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Biomimetic synthesis of RPL14B-based CdSe
quantum dots for the detection of heavy metal
copper ions
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In the present study, an Escherichia coli-expressed yeast ribosomal protein was used as a template for
synthesizing RPL14B-based CdSe quantum dots in vitro via the quasi-biosynthesis strategy at low
temperature. The synthetic bionic RPL14B-based CdSe quantum dots were characterized using TEM,
HRTEM, and EDX spectra, and the results showed that the synthesized quantum dots were CdSe
quantum dots with a crystal face spacing of 0.21 and 0.18 nm. The biomimetic method-synthesized

quantum dots exhibited the characteristics of a uniform particle size, good dispersion, and strong
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Accepted 9th May 2024 photobleaching resistance. Moreover, the fluorescence of the RPL14b-based CdSe quantum dots could

be specifically quenched using Cu?* in a linear range of 0.2-10 pM. Finally, these RPL14b-based CdSe
DOI: 10.1039/d4ra020229 quantum dots can be used for the specific detection of heavy metal copper ions in addition to other

rsc.li/rsc-advances applications in biological analyses.
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Introduction

Copper is a heavy metal and one of the essential trace
elements for the human body."* Copper deficiency can lead to
certain dysfunctions in the human body; however, its exces-
sive intake can pose a serious threat to health.* At present, the
methods commonly used for copper detection include
inductively coupled mass spectrometry, electrochemical
luminescence, atomic absorption spectrometry, and emission
spectrometry.”” These detection methods have some disad-
vantages, including difficult operation and weak anti-
interference ability. Therefore, it is important to develop
a method with high sensitivity, strong specificity, and simple
operation for detecting copper.

With the rapid development of nanotechnology, nano-
fluorescent probes with high sensitivity, short detection time,
simple operation, and good selectivity have been favored.*® In
this context, semiconductor quantum dots (QDs) have attracted
much attention because of their unique size-dependent optical
properties, narrow spectral luminescence, strong fluorescence
intensity, and excellent photobleaching resistance. At present,
semiconductor QDs and carbon dots have been used for
detecting several heavy metal ions, such as mercury, iron,
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chromium, copper, and lead.’** QD synthesis methods can be
divided into chemical synthesis, microbial synthesis, and quasi-
biological synthesis.”*** In previous studies, a method of QD
synthesis in Saccharomyces cerevisiae cells was proposed using
the temporal-spatial coupling strategy.'® Moreover, in other
studies on CdSe QD synthesis in S. cerevisiae, proteins wrapped
on the surface of CdSe QDs were identified and the ribosomal
protein RPL14B was determined to participate in CdSe QD
synthesis (data not published). Moreover, it has been shown
that embedding fluorescent quantum clusters in proteins can
improve their water solubility, stability, and target specificity
with reduced cost compared with chemically synthesized QDs."”
In the current study, the yeast ribosomal protein RPL14B
expressed in Escherichia coli was used as a template for
synthesizing bionic composite QDs. The in vitro bionic CdSe
QDs wrapped in RPL14B were used to detect copper ions, sug-
gesting broad application prospects.

Experimental

Materials

IPTG, reduced glutathione (GSH), NaBH,, Na,SeO;, CdCl,
(Sigma Corporation USA); plasmid extraction kit (Tiangen
Biochemical Technology Co., Ltd); E. coli DH5a, E. coli
BL21(DE3) and pET26b plasmids (lab-preserved). Xho I and Nde
I enzymes (New England Biolabs). Culture medium. CacCl,,
FeCl;, KCl, MgCl,, BaCl,, CuCl, (Sinopsin Group Chemical
Reagent Co., Ltd). All chemicals used are analytical grade.
Ultrapure water is used for all aqueous solutions.
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Recombinant expression of RPL14B by E. coli

E.coli DH5a. and E.coli BL21(DE3) were used to construct
heterogeneously expressing strains of ribosomal protein. The
PET26b-rpl14b vector is constructed by E.coli DH5a, while
RPL14B22 is expressed by E.coli BL21(DE3). PCR amplification
was utilized to extract the DNA fragment of RPL14B. After
doubly digesting the PCR product and pET26b vector with Xho I
and Nde I, the purified enzyme-digested product was linked for
an overnight period at 16 °C. After that, the conjugate product
was introduced into E.coli DH5a, positive clones were chosen,
plasmids were removed and submitted to be sequenced, and
the appropriate vector—dubbed pET26b-rpl14b—was chosen.
For the purpose of the next studies, the vector was moved to the
BL21/pET26b-rpl14b strain of E.coli BL21(DE3). After being
reconstituted in 500 mL of LB medium at 37 °C and 200 rpm,
the activated BL21/pET26b-rpl14b strain was introduced. To
increase protein expression at low temperature, IPTG was
administered at a final concentration of 0.1 mM, and the
bacteria were centrifuged and collected. Rinse the bacteria three
times with binding buffer. The precipitate was then eliminated
by centrifuging the cells after they had been re-suspended in
soluble binding buffer and subjected to ultrasonic treatment.

