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a b s t r a c t 

Cadmium (Cd)-contaminated waterbodies are a worldwide concern for the environment, impacting hu- 

man health. To address the need for efficient, sustainable and cost-effective remediation measures, 

we developed innovative Cd bioremediation agents by engineering Escherichia coli to assemble poly(3- 

hydroxybutyric acid) (PHB) beads densely coated with Cd-binding peptides. This was accomplished by 

translational fusion of Cd-binding peptides to the N- or C-terminus of a PHB synthase that catalyzes 

PHB synthesis and mediates assembly of Cd2 or Cd1 coated PHB beads, respectively. Cd1 beads showed 

greater Cd adsorption with 441 nmol Cd mg −1 bead mass when compared to Cd2 beads (334 nmol Cd 

mg −1 bead-mass) and plain beads (238 nmol Cd mg −1 bead-mass). The Cd beads were not ecotoxic and 

did attenuate Cd-spiked solutions toxicity. Overall, the bioengineered beads provide a means to remedi- 

ate Cd-contaminated sites, can be cost-effectively produced at large scale, and offer a biodegradable and 

safe alternative to synthetic ecotoxic treatments. 

© 2020 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

The worldwide economic needs incessantly boost industrial,

gricultural and mining activities ( Tilman et al., 2011 ), resulting

n the rising of metal contamination ( Mueller et al., 2012 ). Cad-

ium (Cd) is one of the most generated metals ( Martinis et al.,

009 ; Williams et al., 2009 ), of which the distribution, persis-

ence, and toxicity severely jeopardize aquatic systems and water-
Abbreviations: Cd , cadmium; Cd1, beads displaying cd-binding peptides (Cd1) 

used to the C-terminus of PhaC synthase; Cd2, beads displaying Cd-binding pep- 

ides (Cd2) fused to the N-terminus of PhaC synthase; DHA, dehydrogenase activity; 

LS, dynamic light scattering; FTIR, fourier transform-infrared; GMOs, genetically 

odified organisms; LC-MS, liquid chromatography mass spectrometry; NFB, non- 

unctionalized PHB beads; PHA, polyhydroxyalkanoate; PHB, poly(3-hydroxybutyric 

cid); pI, isoelectric point; q, biosorption capacity; R, removal percentage; SDS- 

AGE, sodium dodecyl sulfate–polyacrylamide gel electrophoresis; SEM, scanning 

lectron microscopy; TEM, transmission electron microscopy. 
∗ Corresponding author. 

E-mail address: crmarques@ua.pt (C.R. Marques). 
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upply quality ( Schaider et al., 2014 ), adversely impacting wildlife

 Alho et al., 2019 ) and human health ( Carvalho, 2017 ). Water

uality regulations have prioritized Cd as a hazardous substance

 European Comission, 2008 ) and urgently call for sustainable

trategies towards its removal from contaminated (waste)waters. 

Bioremediation is an attractive approach for metal removal

nd/or stabilization ( Liu et al., 2019 ) as it is effective for low metal-

oncentrations, economical, and sustainable ( Li and Tao, 2015 ).

iving organisms have been evaluated for Cd biosorption, includ-

ng cyanobacteria ( Zhou et al., 2014 ), fungi ( Huang et al., 2015 )

nd algae ( Suresh Kumar et al., 2015 ). To improve Cd selectiv-

ty and removal capacity, genetically modified organisms (GMOs)

ave been produced to display, for example, histidine-rich pep-

ides ( Xu and Lee, 1999 ), phytochelatins ( Bae et al., 20 0 0 ), and

etallothioneins ( Blindauer, 2011 ; Sousa et al., 1998 ). However,

iving organisms used as a direct Cd-removal means pose limi-

ations due to their: (1) tolerance to metal toxicity; (2) growth

equirements and plasticity to cope with environmental fluctu-

tions; (3) limited biomass production; (4) modulation of natu-

al microbial assemblages through biostimulation/bioaugmentation 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. Overview of synthesis and functionalization of poly(3-hydroxybutyric acid) (PHB) beads in engineered Escherichia coli for cadmium (Cd) adsorption. Schematic repre- 

sentation of PHB beads bioengineered with Cd binding peptides self-assembled inside E. coli , suggesting amenability toward large scale industrial application, and adsorption 

of Cd onto the bead surfaces occurring during bead exposure to the solutions spiked with Cd. 
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techniques ( Marques, 2016 ); and (5) non-permitted release of

GMOs ( Liu et al., 2019 ; Urgun-Demirtas et al., 2006 ). 

Alternative approaches for Cd removal have been relying on

natural biosorbents originated from plants, wastes ( Li et al., 2010 ;

Mudhoo et al., 2012 ; Nguyen et al., 2013 ; Vinod et al., 2009 ),

and microbially-synthesized exopolymeric substances ( Zamil et al.,

2008 ). Cd adsorption onto these biosorbents is dependent on the

negatively-charged surfaces at specific pH ( Khairy et al., 2014 ),

which could be engineered to improve Cd-adsorption capacity.

However, the chemical functionalization would result in a com-

plex synthesis process due to the additional quality-control steps,

hence, escalating the production timeline and cost. Therefore, a

novel strategy that enables cost-effective biosorbent production

with enhanced Cd-binding capacity is on-demand, especially when

both performance and manufacturing processes, namely speed and

cost, are the competitive drivers ( Burakov et al., 2018 ). 

Bacteria are naturally capable of forming spherical polyhydrox-

yalkanoate (PHA) beads as carbon storage inclusions ( Rehm, 2010 ).

Biodegradable poly(3-hydroxybutyric acid) (PHB) is the most com-

monly produced short-chain-length PHA ( Parlane et al., 2017 ).

