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Highlights:
e Recycles silver ions from wastewater using a bioengineered protein system.
e  Built with cellulose fibers, fusion proteins, and aptamers for capture.

e Maintains over 99% efficiency after 4 reuse cycles.

Abstract: Recycling is an important approach to preserving the world’s valuable resources for
the good and longevity of the planet, as well as to continue to live the way that humans are
accustomed to. In this study, a silver ion capture and reusable platform was successfully
assembled via a synthetic biology method to recycle metal ions in wastewater. Three modules
exist in this platform: (1) a bacterial cellulose nanofiber block (BCNF), which is a structural
module; (2) a fusion protein cellulose-binding domain (CBD) and streptavidin (SA)-based
linker (CBD-SA-CBD); and (3) a biotin aptamer for metal ion capture blocks. The cellulose
BCNF block showed the optimal glucose concentrations for cultivating the bacterial cellulose
block. The optimal conditions were identified to induce proteins for the construction of the
CBD-SA-CBD linker block. In general, the linker block binds effectively to the metal ion-
capturing aptamer, and Aptamers 3 and 4 bind most effectively with silver ions. The reusability

of this metal ion-catching aptamer maintained 99.16 to 99.56% binding affinity after four
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repeated tests. The calculated silver binding efficiency (BE) of the complete assembly remained
as high as 99.95%. This consistent binding affinity is a valuable asset in environmental
applications. Owing to the diversity of aptamers and versatility of fusion proteins, this genetic
engineering design has great potential for diverse future applications, such as heavy metals,

antibiotics, pheromones, and even nuclear waste treatment and removal.

Keywords: Metal lon Recycling; Bacterial Cellulose Nanofiber; Biotin-based Aptamer;

Cellulose Binding Domain; Streptavidin

1. Introduction

Industrial and chemical contamination are a major problem under the industrialized society.
The toxic heavy metals polluted the water system and the landscape through bioaccumulation
and biomagnification processes (Blaha et al., 2011). Several countries encourage the reduction,
reuse, and recycling (R®) of metal waste (Hileman, 1999). Japan's e-waste initiative during the
Tokyo Olympics was a typical example of R® efforts, where the medals were made by the e-
waste program. Which leads to the consequences of not only saving more than $800,000 but

also preventing metals from being released into the environment.

Several treatments involving metal ions in the environment have been developed. First, using
an ion exchange resin is a low-cost, inexpensive, and efficient approach for water treatment.
However, resin can only perform in harsh pH environments, which have to reprocess to adjust
the pH (Cantwell et al., 1982). Second, precipitation is another chemical separation technique
used to eliminate and collect specific pollutant ions from the effluent. Chemical precipitation
of ions will form, which lead to drawbacks of expensive, non-reusable, and need further
treatment to recover the precipitate in the compound or complex state to pure precious metals
(Matlock et al., 2002). Third, ion-specific protein extraction is an biological treating technique,
which proteins have been identified or modified to specifically bind to certain ions in water.
However, it’s expensive and time-consuming to denature the protein after bound to the ion to
reuse (Jung et al., 2020). A recent study by Jung et al. investigated an aptamer that could detect
different metal ions in water. The Aptamer is an RNA sequence that can specifically bind to

target molecule with positive charge by the electrostatic force with the negatively charged
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phosphate backbone of the aptamer (Zhang et al., 2023). After detecting and binding to the
target molecule, the single-stranded RNA folds into a vast set of tertiary structures, which can
function like a clamp (Ng et al., 2006). Back to the research, aptamers can be used to bind
various metal ions by slightly adjusting the sequences, which resulted in different structures
and the ability to capture different metal ions. The research illustrates the potential of aptamer
usage, which could not only identify different types of metal ions in water but also bind to and

extract specific metal ions from water.