Purification of ribosomal protein RPL14B. Using His labeled
protein purification kit, the protein was purified by nickel
column affinity chromatography. The process was as follows:
the bacterial solution was centrifuged to induce expression, the
supernatant was extracted, and the bacteria were then re-
suspended with the proper quantity of binding buffer. The
ultrasonic crusher was used to shatter the cells. To find the
target protein, the samples were centrifuged at 4 °C, and the
supernatant was removed. Affinity chromatography with nickel
column was then used to purify it. After employing several
gradients of imidazole concentration for elution, the eluent was
collected. After determining the ideal imidazole elution
concentration, the target protein was purified via ultrafiltration
concentration, and its purity was assessed using SDS-PAGE.

SDS-PAGE detection of recombinant protein RPL14B. SDS-
PAGE at 15% was ready. After adding 5 pL of loading buffer
and heating the protein sample for 10 minutes at 95 °C in
a water bath, the 25 pL sample was loaded. After the sample has
been in the separation glue for around 40 minutes, adjust the
voltage to 80 V continuous voltage. Leave it there for two to three
hours. The protein glue should be taken off of the offset plate,
submerged in the Coomasil brilliant Blue R250 dye solution,
and shaken horizontally for two hours. Pour off the Coomath
bright blue R250, add the decolorizing solution, let it sit on
a horizontal shaker for an hour, then replace it with deionized
water and let it there for the duration of the decolorizing
procedure. After the decolorization is complete, photos are
taken to collect data.

Quasi-biosynthetic CdSe quantum dots

Na,SeO; was selected as Se source, CdCl, as Cd source, GSH as
reducing agent and stabilizer, and the buffer solution was BR
(in 100 mL triacid mixture, in which phosphoric acid, acetic
acid and boric acid, the concentration is 0.04 mol L™, 60 mL
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0.2 mol L™ " NaOH is added, pH = 7.9). The 0.3 mM Na,SeO3,
0.4 mM CdCl,, 1.6 mM GSH or RPL14B proteins were each
10 mL quickly added into the 20 mL BR buffer reaction system,
and the reaction temperature was set at 40 °C. Samples with
different reaction time (0-30 min) were taken every 5 min for
fluorescence intensity detection, and products with the optimal
reaction time of 30 min were selected for sample collection. All
the reaction processes of synthesizing quantum dots are carried
out under the protection of high purity argon.

Determination of fluorescence intensity and absorption
spectra of CdSe quantum dots

Fluorescence intensity was measured using Fluorolog-3 fluo-
rometers with excitation wavelengths of 400 nm and detection
emission spectra of 420-700 nm. The absorption spectrum was
measured by UV-2550 UV-visible spectrophotometer.

Purification and characterization of RPL14B-based CdSe
quantum dots

The CdSe quantum dots synthesized in vitro and quasi-
biological systems were first filtered by 100 K MWCO ultrafil-
tration tube, and the filter liquid was concentrated by 10 K
MWCO ultrafiltration tube. Then, CdSe quantum dots were
washed with 1 x PBS at least 3 times to obtain purified CdSe
quantum dots under ultrafiltration conditions of 4 °C, 3500 g,
20 min. Finally, the CdSe quantum dots were diluted to
a suitable concentration for characterization. The purified
CdSe quantum dots were diluted to a suitable concentration
(about 10 times), then the 3 uL sample was dropped onto the
ultra-thin carbon film and dried for at least 3 h, and then
characterized by transmission electron microscopy (TEM),
high resolution transmission electron microscopy (HRTEM),
and energy dispersive X-ray spectroscopy (EDX)."* TEM and
HRTEM images were obtained using JEM-1400plus and JEM-
2100(HR) microscopes, respectively, and EDX data were ob-
tained using JEM-2100(HR) microscopes equipped with
GENESIS XM.

