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ABSTRACT

The development of ultrasensitive and highly selective fluorescence biosensors for diverse analytes is

highly desirable but remains a challenge. It is attributable to the scarcity of fluorogens with promising

brightness, stability and nontoxicity, which primarily determine the performance of fluorescence biosensors.

Herein, we report the design and preparation of aggregation induced emission (AIE) dots with high

brightness, exceptional colloidal stability, ultrasmall size, and functional groups for developing

ultrasensitive biosensor through the electrostatic conjugation to biological molecules, and use blemycin

(BLM) as the proof-of-concept analyte. The recognition and the subsequent cleavage of the

quencher-labelled DNA (Q-DNA) by BLM result in the formation of three-mer quencher-linked

oligonucleotide fragments (Q-DNA-1), which significantly decreases the amount of quenchers anchored on

AIE dots surface and subsequently reduces the fluorescence resonance energy transfer (FRET) effect. As

compared to the case that BLM is absent, remarkable fluorescence enhancement is observed, and is

dependent on BLM concentration. Thus, ultrasensitive fluorescence detection of target BLM is realized,

with a detection limit down to 3.4 fM, the lowest value reported so far. Moreover, the proposed

fluorescence biosensor has also been successfully utilized for detection of BLM spiked in human serum

samples. The as-proposed strategy not only significantly improves the selectivity and sensitivity of BLM

assay, but also allows the ultrasensitive detection of a variety of bioactive molecules by simply changing

the specific target recognition substances, thus providing a versatile fluorescence platform, and showing

great potential to be applied in chemo-/bioanalysis and clinical biomedicine.
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INTRODUCTION

There is great demand on the design and development of highly sensitive and specific chemo-/biosensors
for diverse analytes ranging from small molecules/heavy metal ions to tumor biomarkers." Over the past
decade, various biosensing strategies, such as electrochemistry,z‘3 chemiluminescence,“‘5
electro-chemiluminescence,” and surface plasmon resonance (SPR)8 have been developed as alternative
strategies to conventional assays for analyte detection. In comparison, fluorescence biosensing offers
distinct and intrinsic merits in terms of convenience, rapidity, and high sensitivity, which make it a
powerful analytical tool in disease diagnosis and fundamental biological studies.”'® A variety of

11-13 14
metal nanocluster probes, ~ and

fluorescence biosensors, including organic molecule probes,
dye-labelled DNA probes,15 have been widely developed. Nevertheless, most fluorescence assays are
subject to limitations such as weak luminescence, insufficient water solubility/dispersibility, and
photobleaching.'®'” On the other hand, owing to their advantages of excellent photostability, tunable
photoluminescence, and ease of preparation, fluorescence nanoaggregates have been regarded as promising

fluorogens to construct biosensing platforms.l&19

Meanwhile, fluorescence nanoaggregates can be modified
by changing their structures, sizes and surface functional groups. In this context, recently fluorescence
nanoaggregates have drawn much attention for their advanced utilization in cell imaging and

: ., 20,21
bioanalysis.”

However, most fluorescence nanoaggregates previously reported were comprised of
inorganic species, even some toxic heavy metal ions (e.g. Cd*", Pb*"), of which the potential cytotoxicity
effects greatly hindered their practical applications. Therefore, it is highly desirable and of great research
interest to design and prepare fluorescence nanoaggregates with low toxicity, outstanding biocompatibility
and high brightness for practical biomedical applications.

Fluorescence organic nanoaggregates, more interestingly show advantages of low toxicity and good

3
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biocompatibility, making them attractive alternatives for advanced applications in chemo-/bioanalysis.”***

Recent efforts have been made to develop fluorescence organic nanoaggregates as fluorescent probes. The
commonly used strategies to generate such nanoaggregates included the reprecipitation method and the

radical polymerization approach.”’25

However, poisonous solvent/surfactant was usually used, resulting in
serious damage to cells, tissues and organs in biological applications. In addition, they were quite unstable
in mixed solution or clinical samples, and prone to aggregate spontaneously into irregular and bulky
particles after a certain period of time. Meanwhile, their surface lacked functional groups, and thus it was
difficult to modify these nanoaggregates by chemical techniques.