In this study, a synthetic biology approach was adopted to construct a reusable metal ion capture
platform. There are three modules of this platform: 1) a bacterial cellulose nanofiber block
(BCNF), 2) a cellulose-binding domain and streptavidin fusion protein (CBD-SA-CBD), and 3)
a biotin aptamer. To decrease the contamination of the product, we choose cellulose, the
environmentally friendly materials, as a baseline of our system, which is biocompatible,
biodegradable and widely sourced biomass material. The cellulose-binding domain (CBD) can
interact with cellulose through non-covalent bonds and bring linked catalytic protein domain(s)
to the surface of the substrate to enhance enzyme activity. The CBD has the characteristic of
high specificity, highly efficient and low-cost (Liu et al., 2021). Between biotin and streptavidin
fusion protein (SA), the strong non-covalent bond, hydrogen bond and Van der Waals contacts
stabilized the connection of the two molecules (Ayan et al., 2022). Our system chose to target
the Ag+ ion because recycled silver ions can be used for many purposes, especially in medicine
(Zhang et al., 2020; Zhang & Wang, 2018). We also used silver ions to test the efficiency of
the aforementioned ion capture—recycle platform. The ion capture platform with captured silver
is heated to release the metal ions. The reusability of the platform was tested for its binding
ability after multiple heating cycles. The specificity and binding efficiency of metal ions will
be characterized by ICP-MS, an analytical environmental testing technique. The reusability
and selectivity of such an aptamer-based platform will provide a unique synthesis route to
prepare an effective metal ion R3 candidate. By using only biology-derived components, this
ion capture-recycling device will have no significant impact on the environment, nor will it

need costly or complicated posttreatment. Owing to the diversity and versatility of the aptamers
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and fusion proteins, this genetic engineering design could be applied to many other areas in the
future, including heavy metals, antibiotics, pheromones, and even nuclear waste treatments.

2. Materials and Methods

2.1. Bacterial Strains and Culture Conditions

All strains of bacteria used in the study are listed in Table 1.

Table 1. Strains, plasmids, and aptamers used in the study

Strain, Plasmid, and Aptamers Description Source
Strains E.coli DH5* For plasmid storage Lab Stock
E.coli BL21 Protein Production Lab Stock

A.xylinum ATCC23767 For cellulose production Bought from Huzbio

Plasmids pPET28b PTac, rop, KanRr, f1 ori, T7, MCS Lab Stock
SHS1 pET28b derivative, Fus-CEC This Study
SHS2 pET28b derivative, Fus-CSC This Study
Aptamers Al Ag" Aptamer, Vb7 Zhou et al. (2020)
A2 Ag* Aptamer, Vb7 Shen et al. (2020)
A3 Ag* Aptamer, Vb7 Shen et al. (2020)
A4 Ag* Aptamer, Vb7 Shen et al. (2020)
A5 Ag* Aptamer, Vb7 Linetal. (2011)
A6 Ag* Aptamer, Vb7 Linetal. (2011)
A7 Ag* Aptamer, Vb7 He et al. (2012)
A8 Ag"* Aptamer, Vb7 Cai et al. (2018)
A9 Ag" Aptamer, Vb7 Saran et al. (2018)
Al0 Ag" Aptamer, Vb7 Saran et al. (2018)
C1l Control Aptamer, Vb7 Saran et al. (2018)
AF FITC, poly A, Vb7 Saran et al. (2018)
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2.2. Plasmid Construction

The plasmids used in the study are listed in Table 1. The fusion genes (Fus-CEC and Fus-CSC)
were purchased from Hitrobio. The promoters and terminators used in the study were provided

in the pET28b plasmid, which was stored in the laboratory.