PHB inclusions are characterized by a hydrophobic PHB core

surrounded mostly by PHA synthase (PhaC) that mediates self-

assembly of PHB beads ( Rehm, 2010 ) ( Fig. 1 ). Due to its co-

valent attachment to the PHB core, PhaC has been genetically

engineered to anchor, immobilize and display various functional

peptides/proteins at the PHB beads’ surface, enabling biomedi-

cal and industrial applications ( Hooks et al., 2014 ; Parlane et al.,

2017 ; Rehm, 2010 ). Towards environmental applications, PHB beads

have been functionalized with either a chromate reductase for

chromium remediation ( Robins et al., 2013 ) or an organophos-

phate hydrolase for organophosphorous pesticide degradation

( Blatchford et al., 2012 ; Ogura and Rehm, 2019 ). Generation of

large peptide libraries linked with display technologies, such as

phage or whole-cell display, enabled the identification of pep-

tides with unique metal-binding properties ( Jahns and Rehm, 2012 ;

Mejàre et al., 1998 ), hence allowing the informed design of PHB

beads coated with respective peptides for metal sequestration, in-

cluding Cd. To the best of our knowledge, the use of microbially

produced PHB beads that are functionalized with Cd-binding pep-

tides for Cd removal has not been reported yet. This approach

would facilitate simultaneous synthesis and functionalization of

PHB beads in one step in recombinant bacteria, avoiding multi-

ple production steps and thus removing limitations inherent to the

traditional approaches. Moreover, the use of bacteria means that

the biomanufacturing processes occur at environmentally friendly

conditions and that the numbers of the functionalized PHB beads

can be easily multiplied by controlling the bacterial growth, hence

facilitating scalable and sustainable bead production. Moreover,

the covalent links between the fusion peptides and the PHB core

would avoid leaching of the peptides from the beads during harsh

adsorption conditions. 
In this study, we designed and produced PHB beads display-

ng Cd-binding peptides in engineered E. coli ( Fig. 1 ), and com-

ared their production yields and performances. E. coli was se-

ected as microbial cell factories for the production of PHB beads

isplaying Cd-binding peptides due to its well-documented genetic

onfiguration, hence, promoting relatively easy genetic engineer-

ng ( Moradali and Rehm, 2020 ; Rehm, 2010 ), as well as its abil-

ty to achieve high volumetric productivity through high cell den-

ity fermentation technology and scalable bioprocess unit opera-

ions, which have long been established for commercial biophar-

aceuticals ( Yee and Blanch, 1992 ). The Cd-biosorption abilities of

he beads were analyzed under different pH and initial Cd concen-

rations. The environmental safety of the produced beads was pri-

arily assessed against a bioindicator bacterium. Overall, we have

emonstrated a cost-effective method to produce functionalized

nd biodegradable beads in one step in E. coli , and that the beads

unction as an effective and harmless alternative for Cd bioremedi-

tion. 

. Material and methods 

.1. Plasmids, strains and cultivation 

Plasmids and oligonucleotides, as well as E. coli strains used for

eneral cloning and plasmid propagation (XL1-Blue) and for PHA

ead synthesis (BL21(DE3)) are presented in Table 1 . Both bacte-

ial strains were grown at 37 °C and 200 rpm in Luria-Bertani (LB)

edium supplemented with antibiotics as appropriate. 

.2. Plasmid construction 

Two nucleotides cd 1 and cd 2 (IDT, Germany) were designed

nd used to encode the Cd binding peptides HSQKVF- VDGLSCT-

CAAKFERNVKEIEGVTEAI (identified from PROSITE database by

 Eskandari et al., 2013 )) and (HSQKVF) 2 -(CTYSRLHLC) 1 (derived

rom biopanning of phage display libraries ( Flynn et al., 2003 ;

ejàre et al., 1998 )), respectively. The new plasmids were con-

tructed through in-frame insertion of cd 1 or cd 2 at the 3 ′ - or 5 ′ -
nd of pha C harbored by the plasmid pPOLY-C-PhaC, respectively.

loning procedures as described in Hay et al. ( Hay et al., 2017 )

nd Hooks et al. ( Hooks et al., 2014 ) were employed for generating

he hybrid plasmids pPOLY-C-PhaC-linker-Cd1 and pPOLY-C-Cd2-

haC. The plasmids sequences were confirmed by DNA sequencing

Massey Genome Service, Palmerston North, New Zealand) using

7 primers ( Table 1 ). 

.3. Beads production, isolation and purification 

Competent E. coli BL21(DE3) cells harboring plasmid pMCS69

ere separately transformed with the newly constructed plas-

ids (pPOLY-C-PhaC-Linker-Cd1 and pPOLY-C-Cd2-PhaC) and the
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Table 1 

E. coli strains, plasmids and oligonucleotides used in the present study. 

Bacterial strains Genotype Source 

E. coli XL1-Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F ′ proAB lacI q Z �M15 Tn10 (Tet r )] Stratagene 

E. coli BL21(DE3) F-, ompT, hsdS (rB − mB −), gal λ, dcm (DE3) Novagen 

Plasmids Description References 

pMCS69 Cm 

r ; pBBR1MCS derivative containing genes phaA and phaB from Ralstonia eutropha Amara and Rehm ( Amara and Rehm, 2003 ) 

pPOLY-C-PhaC Amp r ; pET-14b derivative containing phaC from R. eutropha, and StuI, XhoI, XmaI and 

Bam HI sites downstream of phaC 

Hay et al. ( Hay et al., 2017 ) 

pPOLY-C-PhaC-linker-Cd1 pPOLY-C-PhaC derivative containing Cd-binding motif inserted at the phaC C 

terminus into Bam HI /XhoI sites. The Linker in between proteins promotes their 

folding and independent functionality ( Jahns and Rehm 2009 ) 

This study 

pPOLY-C-Cd2-PhaC pPOLY-C-PhaC derivative containing Cd-binding motif inserted at phaC N terminus 

into XbaI/SpeI sites. 