Regarding the fluorescence organic nanoaggregates improvements, fluorescent amphiphiles have been
proven to be ideal candidates because they were beneficial for nanoaggregate preparation, improving the

26,27 :
~" In this context, fluorescent

stability, increasing biocompatibility and enriching the surface functionality.
amphiphiles, with well-designed structures and self-assembling behaviour, have attracted great interest
among chemists and material scientists in recent years due to their applications in numerous fields
including molecule diagnosis and cell imaging.27 However, low fluorescence quantum yield of the present
organic nanoaggregates remains one key drawback, mainly owing to the inherent fluorescence quenching
effect of conventional organic dyes. Aggregation induced emission (AIE) fluorogens, first reported by
Tang,” enjoy prominent fluorescence in aggregate state, which can readily solve the above dilemma, and

29-32

have been widely applied in numerous fields. From this point of view, AIE amphiphiles are extremely

promising in preparation of nanoaggregates for advanced application in chemo-/biosensors. However, to
the best of our knowledge, there are still many difficulties in preparing nanoaggregates for advanced
utilization in detection of diverse analytes. First, very few nanoaggregates meet the safety requirement that

33,34

requires the fluorogens to be smaller than 10 nm for efficient renal and liver clearance. Second, in
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addition to fluorescence moieties, such nanoaggregates are also composed of a significant fraction of
non-fluorescence moieties, which will obviously decrease the fluorescence brightness of a particle with a

22,23

given size. Third, versatile surface modification and conjugation to bioactive molecules has yet to be

further developed.ss‘36

In this regards, it remains a great challenge and opportunity to develop AIE
nanoaggregates with improved properties and apply them in ultrasensitive fluorescence biosensors.

Herein, a novel class of AIE nanoaggregates with the diameter of about 5 nm, denoted as AIE dots, was
successfully prepared through the amphiphile self-assembly, with extraordinary brightness, excellent
colloidal stability and nontoxic features. Based on the as-prepared AIE dots, a facile bioconjugation
strategy for designing fluorescence bioassay was ingeniously developed through the electrostatic
interaction between AIE dots and biological molecules. This strategy can be easily and universally applied
to any fluorescence materials with positive charges on the surface. We applied the bioconjugates to
ultrasensitive fluorescence biosensing, with bleomycin (BLM) as the proof-of-concept analyte. In the
present study, a quencher labeled single-stranded deoxyribonucleic acid (denoted as Q-DNA, containing
the target recognition sequence) was ingeniously designed. The proposed biosensor was successfully
prepared through the electrostatic adsorption of Q-DNA on AIE dots and exhibited weak fluorescence due
to the FRET effect. However, in the presence of BLM, the sequences in Q-DNA can be recognized and
cleaved by BLM, thus releasing three-mer quencher-linked oligonucleotide fragments (Q-DNA-1) and
subsequently resulting in the separation of AIE dots and quenchers. As a result, the fluorescence intensity
increases and is dependent on the BLM concentration. Therefore, by taking advantage of the AIE

dots-assisted fluorescence enhancement, ultrasensitive detection of BLM is readily realized using this

fluorescence assay.
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EXPERIMENTAL SECTION

Preparation of TPEP-2CHO. TPE-2Br (2.45 g) and 4-formylbenzeneboronic acid (1.65 g) were
dissolved in toluene (60 mL), followed by addition of 2 M aqueous K,CO; solution (11 mL) and TBAB
(0.1 g). After stirred for 30 min under Ar atmosphere, Pd(PPh;), catalyst (catalytic amount) was added and
the mixture was allowed to react at 85 °C for 24 h. The product was concentrated and purified by silica gel
column chromatography with CH,Cl,:n-hexane (v:v, 2:1) as the eluent, and then yellow power was
obtained with a yield of 78%. 'H NMR (500 MHz, CDCls) § (ppm): 7.08 (dd, 5H), 7.13~7.17 (m, 10H),
7.42 (d, 4H), 7.71 (d, 4H), 7.90 (d, 4H), 10.03 (s, 2H); FT-IR (KBr) v (cm™): 2830, 1700, 1600, 1410, 1210,
1110, 835, 696.