The plasmids SHS1 and SHS2 were both created from the pET28b plasmid and were purchased

from Hitrobio.
2.3. Aptamer Selection

Ten aptamers (Table 1) and the control aptamer were obtained from previous literature and
were purchased with VitaminB7 (Vb7) at the 5° end from Hitrobio. Studies have shown that
different aptamers have different binding abilities to silver ions (Golovlev et al., 2001; He et
al., 2012; Jung et al., 2020; Lin et al., 2011; Saran et al., 2018; Shen et al., 2020; Zhou et al.,
2020). This study selected ten different aptamers to investigate their binding efficiencies toward
silver ions (shown in Figure 6). The detailed preparation and storage procedures of aptamers

were based on previous literature (Lin et al., 2011).
2.4. Protein Expression and Purification

The expression and purification procedures for both Fus-CEC and Fus-CSC is given here
(Bartels et al., 2018). We designed three trials of the experiment to find out the optimal kana

solution concentration, temperature, and IPTG concentration.
2.5. Cellulose Production

The procedure of bacterial celluose production using A. xylinum was based on previous article
(Lietal., 2020). After production, the cellulose was removed, weighed, and air dried for 2 hours.

The dried cellulose was then weighed again.
2.6. SA-aptamer Interaction Test

Different volumes of the SA and MOPS solutions (Table 2) were transferred into 10 ul of AF
aptamer at 100 uM. The systems were then set aside for half an hour and shaken every five
minutes. The systems were subsequently centrifuged at 12,000 rpm for 5 minutes before 70 pl

of the supernatant from each mixture was added to 80 ul of 50 mM MOPS at pH 7.2. The
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resulting solutions were then tested for fluorescence with excitation at 495 nm and emission at
519 nm. For each volume for the SA and MOPS solutions, 5 repeats had been tested. The
binding efficiency (BE) of each system was subsequently calculated via equation 1.

Control florescence — Tested florescence

~ Control florescence — Background florescence @)

Table 2. Streptavidin-biotin interaction test

Aptamer/ul 10 10 10 10 10 0
50mM 7.2 MOPS/ul 100 99 95 80 0 10
SA beads/ul 0 1 5 20 100 100

2.7. CBD Domain—Cellulose Interaction Test

Four 2 ml solutions of 0.5% cellulose powder were taken and centrifuged at 12,000 rpm for 10
minutes, the supernatant was discarded, and the mixture was resuspended in 2 ml of 50 mM
MOPS pH 7.2 solution. The solutions were subsequently divided into one control group and
three experimental groups (Table 3). Within each group, there was one positive tube with the
cellulose suspension and one without it; 10 pl of the Fus-CFC protein was added to each tube
before being placed in a 4°C freezer for one hour, and the tubes were shaken every five minutes.
After an hour, the tubes were centrifuged at 12,000 rpm for 10 minutes, and the samples were

tested for the fluorescence of the supernatants and calculated for the BE.

Table 3. CBD domain-cellulose test

Control Gl G2 G3 G4

+ - + - + - + - + -
CFC/nl 0 0 10 10 5 5 2 2 1 1
Suspension/ml 2 0 2 0 2 0 2 0 2 0

MOPS/ml

o
N
o
N
o
N
o
N
o
N

2.8. System Test

Prepared 5 tubes, each tube with 5 pl of Fus-CSC protein, 20 ul of aptamer 4, 50 pl of 100 uM
Ag- solution, and 925 ul of MOPS buffer were added to one EP tube, with another system

22



Hongyu et al. JETA 2025, 10 (1) 17 - 35

created in another tube using a control aptamer instead. The systems then went through the

aptamer selection procedure, and the ion concentration was tested with ICP-MS again.
2.9. Reusability Test

The chosen aptamer (A4)-prepared 100 pl solution was subjected to the aptamer selection
procedure again. However, at the end of the procedure, the sediment was not discarded but was
heated to 80°C for 30 minutes before being centrifuged again at 12,000 rpm for 5 minutes, after
which the sediment was preserved. The above procedure is subsequently repeated two times for

the sediment. Each time, the silver ion concentration of the supernatant was tested via ICP-MS.
3. Results and Discussion

To collect and recycle silver ions in industrial wastewater, a metal ion capture-recycling
platform was designed on the basis of the synthetic biology concept. Figure 1 shows the

mechanism of three components in our silver ion extraction system.