This study 

Oligonucleotides Sequence 5 ′ - 3 ′ References 

C-phaC_fwd AGC CAC TGG ACT AAC GAT GC This study 

N-phaC_rev TCG AAT GGC CCC GGC GTG ACC TTG AAT G This study 

Fig. 2. Design and production of poly(3-hydroxybutyric acid) (PHB) beads displaying cadmium binding peptides. ( A ) Bead types produced and the respective hybrid genes 

(direction: 5 ′ to 3 ′ ) and proteins (bp – base pairs; NFB – non-functionalized bead; Cd1 – PhaC-linker-Cd1-displaying beads; L – linker; Cd2 – Cd2-PhaC-displaying beads; 

phaC – gene encoding PhaC; cd1 – gene encoding the Cd-binding peptide Cd1; cd2 – gene encoding the Cd-binding peptide Cd2). ( B ) Sodium dodecyl sulfate–polyacrylamide 

gel electrophoresis (SDS-PAGE) analyses of the fusion proteins displayed on NFB, Cd1 and Cd2 beads. Lane 1 – protein molecular weight (kDa) marker (GangNam-Stain TM , 

iNtRON Biotechnology, Seongnam, South Korea); lane 2 – NFB beads showing PhaC protein (56.5 kDa); lane 3 – Cd1 beads displaying PhaC-linker-Cd1 (59.2 kDa); lane 4 –

Cd2 beads surface-displaying Cd2-PhaC (58.8 kDa). ( C ) Amount (mass, M) of PhaC protein and PhaC-fusion protein hybrid ( i.e.., Cd1 or Cd2) expressed per mass of beads, the 

respective theoretical and protein-marker-based molecular weights (MW), and theoretical isoeletric point (pI; computed in ExPASy Bioinformatics Portal). 
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ildtype pPOLY-C-PhaC ( Fig. 2 A). The plasmid pMCS69 enables

he production of the precursor R -3-hydroxybutyrate-coenzyme A,

hich mediates the production of PHA beads ( Rubio Reyes et al.,

016 ). E. coli BL21(DE3) transformants were cultured at 37 °C in LB

edium containing ampicillin, chloramphenicol and 1% (w/v) ᴅ-

lucose. At an OD 600 (optical density at 600 nm) of 0.6–0.8, the

HA bead production was induced by addition of 1 mM isopropyl-

- ᴅ-thiogalactopyranoside into the cultures, which were further

ncubated for 48 h at 25 °C ( Hay et al., 2017 ). 

The cells were harvested, washed and subjected to mechani-

al cell disruption (CF1 cell disrupter, Constant Systems Ltd, UK)

n a lysis buffer, followed by purification and storage of the puri-

ed beads as described elsewhere ( Hay et al., 2017 ; Rubio Reyes

t al., 2016 ). 
.4. Beads characterization 

Fusion proteins on the beads were separated in a sodium

odecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) 

 Rubio Reyes et al., 2016 ). The amount of Cd-binding peptides dis-

layed on the surface of each bead type was determined through

ensitometric analysis based on the standard curve computed

rom a range of bovine serum albumin concentrations. Gel im-

ges were analyzed with Image Lab Software (Version 3.0 build

1, Bio-Rad Laboratories, USA), and the amount of Cd-binding pep-

ide was expressed as ng peptide per mg of beads ( Hay et al.,

017 ; Rubio Reyes et al., 2016 ). The fusion protein sequences were

onfirmed by liquid chromatography - mass spectrometry (LC-MS)

fter trypsin (for all fusion proteins), chemotrypsin or endopro-
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b  

o  

b  

c  

o  
teinase AspN (for Cd2-PhaC fusion protein) digestions of the ex-

cised SDS-PAGE gel-bands. 

The morphology of the beads was observed under transmis-

sion electron microscopy (TEM) and scanning electron microscopy

(SEM). The preparation of samples for TEM followed procedures

previously explained ( González-Miró et al., 2018 ). Prior to SEM

analyses, the beads were sputter-coated with an ultrathin layer of

platinum in an argon atmosphere to make them electronically con-

ductive. 

The PHB content of beads was analyzed by Fourier transform-

infrared spectroscopy (FTIR; Perkin Elmer FTIR Spectrometer

equipped with a horizontal cell Golden Gate TM ). Spectra data were

collected in the transmission mode by averaging 64 scans over

wavenumber ranges of 40 0 0–50 0 cm 

−1 at a spectral resolution of

4 cm 

−1 . A commercial PHB (Sigma-Aldrich, Germany) was used as

a standard for comparison means. 

The zeta potentials ( ζ ), Z-average diameters ( d ) and disper-

sity ( Ð) of the purified beads were determined by dynamic light

scattering (DLS), using Zetasizer Nano-ZS (Malvern Panalytical,

Malvern, U.K.). The beads were diluted prior to size measurement

to avoid multiple scattering effects. Zeta potential was measured in

a 0.1% (w/v; wet weight) dispersion in either ultrapure water or a

10 mM NaCl solution at different pH (3, 5, 7, 9). All measurements

were performed in triplicate. 

2.5. Cd binding assays 

Each of the three bead variants (NFB, Cd1 and Cd2) at the den-

sity of 1% (w/v; wet weight) was incubated in 1.5 mL of either

ultrapure water or Cd solution (as CdCl 2 ·2 ·5H 2 O, CAS: 7790–78–

5, Sigma-Aldrich; in ultrapure water) at 20 ±0.5 °C and 180 rpm in

an orbital shaker for 60 mins ( i.e., the equilibrium time according

to our preliminary trials). Cd adsorption by beads was conducted

at different initial concentrations of Cd (0, 0.01, 0.1, 1, 3 mM)

which were set according to its toxicity and concentrations de-

tected in low- and highly-contaminated effluents or waterbodies

( Neiva et al., 2014 ). Considering that metal speciation is affected

by the pH of such aquatic systems, the Cd adsorption was evalu-

ated at pH 3, 5, 7 and 9. The assays were conducted in triplicates

per treatment for each bead type, and after the exposure to metal

solutions the beads were recovered by centrifugation. 