Preparation of TPEP-20H. TPEP-2CHO (1.08 g) was dissolved in methanol (40 mL), followed by
addition of NaBH, (0.30 g). The reaction mixture was slowly warmed up to 65 °C and stirred under Ar
atmosphere for 6.0 h. The crude product obtained was purified through recrystallization in methanol, and
white power was obtained with a yield of 95%. "H NMR (500 MHz, CDCls) § (ppm): 2.04 (dd, 8H), 4.71 (s,
4H), 7.11 (m, 10H), 7.25 (s, 1H), 7.25 (dd, 6H), 7.55 (d, 3H); FT-IR (KBr) v (cm™): 3410, 2960, 1550,
1410, 1040, 1020, 808, 704.

Preparation of TPEP-2CBr. TPEP-20H (0.82 g) was dissolved in CH,Cl, (30 mL), followed by
addition of PBr; (1.62 g). The reaction mixture was stirred under Ar atmosphere overnight. Subsequently,
the mixture was quenched with water (30 mL). The organic substances were extracted three times with
CH,Cl,. The product was concentrated and purified by silica gel column chromatography with n-hexane as
the eluent to afford TPEP-2CBr as a white power (yield, 93%). 'H NMR (500 MHz, CDCl;) 6 (ppm): 4.52
(s, 4H), 7.06~7.13 (m, 13H), 7.25 (s, 1H), 7.35 (d, 4H), 7.41 (d, 4H), 7.52 (d, 4H); FT-IR (KBr) v (cm™):
3450, 1620, 1560, 1410, 1090, 712.
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Preparation of QAU-1. TPEP-2CBr (0.67 g) was dissolved in CH;CN (20 mL), followed by the
addition of triethylamine (2.02 g). The reaction mixture was slowly warmed up to 60 °C and stirred under
Ar atmosphere overnight. The product was concentrated and purified through recrystallization in toluene
solvent to afford QAU-1 as a white solid (yield, 81%). 'H NMR (500 MHz, CDCl;) & (ppm): 1.28 (s, 18H),
3.38 (m, 12H), 4.5 (d, 4H), 7.25 (dd, 10H), 7.55 (m, 12H); FT-IR (KBr) v (cm™): 3430, 2980, 1600, 1560,
1410, 1090, 812, 768, 710.

Preparation of AIE Dots-Based Probe. QAU-1 was dispersed in 10 mL phosphate buffer saline
(PBS) (20 mM, pH 7.4), and the solution was then sonicated for 30 min to obtain a homogeneous
dispersion. Subsequently, the AIE dots formed through the self assembling of QAU-1 in PBS. The obtained
AIE dots were allowed to react with Q-DNA for 30 min to develop the AIE dots-based probe.

Fluorescence Detection of BLM. The BLM samples were pretreated by mixing BLM with Fe*™ in
1:1 molar ratio to form BLM-Fe’" solution. In the typical assay, AIE dots-based probe, and a certain
amount of BLM sample were mixed in 100 pL of reaction buffer and incubated at room temperature for 20
min before fluorescence measurements.

RESULTS AND DISCUSSION

Principle of AIE Dots-Based Probe. The working principle of the proposed biosensor is
illustrated in Scheme 1. In our strategy, amphiphile QAU-1 was ingeniously designed, which comprised of
tertaphenylethylene structure (hydrophobic part) and quaternary ammonium salt group (hydrophilic part).
Under optimal circumstances, it could self-assemble into well-defined AIE dots, which emitted bright
fluorescence, and possessed high positive charge densities on the surface, resulting in strong adsorption
ability toward DNA through the electrostatic interaction (Scheme 1-I). Thus, AIE dots-based probe could
be successfully prepared upon the addition of Q-DNA, and exhibited a negligible fluorescence emission

7
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Scheme 1. (I) The schematic illustration of AIE dots preparation procedure, and (II) the principle of the

proposed biosensor based on AIE dots to enhance fluorescence for ultrasensitive detection of BLM.