Step 1 Step 2 Step 3 Step 4

Figure 1. Overview of the metal ion capture-recycling platform including the three
components: BCNF, CBD-SA-CBD and biotin aptamer. Step 1: Binding between Cellulose
and CBD-SA. Step 2: Construction of CBD_SA CBD block and biotin-aptamer. Step 3:
Connecting CBD-SA-CBD block and aptamer. Step 4: Binding between biotin-aptamer and

silver ions

We assembled the three-block platform and tested the binding efficiency of silver ions in the
industry effluents. The following section details the construction and characterization of each

block.
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3.1. Construction of the BCNF Block

The key ingredient of BCNF is Acetobacter xylinum (Hamad et al., 2023). The BCNF block
stands as a structural module in the platform due to the structural support of the platform when
connecting to the other two blocks. Assuring the quality and yield of the bacterial cellulose is
important (Li et al., 2020). To investigate the quality and yield of cellulose, we tested four

different culture media to determine the optimal conditions for bacteria to produce cellulose.
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Figure 2. Wet weight and dry weight of bacterial cellulose yield from four different culture

media

Figure 2 shows the wet and dry weights of the bacterial cellulose yields from the four different
culture medias. The specific pattern of different concentrations and types of sugar to yield for
a higher weight of cellulose are not shown by Figure 2. However, group 4(50 g/L glucose) in
Figure 2 shows the heaviest wet weight and dry weight, and the smallest weight difference
between the wet and dry weights. This small weight difference suggests that a carbon source

from 50 g/L glucose is the optimal condition for cultivating bacterial cellulose.
3.2. Construction and Characterization of the CBD-SA Block

A linker module, CBD-SA-CBD, connects the bacterial cellulose BCNF block and the ion-

capturing biotin-aptamer block. The connection is based on a fusion protein that contains two
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cellulose-binding domains and one streptavidin domain, which is produced by genetically

engineered B. subtilis (Bartels et al., 2018; Janc et al., 2021).

To find the best protein-inducing conditions to construct the fusion protein block, we designed
three trials of experiment to find out the optimal kana solution concentration, temperature, and
IPTG concentration. The fluorescence readings of all the samples used to measure optical
density were collected and compared. The results revealed that samples without kana, under
incubated temperature 24°C and IPTG concentration 0.05 mM presented brighter fluorescence
than samples with kana, under incubated temperature 16°C and IPTG concentration other than
0.05 mM. This result suggested that more proteins were synthesized in samples with kana, at
incubated temperature 24°C, and, interestingly, the 0.05 mM concentration of IPTG but not
higher concentration, because the cellulose becomes sticky when the concentration is too high,
making the induced protein less effective. Therefore, the optimal conditions of 0.05 mM IPTG,
24°C, and no kana addition are needed to induce the most protein for the construction of the

CBD-SA-CBD block.
3.3. The BCNF and Linker Blocks are Connected

To find out the optimal conditions to connect the cellulose BCNF block and the linker CBD-
SA-CBD block, we altered the cellulose concentration and eGFP concentration. Six groups of
different cellulose concentrations were used (as shown in Table 4). Then, the resulting
fluorescence value of each group was collected to calculate the binding efficiency between
these two blocks. The control group (group #6) contained 0% cellulose. As shown in Table 4,
the eGFP group was used in place of SA in the CBD-SA-CBD block because eGFP has

properties similar to those of SA and is a visible fluorescent marker (Barnard & Timson, 2010).

The precipitate will form if cellulose binds with the CBD-eGFP-CBD block, so we can examine
the concentration of protein and calculate the binding efficiency by detecting the change in
fluorescence upon binding. Figure 3 shows the binding efficiency between the cellulose and
linker blocks at various cellulose concentrations, and the vertical lines on the graph indicate the
margin of error. The binding efficiency increases when the cellulose concentration is between

0% and 0.5%, indicating that the cellulose block can bind effectively with the linker block. The
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BE is relatively high when the concentration of cellulose is 0.2% or 0.5%. Because the cellulose
becomes sticky when the concentration gets higher, it will interfere with the interaction between
cellulose and linker block, so the binding efficiency decreases when the cellulose concentration
is greater than 0.5% (Barbosa et al., 2021). Thus, a 0.2% cellulose concentration was selected

for the subsequent investigation.