Detection of photobleach resistance of RPL14B-based CdSe
quantum dots

Detection of photobleach resistance: the fluorescence spectra of
RPL14B-based CdSe quantum dots are determined continu-
ously for 3 times with Fluorolog-3 spectrometer to detect the
change of fluorescence intensity with excitation wavelengths of
400 nm and detection emission spectra of 420-700 nm.

RPL14B-based CdSe quantum dots detects Cu**

RPL14B-based CdSe quantum dots were synthesized by quasi-
biological method, and the specificity of RPL14B-based CdSe
quantum dots as fluorescent probes was determined with
different solutions as follows: CaCl,, FeCl;, KCl, MgCl,, BaCl,,
CuCl,. The detection method is as follows: adding the prepared
RPL14B-based CdSe quantum dots into different above solu-
tions, mixing them with slight shock, and using a fluorometer
to detect the effect of the prepared RPL14B-based CdSe

© 2024 The Author(s). Published by the Royal Society of Chemistry
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quantum dots on the fluorescence intensity of RPL14B-based
CdSe quantum dots.’ Cu”" solution with 0.2-10 uM concen-
tration was added into the prepared RPL14B-based CdSe
quantum dot solution, mixed well, and the fluorescence inten-
sity of the mixed solution was detected.

Results and discussion
Recombinant expression and purification of RPL14B

Previous studies found that ribosomal protein RPL14B was
involved in the synthesis of CdSe (unpublished data). In this
study, strain BL21/pET26b-rpl14b was constructed, and RPL14B
protein containing 6x His label was obtained through induced
expression. High-purity RPL14B recombinant protein was
purified by Ni-NTA affinity chromatography (Fig. 1).
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Fig. 1 SDS-PAGE of recombinant expression and purification of

RPL14B protein. M: protein maker, corresponding band size marked on
the left; RPL14B lane: purified RPL14B recombinant protein.
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Some studies have reported that NaBH, can prepare NaHSe
as a selenium precursor by reducing selenium powder or sele-
nium compounds. Therefore, synthetic CdSe with 4 mM
Na,SeO; as Se source, excess NaBH, as reducing agent, 0.5 mM
CdCl, as Cd source, and buffer solution as BR (pH = 7.9) was
obtained. The experimental results show that no absorption
and emission peaks can be observed without the addition of
templates, but the absorption peaks (Fig. 2A) and emission
peaks of CdSe quantum dots can be clearly observed in the
reaction system with the addition of RPL14B protein (Fig. 2B).
By replacing GSH with RPL14B protein, the absorption peaks
and emission peaks of CdSe quantum dots can be clearly
observed. The above results clearly indicate that RPL14B protein
can play a role in controlling the growth of quantum dots, that
is, CdSe quantum dots can be synthesized as a template alone.

Characterization of RPL14B-based QDs developed via quasi-
biosynthesis

The results of the in vitro synthesis of CdSe QDs indicated that
selenium precursors can be prepared by reducing Na,SeO; with
NaBH,. Therefore, GSH was selected as the reducing agent to
prepare the selenium precursor. The mechanism of the GSH
reduction of SeO;>~ is as follows:*

SeO;>” + 2H;0" + 4RSH — RS-Se-SR + RS-SR + 5H,0

RS-Se-SR — RS-SR + Se?

The above reaction shows that GSH can reduce SeO;>~ to the
complex RS-Se-SR and that RS-Se-SR can participate in the
combination of CdSe QDs as a precursor of selenium. To
improve the quasi-biosynthesis system and assess the role of
the ribosomal protein RPL14B in the system, a quasi-
biosynthesis system of CdSe QDs was established. The in vitro
synthesis results showed that CdSe QDs could be synthesized at
40 °C. Therefore, 40 °C was selected as the optimal synthesis
temperature for CdSe QDs in the quasi-biosynthesis system.
The RPL14B protein was then added to the system

8.0x10°
e Control
===(; lutathione
= RPL14B

6.0x10° 4

4.0x10"

FL intensity(CPS)

2.0x10"

0.0

T T T
450 500 550 600 650 700

Wavelength(nm)

Fig.2 Absorption and emission spectra of CdSe quantum dots. CdSe quantum dots were synthesized using NaBH,4 as reducing agent, Na,SeOs
as Se source and CdCl, as Cd source. (A) absorption spectra and (B) emission spectra of control (without any template), glutathione group and

RPL14B group.
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Fig. 3 Fluorescence intensity of RPL14B-based CdSe quantum dots synthesized by quasi-biological system. CdSe quantum dots were
synthesized with GSH as reducing agent and stabilizer, Na,SeOs as Se source, CdCl, as Cd source, and the reaction temperature was 40 °C. (A)
The emission spectra of RPL14B protein group (control group) were not added; (B) emission spectra of CdSe quantum dots combined with
RPL14B protein with reaction time of 2—30 min. (C) Ultraviolet irradiation of CdSe quantum dots combined with control group and addition of
RPL14B protein. Quasi-biosynthetic CdSe quantum dots were irradiated under ultraviolet lamp, (left): control group (without RPL14B protein);

(right): Add the RPL14B protein.