because of the FRET effect (Scheme 1-II). Certainly, Q-DNA, whose structure shown in Figure S1A, was
rationally designed to consist of both a quencher and the target recognition sequence, i.e. GCT, toward
BLM sample.”’® In the absence of BLM, Q-DNA could not be cleaved, and was still effectively anchored
on AIE dots surface. Due to the FRET effect, which was dependent on the distance between the particular
quencher in Q-DNA and AIE dots, weak fluorescence was observed for the AIE dots-based probe.***°
However, in the presence of BLM, Q-DNA was specifically cleaved at the scission site via the oxidative
effect of BLM with Fe*" as the cofactor, and three-mer quencher-linked oligonucleotide fragments (denoted
as Q-DNA-1) were then released. As depicted in Figure S1B, the newly appeared band in lane b, at the
longer distance than that of Q-DNA, was associated with the generation of 21-mer oligonucleotide

fragments (denoted as Q-DNA-2), arising from the specific cleavage of Q-DNA by BLM-Fe*". Negative

charge density in Q-DNA-1 drastically decreased and fewer Q-DNA-1 were anchored on AIE dots surface,
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as compared to Q-DNA. Thus, the FRET effect from quencher to AIE dots was significantly weakened due
to their relative long distance. Therefore, a remarkable fluorescence enhancement was readily observed.
Because the FRET effect was dependent on the amount of Q-DNA anchored on the AIE dots surface, which
was subsequently dependent on the concentration of BLM, the fluorescence enhancement of the
as-proposed assay was thus related to the concentration of the target analyte, and ultrasensitive fluorescence

detection of BLM was readily realized.

Characterization of AIE Dots-Based Probe. Amphiphile QAU-1 was prepared following the
synthetic route depicted in Scheme S1 and the detailed steps for its synthesis were demonstrated in
Experimental Section. The identities of QAU-1 and intermediates were firmly confirmed by 'H NMR and
FT-IR spectra (Figure S2). To evaluate the AIE behavior of QAU-1, we conducted fluorescence/UV-Vis
measurements on QAU-1 in DMF-PBS mixture. As manifested in Figure 1A, when PBS fraction was <
60%, QAU-1 exhibited weak fluorescence. However, with further increase of PBS content, prominent
fluorescence response was observed, arising from the formation of QAU-1 aggregates and the subsequent
restriction of intermolecular rotation. With the content of PBS reached 98%, a ca. 93.4-fold increase in
intensity was observed. Meanwhile, owing to the low light transmission caused by Mie effect of the formed
aggregates in mixed solution with PBS fraction > 70% (Figure S3A), high absorbance in UV region and
apparent levelling-off with low absorbance in the visible region were detected. Additionally, corresponding
images of QAU-1 under UV irradiation with different PBS fractions were shown in Figure 1B, which
further verified the fact that QAU-1 exhibits little fluorescence emission in molecule-dissolved state, and
enjoys remarkable fluorescence emission in aggregate state. Moreover, the AIE characteristic of QAU-1
was also proven by performing its fluorescence in different solvents, i.e. good solvents and poor solvents,

as shown in Figure S3B.
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Figure 1. (A) Fluorescence emission spectra of QAU-1 (5 pM) in DMF-PBS mixtures. (B) Photographs of
QAU-1 (5 uM) under 365 nm UV illumination in different PBS fractions. (C) Fluorescence spectra of
QAU-1 with different concentrations in PBS. (D) Fluorescence intensity vs. the logarithm of QAU-1

concentration.

Organic nanoaggregates with well-defined morphologies and ultrasmall sizes have attracted
unprecedented attention from scientists in recent years due to their application in numerous fields including

42 However, to the best of our knowledge, AIE

chemo-/biosensors and photodynamic therapy.
nanoaggregates with ultrasmall size (AIE dots) especially < 10 nm was scarcely reported. To address this
challenge, herein a new strategy of self assembling of QAU-1 was adopted, and the self assembling process
was thoroughly investigated by UV-Vis, FL and TEM techniques. Figure 1C shows the fluorescence spectra
of PBS containing QAU-1 with different concentrations. When the concentration of QAU-1 was < 2 uM,

the fluorescence intensity was very weak. Once the concentration of QAU-1 was > 2 puM, the fluorescence

intensity enhanced remarkably. This increase in intensity can be ascribed to the AIE effect triggered by the
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formation of dots, in which the restriction of intermolecular rotation leads to elevated fluorescence.

Meanwhile, the critical micelle concentration (CMC) value for QAU-1 was determined to be 2 uM through

the changes of fluorescence intensity under different QAU-1 concentrations in PBS (Figure 1D). The

formation of AIE dots can also be verified by UV-Vis spectra, which are demonstrated in Figure S3C.