Cd concentrations in the initial solutions ( i.e., before contact

with the beads) and in the aqueous supernatant ( i.e., after con-

tact with the beads) were quantified by inductively coupled plasma

atomic emission spectroscopy (ICP-AES) (Horiba Jobin Yvon UL-

TIMA, Edison, NJ). Cd-adsorption capacity ( q , nmol Cd mg −1 ) and

removal percentage ( R ,%) of the beads were calculated by equations

(1) and (2): 

1) q = [( C i – C f ) / m b ] / V 

2) R = [( C i – C f ) / C i ] × 100, 

where C i represents the Cd initial concentration in solution (nmol

L −1 ), C f is the Cd concentration in solution after contact with the

beads (nmol L −1 ), m b (mg) is the bead mass (dry weight, dw), and

V is the volume of the test solution (0.0015 L). q e and C eq repre-

sent the adsorption capacity and Cd concentration at equilibrium,

respectively ( Martins et al., 2017 ). 

Langmuir, Freundlich, and Sips adsorption isotherms were ap-

plied to fit the experimental equilibrium data (average of three

replicates) of the Cd binding assays performed at pH 7 and 9. Lang-

muir model assumes a homogeneous distribution of binding sites

and monolayer adsorption on the adsorbent surface, while the em-

pirical Freundlich isotherm describes multilayer adsorption onto

highly heterogeneous surfaces ( Martins et al., 2017 ). Sips, in turn,

is a combination of both models ( Zahri et al., 2017 ). Non-linear
egression curves were derived for each bead variant through the

east-squares method based on the equations (3, 4, 5) below: 

3) Langmuir q e = ( Q max 
∗ K L 

∗C eq ) / (1 + K L 
∗C eq ) 

4) Freundlich q e = K F 
∗ C eq 

N 

5) Sips q e = [ Q max 
∗ ( K S 

∗C eq ) 
ɣ ] / [1 + ( K S 

∗C eq ) 
ɣ ] 

here q e (nmol Cd mg −1 ) is the bead adsorption capacity at equi-

ibrium, Q max (nmol Cd mg −1 ) is the maximum adsorption capac-

ty, C eq (nmol L −1 ) is the Cd concentration at equilibrium, K L (L

g −1 ), K F (nmol 1-N L N mg −1 ) and K S (L mg −1 ) are the adsorption

onstants related with the adsorption capacity ( q e ) of the adsor-

ent at equilibrium, and N ( = 1/ n ) is a unitless parameter usually

ssociated with the adsorption intensity in Freundlich model. 

.6. Ecotoxicity assays 

The toxicity of Cd-bound and Cd-unbound beads (NFB, Cd1 and

d2) from the metal-binding assays was evaluated against the bac-

erium A. globiformis (decomposers). The toxicity of metal solu-

ions before and after the Cd binding assays was assessed against

. globiformis . Although the A. globiformis contact tests are usu-

lly applied to evaluate the effect of solid samples ( e.g., wastes)

n the bacteria DHA ( ISO, 2016 ), it has been successfully used in

ur lab for testing aqueous samples (unpublished data). Briefly, the

d-bound and Cd-unbound beads were resuspended in 600 μL of

istilled water to achieve a bead density of 1% (w/v). For the aque-

us phase tests, 600 μL of the supernatants obtained after cen-

rifugation of the remediated solutions at the end of metal-binding

ssays was considered. At least three replicates were performed

er treatment. An exponentially growing A. globiformis inoculum

OD 600 = 0.4) was added to each test well (400 μL). The kinet-

cs of the DHA-assisted conversion of resazurin into the fluores-

ent resorufin compound was fluorimetrically followed for 1 h af-

er adding 800 μL of the resazurin buffer. A. globiformis response

as computed as the average percentage (%) inhibition of DHA

 Marques et al., 2018 , 2014 ). 

.7. Statistics 

A one-way analysis of variance (one-way ANOVA) followed by

he Tukey multiple comparison test were performed to test sig-

ificant differences of zeta potentials of all the beads for each pH

ested. A two-way ANOVA was carried out to evaluate the influ-

nce of the two factors ( i.e., Cd concentration and bead type (or no

ead)) and their interactions on the adsorption and removal ca-

acities of beads as well as on the response of A. globiformis under

ifferent pH. If no significant interaction was determined, the influ-

nce of each factor was tested within each level of the other factor

y the one-way ANOVA followed by the Tukey test. If a significant

nteraction was detected, a similar approach was conducted, except

hat the MS residual of the two-way ANOVA was considered for the

alculation of the one-way ANOVA F and the q statistics for the

ukey test ( Quinn and Keough, 2002 ). Statistics were performed

sing SigmaPlot 11.0, and a significant result was considered when-

ver P ≤ 0.05. 

. Results 

.1. Design and production of Cd-binding peptide-coated PHB beads 

Hybrid genes were constructed as to encode two different Cd-

inding peptides, Cd1 or Cd2, fused to either C- or N-terminus

f PhaC synthase, respectively. The Cd-binding peptide motifs had

een selected based on their affinity, selectivity and improved

apacity to bind Cd using phage display ( Flynn et al., 2003 )

r bacterial cell surface display systems ( Eskandari et al., 2013 ;
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ejàre et al., 1998 ). The orientation and constraint of the pep-

ides during biopanning studies informed on how to translational

use the peptides to the PHB synthase ( i.e., the PHB anchoring do-

ain). In addition, PhaC engineering aimed to facilitate high pro-

uction yields of PHB beads densely coated with peptides that re-

ained structural flexibility to interact with Cd in bulk solutions

 Fig. 1 ). A linker was used when fusing Cd1 to the C-terminus

f PhaC to retain hydrophobic PHB core formation combined with

he enhanced display of Cd1 peptides on the PHB bead surface

 Jahns and Rehm, 2009 ). Therefore, two plasmids, pPOLY-C-PhaC-

inker-Cd1 or pPOLY-C-Cd2-PhaC, were constructed by inserting ei-

her cd 1 or cd 2 genes encoding for Cd1 or Cd2 peptides into the 3 ′ -
r 5 ′ -end of pha C, respectively, based on original screening of the

