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a  b  s  t  r  a  c  t

In  this  study,  a  new  thermoresponsive  polymer,  PG1-co-PHEDTA,  was  used  as  a  reagent  for  the  detoxifica-
tion and  recovery  of cadmium  from  ethanol  fermentation  carried  out  in  a cadmium-containing  medium.
We found  that  the  polymer,  PG1-co-PHEDTA,  had  an  important  role  in  ethanol  production.  In the absence
of  PG1-co-PHEDTA,  ethanol  fermentation  was  severely  inhibited  by  cadmium.  However,  the  inhibitory
effect  of  cadmium  could  be significantly  alleviated  by  the  addition  of PG1-co-PHEDTA,  and  the  rates  of
glucose  consumption  and  ethanol  production  were  similar  to those  reported  for  cadmium-free  fermen-
tation  processes.  The  investigation  into  the  key units  of  PG1-co-PHEDTA  showed  that  HEDTA was the
contributing  factor  for the positive  effect  on  ethanol  fermentation.  However,  the  effect  of  HEDTA  that
was  incorporated  into  PG1  was  higher  than  that  of  the  free  HEDTA.  Three-fold  higher  concentration  of  free
HEDTA  was  required  to  obtain  similar  results  as  that  with  PG1-co-PHEDTA  additive.  Glutathione  (GSH)
and  cadmium  assays  demonstrated  that  the  transport  of cadmium  into  the  cell could  be  prevented  by
PG1-co-PHEDTA  via  the  formation  of  a chelated  structure  with  the  HEDTA  groups  in  PG1-co-PHEDTA.  By
applying  the  unique  phase  transition  of PG1-co-PHEDTA,  cadmium  of more  than  90%  could  be  removed
from  fermentation  broths  with  a simple  centrifugation  step.

©  2016 Elsevier  Inc.  All  rights  reserved.

1. Introduction

Lignocellulosic biomass, containing cellulose, hemicelluloses,
and lignin, are the most abundantly available raw materials on
Earth. Cellulose and hemicelluloses can be degraded into glucose,
xylose, arabinose, and so forth [1–4]. These sugars are fermented
into ethanol by microorganisms. Not only can lignocellulosic
biomass be used as a starting material for biorefinery, but its uti-
lization can also ease environmental problems. Since the use of
lignocellulosic biomass for biorefinery would not affect the food
supply, lignocellulosic biomass appears to be a potential alternative
feedstock for the next generation of biofuels [2].

Cadmium (Cd) is considered as an environmentally hazardous
element and is toxic even at low concentrations. In China, uncul-
tivated soils near smelters had higher levels of many metals, most
notably Cd, than typically expected in soils from uncontaminated
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areas [5]. Phytoremediation is a promising technology to alleviate
heavy metal-contaminated soil using plants. Xu et al. studied the
uptake and distribution of Cd in sweet maize grown in contami-
nated soils [6]. Zhao et al. found that the interaction between Cd
and Pb could weaken the cole’s ability to uptake, concentrate and
translocate heavy metals in arid and oasis soils [7]. Zhang et al.
assessed the effect of Cd on growth, photosynthesis, mineral nutri-
tion and metal accumulation in bana grass and vetiver grass and
concluded that the two grasses could be useful for the phytoex-
traction or phytostabilization of low and moderated Cd pollution
[8]. However, the toxicity of Cd toward microorganisms has to
be considered when cadmium-contaminated biomass is used for
biorefinery. To obtain high efficiency in fermentation with cad-
mium,  it would be interesting to find out a way to alleviate the
toxicity of Cd toward Saccharomyces cerevisiae.

N-(2-hydroxyethyl) ethylenediaminetriacetic acid (HEDTA) is a
chelating agent and is based on aminopolycarboxylic acid com-
pounds, which have a strong affinity for heavy metal ions. The
applied HEDTA significantly increased Pb and Cd concentrations
in plant shoots and roots [5,9,10]. Also, HEDTA mobilizes Fe(II) and
Cu(II) efficiently [11].
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Thermoresponsive polymers are polymers that exhibit a drastic
and discontinuous change in their physical properties in response
to temperature [12,13]. Thermoresponsive polymers have drawn
considerable interest and are being investigated for promising
applications [14–16]. In aqueous solution, these polymers collapse
above their lower critical solution temperature (LCST) because of
dehydration of the polymer chains, and subsequently form aggre-
gates. The polymer-biomolecule conjugate can be then precipitated
from solution after a small change in temperature. Isolation may  be
achieved by filtration or centrifugation. PG1 is one kind of den-
dronized polymer, carrying branched hydrophilic oligoethylene
glycol groups in its side chains [12]. The key unit, oligoethylene
glycol-based three-folded dendrons, shows a unique phase tran-
sition in the temperature range of 30–64 ◦C. In this study, we
proposed a way to alleviate the toxicity of Cd toward S. cere-
visiae and facilitate the recovery of Cd by synthesizing HEDTA on
a thermoresponsive polymer while using the phase transition of
the thermoresponsive polymers. We  assumed that Cd could be
chelated on the polymer so that Cd could not be transported into
cells, resulting in the alleviation of toxicity toward S. cerevisiae.
Then, the Cd that was chelated on the thermoresponsive polymer
could be recovered by phase transition of the thermoresponsive
polymer.

In this study, two polymers, dendronized homopolymer PG1
and copolymer PG1-co-PHEDTA (Fig. 1), were applied in ethanol
production with cadmium-containing medium to investigate the
feasibility of using the thermoresponsive polymer in the detoxifi-
cation of Cd. At first, the effects of the polymers on the detoxification
of Cd were assessed by assaying the concentrations of ethanol,
glucose, cells, GSH in the cell and Cd in the cell. Then, the mech-
anism for the detoxification of Cd by the polymers was discussed.
Lastly, a simple method for Cd recovery was proposed, applying
the feature of PG1-co-PHEDTA. The results indicate the possibility
of using these polymers in bioethanol production from cadmium-
contaminated biomasses. To the best of our knowledge, this is the
first report on the effect of thermoresponsive polymers on ethanol
fermentation.