The self assembling behaviour of QAU-1 was subsequently investigated by TEM, which helped in the

visualization of the morphologies of the assembled AIE dots. Figure 2A-a gives a TEM micrograph of

QAU-1 with the concentration of 0.2 uM. No nanoaggregates were obtained. Furthermore, spherical

aggregates around 5 nm in diameter were clearly observed by TEM, with QAU-1 concentration further

increased to 5 uM (Figure 2A-b, c), suggesting that QAU-1 self assembled into dots in PBS with the

concentration > 2 uM. Conversely, no nanoaggregates were detected in DMF with the concentration of 5

uM (Figure S3D). These implied that the AIE dots can only be prepared in PBS with the concentration

larger than CMC, and are completely cleared from the organism during an acceptable period, and thus

enjoy fascinating biocompatibility for advanced utilization in bioassay associated with human body.”*** F

or
the potential application of AIE dots in chemo—/biosensing fields, the photostability and water dispersibility
were further studied (Figure S3E and S3F). And the zeta potential value of AIE dots was determined to be
37.2 + 3.1 mV, which was ascribed to the quaternary ammonium salt groups on the surface. These
experimental results successfully implied that the prepared AIE dots enjoy excellent photostability and high

resistance to photobleaching, and could maintain good stability for several weeks without precipitation

formation.

In the present study, AIE dots were prepared through the self assembling of QAU-1 with the
concentration of 5 uM in PBS, with the diameter of about 5 nm (Figure 2A-c) and high positive charge
densities on the surface, which are beneficial for it to adsorb negatively charged DNA to develop bioassay.

As shown in Figure 2B, the fluorescence intensity gradually declined with the increase of Q-DNA

11
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Figure 2. (A) TEM images of QAU-1 with different concentrations: (a) 0.2 pM, (b) 2.0 uM, (c) 5.0 uM. (B)
Fluorescence spectra of AIE dots-based probe with different concentrations of Q-DNA (QAU-1, 5.0 uM).
(C) The UV-Vis spectrum of Q-DNA (a) and fluorescence spectrum of AIE dots (b) in PBS. (D)
Fluorescence intensity vs. the reaction time of AIE dots (5.0 pM) and Q-DNA (300 nM) in PBS. (E)
Fluorescence spectra of AIE dots-based probe in (a) PBS, (b) PBS containing K, Mg, Ca®", CI', NO5,

(the concentrations of all ions were 100 nM), and (¢) human serum sample (serum: PBS, 1: 3, v: v).

concentration from 0 to 300 nM, arising from the electrostatic adsorption and FRET effect between AIE
dots and Q-DNA. The FRET effect was verified by the spectral overlap between the absorption spectrum of
Q-DNA and the emission spectrum of AIE dots (Figure 2C). However, with the further increase of Q-DNA

concentration, no obvious variations in intensity were detected, which could be attributed to the saturated
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adsorption of Q-DNA. Thus, the optimal concentration of Q-DNA was chosen as 300 nM to develop this

proposed assay, which is consistent with the zeta potential results shown in Figure S4A. Meanwhile, the

incubation time for AIE dots-based probe preparation was also studied, and 30 min was selected as the

optimal incubation time (Figure 2D). Prior to the application in detecting BLM, the stability of AIE

dots-based probe was investigated. As illustrated in Figure 2E, no obvious change in fluorescence intensity

was observed for AIE dots-based probe in PBS, PBS containing ions and serum sample, respectively,

indicating that both ions and serum matrix have negligible interfering effect on the stability of the proposed

probe.

To investigate such a DNA induced fluorescence turn-off phenomenon, the electrostatic interaction

between AIE dots and Q-DNA was examined. The competitive adsorption experiment was designed by

pre-incubation of Q-DNA with cationic polymer PDADMA, and subsequently adding AIE dots into the

system (Figure 3A). The PDADMA masked the negative charges on Q-DNA, and thus blocked the binding

of AIE dots to Q-DNA, resulting in no FRET effect. Thus, the fluorescence of AIE dots was not quenched.