(experimental group), whereas it was omitted in the control
group. Compared with the control group, the fluorescence
intensity of CdSe QDs in the RPL14B protein addition group was
significantly increased (Fig. 3A and B).

To verify the above experimental results, the two samples
with a reaction time of 30 min were subjected to ultraviolet
light. The results showed that the RPL14B protein addition
group emitted stronger fluorescence than the control group
under ultraviolet irradiation (Fig. 3C).

Intensity (a.u.)

Energry (keV)

Fig. 4 Characterization of quantum dots synthesized by adding
RPL14B protein in quasi-biosynthesis system. The quasi biosynthetic
RPL14B protein was purified by quantum dots and diluted to a suitable
concentration. The 3 puL sample was dropped onto the ultra-thin
carbon film, and then characterized by TEM, HRTEM and EDX. (A) TEM
images; (B) HRTEM chart; (C) EDX energy spectrum.
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After adding the RPL14B protein to the quasi-biosynthesis
system, the synthetic QDs were purified and characterized.
The results are shown in Fig. 4. TEM revealed that the ribosomal
protein RPL14B-associated QDs had a uniform particle size and
good dispersion (Fig. 4A). HRTEM showed that the crystal plane
spacing of the synthesized quantum dots was 0.21 and 0.18 nm
(Fig. 4B). Finally, the EDX energy spectrum suggested that the
synthesized QDs comprised Cd and Se elements (Fig. 4C),
indicating that the nanoparticles synthesized using the quasi-
biosynthesis system were CdSe QDs.

To evaluate the optical properties of RPL14B-based CdSe
QDs, the photobleachability of the synthetic QDs synthesized
with the RPL14B protein in the quasi-biosynthesis system was
investigated. The fluorescence properties of the QDs were
measured using a fluorometer for three consecutive excitation
times (Fig. 5). The results showed that the fluorescence intensity
of the QDs remained stable and that the fluorescence emission
peak did not shift, indicating excellent light drift-resistant
properties.

The above experimental results confirmed that the quasi-
biosynthesis system used in this study was optimally

—— ]
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Fig. 5 Photobleachability of quasi-biosynthetic RPL14B-based CdSe
quantum dots. The fluorometer continuously excites RPL14B-based
CdSe quantum dots several times, the first excitation (black line), the
second excitation (red line), and the third excitation (blue line).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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processed at the constant temperature of 40 °C, in line with the
current green synthesis concept. Subsequent experiments
revealed that CdSe QDs with higher fluorescence intensity can
be obtained by adding RPL14B to the system. QDs with high
fluorescence intensity and light bleaching resistance have
broad application prospects in detection copper ion.

RPL14B-based CdSe QDs detected Cu>*

For detecting ions, in addition to the sensitivity of detection, the
specificity of the detection probe is particularly critical. To
eliminate the influence of anions in the experiment, a salt
solution of the same anion (Cl7) was selected to detect the
influence of cations on the RPL14B-based CdSe QDs. Based on
this consideration, the effects of CaCl,, FeCl;, KCl, MgCl,,
BaCl,, and CuCl, solutions on the fluorescence intensity of the
QDs were detected, and the results are shown in Fig. 6. The
experimental results revealed that Cu®* significantly quenched

F/F

0.0

CaCly FeCl3 KCl  MgCly BaCly Control CuCl,

Fig. 6 Specific quenching of Cu?* to RPL14B-based CdSe quantum
dots. CaCl,, FeClz, KCl, MgCl,, BaCl, and CuCl, solutions were added
to RPL14B-based CdSe quantum dots, and the control group was
added with deionized water, mixed with slight shock, and its fluores-
cence intensity was detected.
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the fluorescence of RPL14B-based CdSe QDs and Ca*", Fe*", K,
Mg>*, and Ba®* had little effect on the fluorescence. Moreover,
the results showed that the QDs could be used as fluorescent
probes for detecting Cu>" with excellent selectivity.