Table 4. Samples with different concentrations of cellulose

Samples 1 2 3 4 5 6

Cellulose 2% 1% 0.5% 0.2% 0.1%  control

Concentration

Cellulose Volume (mL) 2 2 2 2 2 2

CBD-eGFP-CBD (pg) 2 2 2 2 2 0

In Figure 3, by ANOVA test, the F statistic is 17.684 and the p-value is 1.508*10-5, which is
smaller than alpha=0.50. We reject the null hypothesis that there is no difference within
different concentrations and can conclude that concentration affects the binding efficiency. As
the substituent for the SA moiety, the optimal eGFP concentration for the binding efficiency
between cellulose and CBD-SA-CBD blocks was also tested using similar procedures. Figure
4 shows that the binding efficiency of eGFP increased when the amount of eGFP was increased
from 0 to 5 ug. The binding efficiency then plateaued and increased slightly from 69.93% at 5
pg to 71.98% at 10 pg. Therefore, a concentration of 10 pug of eGFP was used in subsequent

investigations.

100%

80%

+o.73
60% +°-53 0.61

40%

20%
*0.06 + i
0%

0.0% 0.5% 1.0% 1.5% 2.0% 2.5%
Cellulose concentration (%)

Binding efficiency of
CBD-eGFP-CBD (%)

Figure 3. Binding efficiency of CBD-SA to cellulose at different cellulose concentrations
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Figure 4. Relationship between the concentration of eGFP and the binding efficiency
3.4. Construction of a Metal lon Binding Block

An aptamer-based ion binding block is the third component and the key structure of the ion
capture—recycle platform. It is the biotin-modified DNA sequence which is capable of binding
to metal ions (Shen et al., 2020; Xie et al., 2023). Two factors that might affect aptamer’s
effectiveness were considered: the concentration of the linker block and the incubated
temperature of aptamer (Lin et al., 2016; Yan et al., 2019). The temperature is an important
factor because if the temperature is too high, the protein can denature; in contrast, if the

temperature is too low, the metal ions cannot be released (Bhargava et al., 2018).

We first attached a luminescent substance called FAM to the aptamer, which enables the
detection of the ion-catching block upon its connection to the fusion protein linker block and
calculation of the amount of aptamer that was successfully connected to the linker block (Yan
et al., 2020; Zhang et al., 2020). Second, to investigate the connection between the ion-catching
block and the linker block, samples with different concentration of components were used (as
shown in Table 2). The magnetic bead was used in place of the CBD-SA-CBD linker block to
better separate the ion-capture block after binding the linker block. In addition to the different
concentrations of beads, two different temperatures (4°C and room temperature) were used in

the experiments. The results were shown in Figure 5. Because of the centrifugation, the
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aggregates of the linker and ion-catching block should be removed, and the luminescent FAM
moiety should be extracted from the solution with the beads. The lower fluorescence readings
of a solution indicate a more efficient aptamer. In Figure 5, the binding efficiency between
beads and aptamers is represented as the ratio of decrease in the fluorescence readings and the
original fluorescence readings. In general, the binding efficiency of the ion-catching aptamer
block continued to improve as the number of beads increased from 0 to 100 pL at both 4°C and
room temperature. These results suggested that the fusion protein CBD-SA-CBD linker block

effectively bound to the aptamer.
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Figure 5. Binding efficiency between beads and aptamers at 4°C and room temperature

By performing a two-way ANOVA test for Figure 5, the F statistic is 8.1855, and the p-value
is 0.0003482, which is smaller than alpha=0.50. We can conclude that there is a statistically
significant interaction effect between beads’ concentration and temperature change on the

binding efficiency.
3.5. Binding the Silver lon

In Figure 6, the ability of the ion-catching block to congregate silver ions in industrial effluents
was investigated by detecting the free silver ions remained in the solution. For Figure 6, be

performing single factor ANOVA test, the F statistic is 48.113 and the p-value is 2.2*10-16,
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which is smaller than alpha=0.50. We reject the null hypothesis that there is no difference within

different aptamer types and can conclude that the aptamer affects the concentration of silver

ions.