As depicted in Figure 3B, as compared to the case that PDADMA was absent, the pre-incubation of

PDADMA with Q-DNA resulted in a fluorescence emission similar to that of AIE dots only, arising from

the strong adsorption ability of the positively charged PDADMA toward Q-DNA and the subsequent

absence of FRET effect between AIE dots and Q-DNA. To further confirm this, a structural analogue

TPE-COOH, which has the same tertaphenylethylene core but is substituted with a carboxyl group, was

used as a control (Figure 3C). It exhibited unique AIE characteristic, with significant fluorescence intensity

observed in PBS, but hardly any fluorescence signal was detected in DMF (Figure S4B). Meanwhile, it

exhibited the self-assembling behaviour (Figure S4C and S4D) for consisting of both hydrophobic part and

hydrophilic part, and formed the aggregates in PBS with the concentration higher than the CMC value (15

13
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uM). However, if TPE-COOH was used to substitute QAU-1 as the fluorogen, no obvious fluorescence

decrease was detected after Q-DNA treatment (Figure 3D), which was due to the fact that the negatively

charged TPE-COOH nanoaggregates cannot interact with Q-DNA because of the electrostatic repulsion

effect, resulting in the separation of fluorogens and the quenchers and the subsequent reduction of FRET

effect.
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Figure 3. (A) Schematic illustration of the effect of PDADMA to prevent the formation of AIE dots-based
probe. (B) Fluorescence spectra of AIE dots (5.0 uM) under different conditions: (a) AIE dots, (b) AIE dots
+ Q-DNA, (c) AIE dots + pre-incubated Q-DNA and PDADMA. (C) Schematic illustration of the
TPE-COOH nanoaggregates formation and its electrostatic repulsion toward Q-DNA. (D) Comparison of
the relative fluorescence changes of AIE dots (5.0 uM) and TPE nanoaggregates (25 uM) upon the addition
of Q-DNA. For (a) and (b), I, and I are the fluorescence intensity of AIE dots before and after the addition
of Q-DNA (300 nM). For (¢) and (d), Iy and I are the fluorescence intensity of TPE nanoaggregates before
and after the addition of Q-DNA (1500 nM).

Feasibility Study of AIE Dots-Based Probe. To verify the feasibility of the proposed sensing
strategy, fluorescence signals upon analyzing the target and those obtained in a series of control

experiments were acquired and depicted in Figure 4A. Upon the addition of both BLM and Fe’" with

different concentrations, the fluorescence intensity elevated from 38.1 a. u. (a) to 52.3 a. u. (d) and 90.0 a. u.

14
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(e), respectively. This is because a large amount of Q-DNA-1 formed upon the specific cleavage of Q-DNA
by BLM-Fe”", which possessed significantly decreased adsorption ability and FRET effect toward AIE dots,
thus resulting in the restoration of the fluorescence. Whereas, in the absence of BLM, F e’ or both, the
fluorescence signals were about the same and fairly low (a, b and c). These experimental results clearly
demonstrated that the fluorescence detection of target analyte could be readily achieved using the AIE
dots-based probe.

In the proposed sensing strategy, fluorescence detection of a variety of analytes can be readily realized
by simply changing the specific target recognition DNA sequences, thus, the design of Q-DNA is very
important for BLM probing and was investigated. Two DNA strands, namely P1 and P2, with their
sequences shown in Table S1, were designed and substituted Q-DNA in the proposed assay. As compared to
Q-DNA, P1 did not contain the specific sequences recognizable by BLM, and P2 was not labelled with the
quencher molecule. As manifested in Figure S5, with Q-DNA substituted by P1, the proposed biosensor
exhibited similar fluorescence intensity as that using Q-DNA, but in the presence of BLM, little
fluorescence intensity change was observed. Whereas, with Q-DNA substituted by P2, the probe emitted
much brighter fluorescence because of the absence of the quencher, and similar to the case of P1, no
obvious fluorescence intensity variation was observed when BLM was present.

Analytical Performance of AIE Dots-Based Probe. Under the optimum experimental
conditions (Figure S6), we challenged this fluorescence biosensor by probing target BLM with different
concentrations to test its sensing performance. As illustrated in Figure 4B, the fluorescence intensity
remarkably augmented with the increase of BLM concentration, which could be ascribed to the fact that
more BLM impelled the generation of more Q-DNA-1, with declined adsorption ability and FRET effect
toward AIE dots. A calibration curve made by plotting A/ vs. the BLM concentration (cgry) is exhibited in
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Figure 4C. It is clearly shown that A/ was linearly proportional to the logarithm of cgy\ Within two ranges,
i.e. 0.01 to 500 pM (Figure 4D) and 1000 to 500000 pM (Figure 4E), respectively. In the low concentration
linear range, the resulting regression equation was determined as A/ = 3.017 log cprm + 6.672 (Al in the
units of a. u., cgpm in the units of pM), and in the high concentration linear range, the regression equation
was Al = 12.09 log cgrm — 17.60 (Al in the units of a. u., cgpy in the units of pM), with the correlation
coefficient of R*= 0.9893 and R*= 0.9924, respectively. Accordingly, the detection limit was calculated to
be 3.4 fM (based on signal-to-noise ratio of 3), which, as shown in Table S2, to the best of our knowledge,