Then, the influence of Cu** on the fluorescence quenching of
RPL14B-based CdSe quantum dots was studied by measuring
the fluorescence intensity (Fig. 7). The results show that the
concentration of Cu®" can be detected from 0.2 uM to 10 uM by
using RPL14B-based CdSe quantum dots as fluorescent probes.
The fluorescence quenching data showed a linear relationship
(R*> = 0.9933), which was obtained using the Stern-Volmer
equation,® as shown below:

I/l =1+ Ksv[Q]

I, and I is the fluorescence intensity of RPL14B-based CdSe
quantum dots in the absence and presence of Cu*". [Q] is the
concentration of Cu®>*, and KSV is the Stern-Volmer constant.
Based on literature and the experimental results, Cu®*
interacted with QDs through the coating layer and quenched
their fluorescence.”* Thus, the QDs synthesized using the
quasi-biological synthesis system can be used for Cu®* detec-
tion. Copper ions can form selenides with selenium, producing
the associated redshift and fluorescence quenching. A weak
redshift was observed in the presence of high copper ion
concentration, indicating a possible displacement between
copper and cadmium ions (Fig. 7A). In addition, the RPL14B
protein contains a large number of amide, hydroxyl, and
carboxyl groups. The transfer of electrons from excited CdSe
QDs to Cu** may have also caused fluorescence quenching.
The possible mechanism of fluorescence quenching was
evaluated (Fig. 8). The results revealed that the fluorescence
quenching mechanism of copper ions can be explained by the
presence of the RPL14B shell. As per this mechanism, Cu®" first
binds to the RPL14B scaffold, thereby transferring electrons
from excited CdSe QDs to Cu®" and reducing Cu®* to Cu’. With
the increase in copper ion concentration, substitution between
the copper and cadmium ions occur, which produces CuSe and
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Fig.7 RPL14B-based CdSe quantum dots detect Cu®*. (A) Emission spectra of RPL14B-based CdSe quantum dots with different concentrations
of Cu?* solutions; (B) the correlation between Cu?* ion concentration and fluorescence intensity of RPL14B-based CdSe quantum dots. The

fluorescence quenching data were analyzed by Stern—Volmer equation.
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Fig. 8 Mechanism of quenching of RPL14B-based CdSe quantum dots caused by Cu®*.

Table 1 Copper ion sensing related quantum dot coating

Linea concentration

Types of quantum dots  Materials Synthesis principle LOD (uM)  Range(uM)

Carbon dot Carbon dots composite with PCL/PLA>* In situ electrospinning technology 0.83 0.5-5

Carbon dot The CD/SiO,/AuNC ratiometric fluorescent = Condensation reaction 0.013 0.025-4
nanocomposites>>

Carbon dot Nitrogen-doped carbon quantum dots>® Hydrothermal method 0.071 0.3-0.7

Carbon dot Dual function polyamine-functionalized Plant-dependent thermolysis 0.02 0.07-60
carbon dots®” procedure

Other quantum dots N-doped molybdenum oxide QDs*® Hydrothermal method 0.78 1-100

Other quantum dots N,S,P-CDs and NAC-AuNCs*° Acid-base reaction heat method 0.5 0.65-26.58

Other quantum dots AuAgNCs and WS2-QDs*® Hydrothermal method 0.12 0.3-3

CdSe quantum dots DES-CdSe QDs*! Aqueous phase synthesis 0.0053 0.001-0.06

CdSe quantum dots CdSe QDs* Biosynthesized by B. Licheniformis 0.91 0-20

CdSe quantum dots Polymer-capped CdSe/ZnS quantum dots®®  High-temperature injection method  0.00694 0.02-0.7

results in the redshift and fluorescence quenching phenomena.
These results indicated that CdSe QDs synthesized via the
quasi-biological system with the RPL14B protein can be used to
develop an effective method for detecting Cu®".

Conclusion

The specific interaction between quantum dots and some mole-
cules can cause fluorescence quenching. Different types of
quantum dots have been widely used in copper ion detection, and
have good detection limits, which are suitable for a variety of
scenarios (Table 1).The conditions required for the quasi-
biosynthesis of CdSe QDs established in the current study were
significantly mild, with the synthesis temperature of 40 °C. More-
over, the bionic synthesis of CdSe QDs was regulated by adding
ribosomal proteins. The RPL14B-based CdSe QDs were sensitive to
Cu®". This property was utilized to evaluate a method for detecting
Cu®" via the QDs as fluorescent probes. The results showed that the
QD probe had the characteristics of light bleaching resistance,
strong specificity, simple operation, and short detection time.
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