose

OE,imC3C/DMSO mixtures were prepared by mixing dry
OE,imC3C and DMSO. Cellulose (1 wt%) was added into
mixtures and the resulting solutions were stirred gently at
100 °C in an oil bath for 10 minutes. When cellulose was
solubilised in the mixtures, the procedure was repeated until
the maximum solubility of cellulose was achieved.

Measurement of 5 value of Kamlet-Taft parameters

Stock solutions of each solvatochromic dye, 4-nitroaniline (1
mg/mL) and N,N-diethyl-4-nitroaniline (1 mg/mL) were made
with methanol. The solutions of 4-nitroaniline (30 uL) and
N,N-diethyl-4-nitroaniline (30 upL) were taken into vials
respectively, and were dried carefully under vacuum pressure.
OE,imC3C/DMSO (200 uL) mixtures then were mixed into each
dried dye. The homogenous mixtures were placed into quartz
cells with 0.1 mm light-path length. The maximum absorption
(Amax) of the mixtures was determined to calculate the S value
as following equations.

v (dye) = 1/(Amax(dye) 1074)

,B= (1035 V (N,N-diethyl-4-nitroaniline) +2.64 — V(4-nitroani|ine))/2-80

Assay of inhibition to growth of E. coli by OE,imC3;C/DMSO
mixtures

LB was made by mixing 10 g of tryptone, 5 g of yeast extract,
10 g of NaCl, and 1 liter of ultra pure water. The
OE,imC3C/DMSO mixture (5.0 g) was diluted by the LB (10 mL)
to obtain a stock solution. OE,imC3C/DMSO/LB mixture
solutions with various concentrations were prepared by
dilution the stock solution with the LB. E. coli was pre-cultured
aerobically at 37 °C in the test tube containing 2 mL of the LB.
After pre-cultured, the E. coli cells were collected by
centrifugation and inoculated into the OE,imC3C/DMSO/LB
mixtures (2mL each tube) as to be an initial optical density at
600 nm (ODggo) of 0.1. The inoculated media were incubated
at 37 °C for 24 h using a reciprocal shaker at 160 rpm, and the
ODgoo of solutions were measured. The median effective
(ECso) concerning growth of E. was
determined as concentration of the OE,imC3C/DMSO mixture
at which the relative growth was reduced to a half of the value
in pure medium.
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