2. Methods

2.1. Thermoresponsive (co) polymers

The synthetic routes for OEG-based dendritic homopolymer
PG1 and random copolymer PG1-co-PHEDTA are shown in Fig. 1.
The PG1 was synthesized by free radical polymerization of den-
dritic macromonomer MG1  according to our previous report [12].
From GPC analysis, the average molecular weight (Mn) of PG1
is 3.2 × 105 and polydispersity index (PDI) is 2.60. To prepare
the copolymer, t-butyl ester protected monomer MBHEDTA was
firstly synthesized, which was then copolymerized with MG1
([MG1]/[MBHEDTA] = 5:1) through free radical polymerization to
afford a random copolymer PG1-co-PBHEDTA. The composition
ratio (m/n = 4.8:1) of the copolymer was then calculated from 1H
NMR spectrum (Supplementary data Fig. 1). From GPC analysis, the
Mn of PG1-co-PBHEDTA is 1.5 × 105 and PDI is 1.96. After depro-
tection, the final copolymer PG1-co-PHEDTA was achieved and
characterized by 1H NMR  spectroscopy (Supplementary data Fig.
2).

2.2. Fermentation

The yeast strain S. cerevisiae Liang-01 (Shandong Academy of
Sciences, China) was used for ethanol fermentation in this study.
The fermentation process was performed at 30 ◦C at 200 rpm in a
working volume of 5 mL  with an initial optical density (OD) of 1.0.

The medium for ethanol fermentation contained 2 g/L yeast extract,
2 g/L (NH4)2SO4, 1 g/L MgSO4·7H2O, 1.5 g/L KH2PO4, and 50 g/L glu-
cose. Cell growth was  evaluated by determining the OD at 600 nm.
The inhibitory effect of Cd on ethanol production was determined
at a CdCl2 concentration of 50 �mol/L. The mole ratio of HEDTA to
cadmium was set at 1:1, 1:2 and 1:3, while the respective ratio of
PG1 and PG1-co-PHEDTA to Cd was  1:1. All the fermentations were
carried out duplicately.

2.3. Recovery of Cd from fermentation broth

After the removal of cells, the broth was warmed to 40 ◦C. Then,
phase transition occurred and the complex of PG1-co-PHEDTA and
Cd was recovered by centrifuging at 5000 rpm for 10 min. For intra-
cellular cadmium concentration assay, the fermentation broths
were centrifuged at 12,000 rpm, 4 ◦C for 10 min  and then the cells
obtained were washed with 5 mL  of 0.5 M CaCl2 twice. The washed
cells were resuspended in 1 mL  of sterilized water. 0.3 mL of the
suspension was  added into Teflon digestion vessels, and mixed
with 10 mL  of TMG  nitric acid, 1 mL  of TMG perchloric acid and
1 mL  of hydrogen peroxide. Vessels were covered loosely with acid
cleaned Teflon lids and placed in the heating block (LP-43, Dong-
mai  Co., Ltd., Beijing). They were initially digested at 160 ◦C for
5–6 h and then digested to dryness. The resulting digests were
dissolved in 1 M TMG  nitric acid, producing a clear to light yel-
low analytical solutions [17]. The Cd concentration of the resulting
solution was determined by atomic absorption spectrophotometry
(AH-670, Shimadzu Co., Ltd., Japan).

2.4. Measurements

Ethanol and glucose concentrations were determined with an
HPLC system that was  equipped with an Aminex HPX-87H column
(7.8 mm I.D. × 30 cm,  Bio-Rad, USA). The separation was performed
at 0.6 mL/min and at 65 ◦C with 5 mM H2SO4 as the mobile phase.
For GSH concentration assay, the fermentation broths were cen-
trifuged at 12,000 rpm, 4 ◦C for 10 min  and then the obtained cells
were washed with 5 mL  of sterilized water twice. The washed cells
were resuspended in 1 mL  of sterilized water and grounded with
glass beads (425–600 �m)  with a vortex mixer for 30s interval with
a 30s break in an ice-box. Later, the resulting suspensions were
centrifuged at 12,000 rpm, 4 ◦C for 10 min, and the supernatants
were used for GSH concentration measurement. The concentra-
tion of GSH was  measured with an alloxan-based method with a
spectrophotometer at 305 nm [18].

3. Results and discussion

3.1. Effect of free HEDTA on ethanol fermentation

The effect of HEDTA on the uptake of metal ions in plants has
been reported [5,9,10]. The application of HEDTA could alleviate the
toxicities of heavy metals toward plants and increase productivity
by forming complexes with heavy metals, thus inactivating and
minimizing the toxicity of free metal ions. In this study, the effect of
HEDTA on yeast growth and ethanol fermentation in the presence of
Cd was investigated. The concentration of Cd was  set at 50 �mol/L,
and the mole ratio of Cd to HEDTA was set at 1:1, 1:2 and 1:3.

Fig. 2 shows the effect of HEDTA on ethanol fermentation using
cadmium-containing medium. For reference, fermentations with-
out HEDTA were also carried out. Without added Cd, glucose
concentrations decreased to 0 within 12 h with a maximum ethanol
titer of 25 g/L. The ethanol yield based on glucose consumption was
96%. However, fermentation with Cd exhibited a much poorer per-
formance in ethanol production. The addition of Cd led to longer lag
phases, larger amounts of unconsumed glucose, and lower titers of
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