7000
=
26000
(7]
[

5000
g 1403.98 4205.22
= 4000
7
5 3000 2788.37
5 2075.17
2 2000 e s 1661.28 16405
= : 888.55
% 1000 I 378,54 10422 470 66
o |

\&é\ e}\ q}’\' @;‘) éb& é‘) é‘o

¢ & F & & & & @ & @ @*
o N & & @ & & &
SRS RSRSE

Trial number

Figure 6. Concentration of the remaining Ag- ions in the liquid supernatant (mean + SE) after
being captured by different aptamers. The dotted line indicates the initial Ag- concentration

before the aptamers were added

Compared with the control, the original Ag- ion concentration, only a small decrease was
detected in the aptamer 10 solution, which was the least effective at capturing Ag- ions. On the
other hand, aptamers 3 and 4 bound most effectively with silver ions, by showing more than
90% of the Ag- ions being removed from the solution. According to the result shown in Figure
6, the order of the binding efficiency of the aptamers to Ag- ions follows: aptamers 3>4>7 >
6>1>8>5>2>9>10. Inaddition, the CD spectrometer from Shen et al. The data shows
that both the Cy3 emission(570nm) and Cy5 emission(660nm) are enhanced with the addition

of Agr, which suggests that the aptamer interacts and aggregates with the Ag"*.
3.6. The Reusability of the System

The reusability of the ion-catching aptamer is another important indicator of successful metal

ion capture and recycling (Christianson & Waters, 2021). To test reusability, the ion-catching
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experiment described in the previous section was repeated four times. In Figure 7, the four
repeat trials all showed 99.16% to 99.56% binding efficiency between aptamer and silver ions.
We can conclude that the reusability of the Ag- aptamer has consistency, and the binding
efficiency toward silver ions remains remarkably high, even after being reused four times. The

reusability of this ion capture—recycle platform and silver ion is attractive for future studies.

1.00

Binding efficiency

0.80

1 2 3
Reuse trials

Figure 7. Binding efficiency of the aptamer to silver ions in four reuse trials
3.7. Testing of the Complete System

To test the efficiency of complete assembly for Ag- binding and release/recycling, a
concentration of initial silver ions 0f 428.16 ug/L was used in both the control and experimental
groups. Result shows that only 0.2 pg/L of silver ions remained in solution after binding. The
calculated silver binding efficiency of the complete assembly was 99.95%.

3.8. Comparing the Silver lon Binding Efficiency between our System and Conventional

Methods

Our system has an efficiency of 99.95%, which surpasses the three other conventional methods:
the ion exchange resin(80-95%), chemical precipitation(30-70%) and ion-specific protein
extraction(90-95%) (Fu & Wang, 2011). Thus, the percentage of selectivity for our system is

the highest among all four silver ion extraction method.
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4. Conclusion

In this study, a reusable silver ion capture platform was assembled to recycle metal ions from
wastewater via a synthetic biology method. There are three modules in this assembly: a bacterial
cellulose nanofiber block (BCNF), a cellulose binding domain and streptavidin fusion protein
(CBD-SA-CBD), and a biotin aptamer. Each module was synthesized and tested for
functionality before assembly. The optimal conditions of culturing and producing each module
were found. The aptamer efficiency had been selected and concluded to use aptamer 3 and 4.
The reusability of the silver ion capture system was high after 4 repeated trials. Owing to the
high reusability, diversity and versatility of the aptamers and the fusion protein, this genetic
engineering design has great potential for applications such as heavy metals, antibiotics,

pheromones, and even nuclear waste treatment methods and removal.
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