eptides and their validation ( Fig. 2 A). E. coli BL21(DE3) harboring

lasmid pMCS69, which encodes for PhaA and PhaB proteins that

equentially catalyze the synthesis of PHB precursors ( Rubio Reyes

t al., 2016 ), was transformed with each of the plasmids to mediate

he synthesis of Cd1-peptide-coated (Cd1) and Cd2-peptide-coated

Cd2) PHB beads, respectively. As a control, E. coli BL21(DE3) har-

oring pMCS69 was also transformed with the plasmid pPOLY-

-PhaC to produce nonfunctionalized PHB beads (NFB) ( Fig. 2 A).

he biomanufacturing processes revealed that production yields for

FB, Cd1 and Cd2 beads were 7.1, 8.1 and 2.0%, respectively. 

.2. Characterization of the beads 

SDS-PAGE analyses on the protein profiles of isolated NFB, Cd1

nd Cd2 beads indicated successful production of the respective

roteins. SDS-PAGE of the purified NFB qualitatively showed the

ominant band at 56.5 kDa ( Fig. 2 B), which corresponds to the

olecular weight of PhaC. The fusion proteins PhaC-linker-Cd1 or

d2-PhaC attached to Cd1 or Cd2 beads were also produced as

ndicated by the protein bands having higher molecular weight,

.e., 59.2 or 58.8 kDa (Figure 2B), respectively, than only PhaC. The

mount of Cd-binding peptides coating the beads was quantified to

e 122.14 ng mg −1 Cd1 beads and 18.19 ng mg −1 Cd2 beads based

n densitometry analyses ( Fig. 2 C). LC-MS tryptic peptide finger-

rinting of proteins excised from SDS-PAGE gels confirmed the ex-

ected protein sequence of PhaC, PhaC-linker-Cd1 and Cd2-PhaC

Table S1). 

TEM images showed that all the beads were formed inside the

ecombinant E. coli ( Fig. 3 , upper panel), indicating that the PhaC

ynthase in the fusion proteins remained fully functional mediating

n vivo PHB bead formation. Further TEM ( Fig. 3 , middle panel) and

canning electron microscopy (SEM) ( Fig. 3 , bottom panel) images

howed the intact and mostly spherical morphology of the purified

eads. The hydrodynamic diameters of NFB, Cd1 and Cd2 beads

s determined by DLS were 1708 ±101, 1299 ±26, and 1146 ±74 nm

 Fig. 3 ), respectively, with a dispersity ( Ð) < 0.2. 

Such variation on the size of different functionalized beads was

reviously observed ( González-Miró et al., 2018 ; Rubio Reyes et al.,

016 ), but the associated causes remain unclear. 

The FTIR spectra of the three beads were compared with that

f the commercial PHB standard, evidencing nearly identical spec-

ra (Figure S1), thereby confirming that the beads were composed

f PHB. The characteristic spectra of beads’ PHB can be identified

y the peaks at 1720, between 1050 and 1230, 1270, and 1452

m 

−1 , which are assigned to C = O and C–O stretching of the es-

er group and C–H asymmetrical deformations of the CH 2 and CH 3 

roups, respectively. Additionally, the doublet between 2860 and

0 0 0 cm 

−1 can be attributed to the stretching of C–H bond. The

ands of minor relevance at around 230 0–240 0 cm 

−1 found in

ll spectra are likely associated with CO 2 in the atmosphere. In

eneral, FTIR spectra profiles of our beads are in good agreement

ith those of PHB inclusions synthesized by Cupriavidus necator

 Oliveira et al., 2007 ). 
Considering that Cd adsorption can occur through electrostatic

ttraction ( Mudhoo et al., 2012 ), we determined zeta potentials of

he beads dispersed in either water or saline solution at different

H as a proxy to understand the magnitude of electrostatic interac-

ions between metal-binding active sites on the bead surfaces and

d in the bulk solution. Zeta potentials of the beads in saline solu-

ion were lower than those in water, as the salts reduce the abso-

ute zeta potentials ( Fig. 4 ). The beads were positively charged at

H 3, but when increasing the pH to about 5, beads’ zeta poten-

ials decreased to their isoelectric points (pI). Accordingly, the pI of

FB, Cd1 and Cd2 beads dispersed in water were estimated to be

.88, 5.03 and 4.70 ( Fig. 4 A), whereas in saline solution it shifted

o 5.23, 6.96 and 5.49, respectively ( Fig. 4 B). Further increase in pH

esulted in negative zeta potentials of the beads, particularly at pH

. The absolute zeta potential values obtained for NFB dispersed

n saline solutions were in agreement with the values previously

eported for PHB beads that were designed for vaccine purposes

 González-Miró et al., 2018 ). 

.3. Use of engineered PHB beads for Cd bioremediation 

All PHB beads were subjected to metal-binding assays to as-

ess Cd biosorption capacity ( q ) and removal% ( R ) at various pHs

nd initial Cd concentrations ( Fig. 5 ). At pH 5, q and R were ei-

her negative or zero (data not shown), suggesting that no beads

equestered Cd at the pH close to the beads’ pI ( Figs. 2 C and 5 ).

evertheless, when the pH was set to 3, 7 and 9, both q and R

ere progressively increased, indicating that the beads were able

o sequester Cd at pH values distant from beads’ pI. The%Cd re-

oval ( R ) by Cd1 and Cd2 beads was in the range of 10–41% and

7–89% at pH 7 and 9, respectively, reaching their highest R val-

es at pH 9 ( Fig. 5 , Tables S2-S3), at which beads were negatively

harged ( Fig. 4 ). Maximum Cd adsorption at pH 9 had also been

bserved by others ( Copello et al., 2008 ; Li et al., 2010 ; Zahri et al.,

017 ). Since Cd could precipitate at pH ≥9 as Cd(OH) 2 and mislead

he interpretation of biosorption mechanisms ( Copello et al., 2008 ),

he initial Cd concentration of 3 mM in a solution exposed to beads

as corrected by subtracting the average amount of precipitated

d in a 3 mM Cd solution not exposed to the beads. 

In general, increasing initial Cd concentrations from 0.01 to

 mM enhanced beads q ( Fig. 5 , Tables S2-S3). However, when the

nitial Cd concentration was increased from 1 to 3 mM at pH 7,

oth q and R of Cd2 beads decreased. Under the same initial Cd

oncentrations at pH 9, the q of Cd1 beads was only slightly in-

reased, while R was decreased. The decreasing trends of q and R

xtent at high Cd concentrations suggested exhaustion of the avail-

ble Cd-binding sites at Cd1 and Cd2 beads surface ( Martins et al.,

017 ). Overall, both Cd1 and Cd2 beads demonstrated significantly

igher q and R for Cd biosorption than NFBs, providing evidence

or successful display and functionality of the Cd-binding peptides

d1 and Cd2, respectively. In particular, the Cd2 peptide showed

trong Cd adsorption of 2.8–20.8 nmol Cd ng −1 peptide com-

ared to the Cd1 peptide (0.2–3.8 nmol Cd ng −1 peptide) under

dsorption-promoting conditions ( i.e., at pH 9 for initial Cd concen-

rations ranging from 0.01 to 3 mM). Notwithstanding, the amount

f Cd1 peptide coating Cd1 beads is higher (122.14 ng mg −1 bead

ass) compared to that of Cd2 beads (18.19 ng mg −1 bead mass)

 Fig. 2 C), which ultimately had enhanced the adsorption capacity

nd Cd removal% of Cd1 beads. 

Equilibrium studies were conducted in order to assess the un-

erlying adsorption mechanism(s) at pH 7 and 9, where q and R

howed the highest levels ( Fig. 5 ). Fig. 6 depicts the non-linear

egression curves resulting from the fitting of three adsorption

sotherms to the experimental data. Sips was the model better

escribing Cd removal at both pHs by all the beads (NFB, Cd1,

nd Cd2), achieving the highest correlation values (R 

2 > 0.990),
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Fig. 3. Characterization of Escherichia coli inclusions of PHB beads and the isolated PHB beads. Top panel: TEM images of E. coli BL21(DE3) containing self-assembled beads 

( NFB – non-functionalized beads; Cd1 – PhaC-linker-Cd1-displaying beads; Cd2 – Cd2-PhaC-displaying beads) (scale bar: 500 nm). Second from the top panel: TEM images of 

the respective isolated and purified beads (scale bar: 1 μm). Third from the top panel: SEM images of the purified beads (scale bar: 3 μm). Bottom panel: size distribution of 

the three beads as measured based on the dynamic light scattering. Note: cd1 /Cd1 and cd2 /Cd2 are used with nomenclatural purposes only, and do not represent the name 

of deposited genes or proteins in available databases. 
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Fig. 4. Variation of the zeta potentials of the three bead types (NFB – non-functionalized beads; Cd1 and Cd2 – the two functionalized beads for Cd binding). Zeta potentials 

of the beads were determined upon their dispersal in water ( A ) and in a 10 mM NaCl solution ( B ) at different pH. Error bars represent standard deviation. Different letters 

highlight statistically significant differences of zeta potentials among the beads for each pH ( P ≤ 0.05). 

w

0  

F  

b  

b  

p  

o  

m

3

 

m  

b  

e  

t  

A  

u  

z  

s  

M

 

n  

n  

c  

b  

b  

(  

i  

b  

l

 

d  

d  

(  

b  

s  

t  

b  

d  

3  

i  

9  

w  

r  

l  

a  

(

4

 

c  

t  

n  

f  

s  

(  
hereas Langmuir (R 

2 : 0.739–0.985) and Freundlich (R 

2 : 0.683–

.999) isotherms fitted only for specific beads at specific pH values.

urthermore, the maximum adsorption capacity ( Q max ) retrieved

y Sips was quite similar to the average q determined for each

ead variant exposed to solutions containing 3 mM Cd, either at

H 7 (NFB: 128.1, Cd1: 268.1, Cd2: 133.4 nmol Cd mg −1 bead mass)

r pH 9 (NFB: 262.8, Cd1: 268.1, Cd2: 458.1 nmol Cd mg −1 bead

ass). 

.4. Are the bioengineered PHB beads harmless and effective? 

We evaluated the beads suitability towards potential environ-

ental applications regarding their safety and efficiency for Cd

ioremediation. This assessment was obtained by determining the

ffect of non-exposed ( i.e., at 0 mM Cd) and Cd-exposed beads on

he inhibition of dehydrogenase activity (DHA) of the bacterium

rthrobacter globiformis ( Fig. 7 , Tables S4-S5). A. globiformis is a

biquitous bacterium, which synthesizes dehydrogenase – an en-

yme involved in many essential mechanisms sustaining bacterial

urvival ( e.g., respiration) that is sensitive to metals ( ISO, 2016 ;

arques et al., 2018 ; 2014 ). 

All the beads that were not exposed to Cd were considered

ot toxic as they did not inhibit DHA. In contrast, DHA was sig-

ificantly impaired by Cd1 and Cd2 beads with bound Cd, when

ompared to the outcome obtained for Cd-bound NFBs ( Fig. 7 , Ta-

les S4-S5). This trend was particularly observed for Cd1 and Cd2

eads previously exposed to high Cd concentrations at both pH 7

from 0.01 to 3 mM Cd) and pH 9 (at 1 and 3 mM Cd). These find-

ngs consistently emphasize the remarkable ability of Cd1 and Cd2
eads for Cd biosorption, in contrast with NFBs that bound much

ess Cd and hence were less hazardous. 

An efficient bioremediation is achieved whenever the bioreme-

iation agents are capable of sequestering Cd to levels that re-

uce the ecotoxic potential of contaminated samples/environments

 Pandey et al., 2009 ). The inhibitory effect of Cd solutions after

eing remediated by the engineered beads at increasing pH was

ignificantly decreased ( Fig. 8 , Table S6). For initial Cd concentra-

ions of ≤0.1 mM (at pH 7) or ≤1 mM (at pH 9), Cd1 and Cd2

eads could effectively remove Cd, since the corresponding reme-

iated solutions were nontoxic for A. globiformis , considering that

0% DHA inhibition is the threshold value below which no toxicity

s detectable. At higher initial Cd concentrations, both at pH 7 and

, the beads-remediated solutions remained toxic to A. globiformis

ith over 30% of DHA inhibition. Although NFB could apparently

etain certain amounts of Cd (under pH 7 and 9), and consequently

ower the toxicity of remediated Cd solutions, this was negligible

s compared to the bioremediation efficiency of Cd1 and Cd2 beads

 Fig. 8 ). 

. Discussion 

The selection and expression of metal-binding peptides are cru-

ial steps in generating metal bioremediation agents. These pep-

ides should not only exhibit metal affinity but, when bioengi-

eering PHB beads, should also be amendable toward translational

usion to the PHB synthase to enable overproduction of in vivo

elf-assembled PHB beads displaying the metal-binding peptides

 Hooks et al., 2014 ; Parlane et al., 2017 ). Besides high-yield produc-
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Fig. 5. Adsorption ( q ) and removal ( R ) capacity of Cd by the NFB, Cd1 and Cd2 beads. The parameters were computed for NFB, Cd1 and Cd2 beads at the density of 1% 

(w/v; wet weight) under different initial Cd concentrations and pH. Error bars represent standard deviation. The outcome of the statistical analyses performed to the data is 

provided in Tables S2 and S3. 
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tion, protein engineering strategies also need to address the reten-

tion of metal-peptide interactions for enhanced metal adsorption

capacity ( Eskandari et al., 2013 ). 

Here we bioengineered E. coli as cell factories to assemble and

produce novel PHB beads densely coated with Cd-binding peptides.

This was achieved by selecting Cd-binding peptides and protein-

engineering approaches that retained functionality of PHB-bead-

forming enzyme (PhaC), while enabling overproduction of the pep-

tides aligned with functional orientation for efficient Cd binding

( Figs. 1 to 5 ). Cd1 and Cd2 beads showed q and R functions two

times more enhanced than NFBs, particularly at neutral to basic

pH ( Fig. 5 , Tables S2-S3). Moreover, the Cd2 beads were overall

capable of Cd sequestration at levels that rival those described

for His-rich (poly)peptides ( Sousa et al., 1998 ), Cys-rich peptides

( Bae et al., 20 0 0 ), metallothioneins ( Sousa et al., 1998 ) or naturally

occurring Cd-binding domains ( Eskandari et al., 2013 ), engineered

for cell surface display in recombinant hosts towards Cd bioreme-

diation (Table S7). 

Cd is present as a metallic cation (Cd 

2 + ) in aqueous solu-

tion, and its biosorption has been broadly associated with com-

plexation or coordination mechanisms, resulting from metal in-

teraction with negatively charged sites on biomass or biomate-

rials ( Mudhoo et al., 2012 ). Consequently, pH may influence the
dsorption of Cd due to changes on the electronegativity and

ence reactivity of binding sites, as well as on metal specia-

ion in solution. PHB inclusions are characterized by a PHB core

hat is coated by several proteins at the shell ( Rehm, 2010 ), of

hich polarity, hydrophilicity/hydrophobicity and charge depend

n both amino acids composition and pH ( Lide, 2005 ). Therefore,

t was not surprising that NFB also showed a certain level of

d-adsorption capacity and removal, especially due to their neg-

tive charges at basic pH ( Fig. 5 ). However, the functional pep-

ides Cd1 and Cd2 displayed on Cd1 and Cd2 beads, respectively,

mproved Cd adsorption capacity, by providing additional bind-

ng sites for Cd 

2 + . Among the amino acids composing Cd1- and

d2-binding peptides, serine, cysteine, threonine, asparagine, glu-

amate and histidine residues have been widely associated with

igher Cd affinity ( Blindauer, 2011 ; He et al., 2012 ; Mejàre et al.,

998 ). The engineered motifs present a high percentage of nega-

ively charged amino acids (15% in Cd1 beads; i.e., aspartate and

lutamate) and/or of polar amino acids (30% for Cd1 and 57% for

d2 beads; e.g., serine, threonine, cysteine, tyrosine, asparagine

nd glutamine). Under basic pH values ( i.e., above the respective

mino acids pKa), these polar residues tend to present a nega-

ive net charge given by the ionization of carboxyl, amino, hy-

roxyl or sulfhydryl acidic functional groups ( Khairy et al., 2014 ).
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Fig. 6. Adsorption isotherm models applied for Cd biosorption by the NFB, Cd1 and Cd2 beads. Langmuir (A, B), Freundlich (C, D), and Sips (E, F) models were fitted to the 

experimental data obtained for the three bead types at pH 7 and 9, and 20 °C. Model parameters are provided in the tables below the plots. q e and C eq represent adsorption 

capacity at equilibrium and cadmium concentration in solution at equilibrium, respectively. 
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Fig. 7. Evaluation of the toxicity of Cd-unbound and Cd-bound beads. Average inhibition of Arthrobacter globiformis dehydrogenase activity (DHA) when subjected the bac- 

terium to metal-bound and -unbound beads (NFB – non-functionalized beads, Cd1 and Cd2 – two types of functionalized beads) exposed to Cd solution at different initial 

cadmium concentrations ([C d ]) in metal-binding assays conducted at pH 3, 5, 7 and 9. Error bars represent standard deviation. The outcome of the statistical analyses 

performed to the data is provided in Tables S4 and S5. 

Fig. 8. Assessment of the ecotoxic potential of the remediated Cd solutions, as to evaluate the bioremediation efficiency of the beads. Average inhibition of Arthrobacter 

globiformis dehydrogenase activity (DHA) when the bacterium was subjected to Cd solutions, which were previously exposed and non-exposed to the three bead variants 

(NFB – non-functionalized beads, Cd1 and Cd2 – two types of functionalized beads) at pH 3, 5, 7 and 9. Error bars represent standard deviation. The outcome of the statistical 

analyses performed to the data is provided in Table S6. 
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his is coherent with the enhanced negative zeta potentials of

d2 beads as compared to Cd1 beads at pH 7 and 9 ( Fig. 4 A),

hich resulted in the higher amount of Cd sequestered by Cd2

eptides (0.088–20.8 nmol Cd ng −1 peptide) relatively to the Cd1

eptides (0.009–3.8 nmol Cd ng −1 peptide). In turn, the zeta po-

entials of PHB beads at pH 5 attained the lowest values, suggest-

ng a nearly neutral surface net charge ( Fig. 4 ). In fact, the pI of the

olar amino acids composing Cd1 and Cd2 functional peptides is

5 ( Lide, 2005 ), thereby explaining the lack of Cd adsorption and

emoval at pH 5. At acidic pH, however, the protonated carboxyl

nd amine groups provoke a reduction on metal removal due to

lectrostatic repulsive forces against the cationic Cd 

2 + ( Zahri et al.,

017 ). 

Broadly, Sips was the model that better-described Cd adsorp-

ion by functionalized beads at pH 7 and 9 ( Fig. 6 ). Sips is nor-

ally applied to characterize metal adsorption to heterogeneous

urfaces ( Zahri et al., 2017 ). Hence, it is suggested that our beads

ave a heterogeneous distribution of the metal-binding sites, and

hat the interactions between Cd 

2 + and the functionalized beads

ere probably governed by a physisorption mechanism based on

lectrostatic attractions. This result is in agreement with the high-

st q values achieved under pH 9 ( Fig. 5 ), at which beads showed

ronouncedly negative zeta potentials ( Fig. 4 ). 

To build up a sustainable bioremediation loop, two important

equirements should be met. First, the bioremediation agents must

ot be hazardous per se if the end-use involves their direct appli-

ation into the environment. We have reached this goal since all

ead types did not inhibit A. globiformis DHA ( Fig. 7 , Tables S4-S5).

HB inclusions can likely act as a carbon source fueling the energy

etabolism that is mediated by DHA in bacteria ( Marques et al.,

014 ). However, Cd-exposed beads after remediation assays were

articularly toxic, inducing up to 60% DHA inhibition at increasing

d concentrations and pH ≥ 7 ( Fig. 7 , Tables S4-S5). Therefore, A.

lobiformis response proved that the functionalized beads had re-

ained Cd and, as a consequence, the toxicity of Cd-exposed beads

emands cautious confinement of the bioremediation process for

n situ applications. 

The second requirement is that the selected techniques and

gents should guarantee effective bioremediation, which is usually

ssessed by a framework that combines chemical and ecotoxico-

ogical analyses. The chemical counterpart confirmed the success-

ul removal of Cd loads ( Fig. 5 , Tables S2-S3). Likewise, the toxicity

f remediated Cd solutions was drastically reduced as indicated by

he reduced inhibition of A. globiformis DHA, notably at initial Cd

oncentrations below 0.1 mM (pH 7) and 1 mM (pH 9) ( Fig. 8 ). The

ested range of Cd concentrations was based on the Cd levels de-

ected in aqueous samples from mine areas ( e.g., Neiva et al., 2014 ),

s well as it had into consideration potential worst-case scenarios

f Cd contamination. Hence, at environmentally significant Cd con-

entrations (0.01 mM), Cd1 and Cd2 beads had also promoted Cd

emoval (1.3% and 3.0% at pH 3, 23.8 and 39.2% at pH 7, 51.4 and

7.1% at pH9, respectively for Cd1 and Cd2 beads) and toxicity re-

uction. It is thereby strengthened the relevance and efficiency of

he functionalized beads for potential environmental applications

owards Cd cleansing. 

. Conclusion 

We have accomplished the proof of concept in that new bio-

ased PHB materials were designed and manufactured by engi-

eered E. coli for effective Cd bioremediation. In particular, the Cd-

inding peptide fused to the C-terminus of the PhaC protein ( i.e.,

d1 beads) retained PhaC-PHB-bead-forming function, resulting in

igher production yields and Cd bioremediation performance than

he Cd-binding peptide fused to the N-terminus of the PhaC pro-

ein ( i.e., Cd2 beads) and only PhaC protein without the Cd-binding
eptide ( i.e., NFB beads). These innovative bioremediation agents

ffer additional valuable advantages since they can be synthesized

nd functionalized in one step in engineered bacteria through a

ost-effective process ready for scale-up, are biodegradable and

ompletely out of the prohibiting regulations on the release of

MOs. Moreover, the beads can maintain their stability and func-

ionality under acidic or alkaline pH, which are constraining fac-

ors for successful bioremediation of metal-contaminated matrices

 e.g., acid mine drainage effluents and alkaline treatment ponds of

ine tailings) ( Carvalho, 2017 ). Therefore, this is a groundbreaking

nnovation in the bioremediation arena, chiefly because our plat-

orm can be further improved and/or customized to target the fu-

ure reclamation of other metal contaminants. 
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