was the lowest detection limit ever obtained for BLM detection.
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Figure 4. (A) Fluorescence spectra of proposed biosensor under different conditions: (a) AIE dots-based
probe, (b) AIE dots-based probe + BLM (500 pM), (¢) AIE dots-based probe + Fe** (500 pM), (d) AIE
dots-based probe + BLM-Fe* (500 pM), (e) AIE dots-based probe + BLM-Fe* (500 nM). (B)
Fluorescence spectra of proposed biosensor upon the addition of BLM with different concentrations. (C)
The fluorescence intensity change (Al) of the proposed biosensor before and after the addition of BLM vs.
the BLM concentration. (D) The linear plot of A/ vs. the logarithm of the BLM concentration ranging from
0.01 to 500 pM. (E) The linear plot of A/ vs. the logarithm of the BLM concentration ranging from 1000 to
500000 pM. (F) Comparison of Al in the presence of BLM, H,0,, lysine, tryptophan, L-threonine,
daunorubincin, mitomycin, dactinomycin, and the mixture of these substances, respectively. Al = I — I,
where [ is the fluorescence intensity in the presence of BLM or one of the seven interfering substances, and

1, is the fluorescence intensity of AIE dots-based probe. The concentrations of all analytes were 500 pM.

Selectivity of AIE Dots-Based Probe. To investigate the selectivity of the proposed fluorescence

biosensor for BLM assay, seven other compounds, namely, daunorubincin, mitomycin, dactinomycin, H,O,,

17
ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Analytical Chemistry

lysine, tryptophan, and L-threonine, were added into the sensing system as the interfering substances. As
shown in Figure 4F, obvious fluorescence response was detected only in the presence of BLM, whereas,
little variation in intensity was observed in the presence of one of the seven interfering substances.
Furthermore, a 500 pM BLM sample containing the seven interfering substances exhibited no obvious
change, as compared with that acquired in the sample containing 500 pM BLM only. Thus, the proposed
fluorescence biosensor demonstrated excellent performance for distinguishing BLM against other
interfering substances.

Real Sample Analysis. Finally, we tested the AIE dots-based assay for BLM detection in clinical
samples through the recovery experiments by spiking BLM-Fe" with different concentrations into human
serum samples. As manifested in Table S3, for BLM with different concentrations of 1, 20 and 200 pM,
there was good agreement between the added and the measured values of BLM concentrations, with the
recoveries in the range of 99.12% to 103%, implying no severe interferences in clinical samples. Moreover,
the relative standard deviations (RSD) of three repetitive measurements for these samples were all below
3.3%, demonstrating good reproducibility. These results arguably indicated that the proposed fluorescence
bioassay had good reliability and reproducibility, and could be successfully utilized for the detection of
BLM in clinical samples.

CONCLUSIONS

In this work, we reported a general strategy to prepare highly fluorescent AIE dots with exceptional
colloidal stability, ultrasmall size, and functional groups that allow for electrostatic conjugation to
biological molecules, and we also demonstrated their application in developing ultrasensitive fluorescence
bioassay. Due to the efficient FRET effect between AIE dots and the quenchers labelled on biological
molecules, the fluorescence of the proposed biosensor was initially quenched, and a turn-on signal was
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sequentially observed upon the addition of BLM, the proof-of-concept target analyte. The proposed

biosensor exhibited ultrahigh sensitivity, and a detection limit down to 3.4 fM was obtained, which is the

©CoO~NOUTA,WNPE

lowest value reported so far. The applicability of this fluorescence biosensor for real sample analysis has
also been demonstrated by probing BLM spiked in human serum samples. Moreover, ultrasensitive
14 detection of other analytes can be readily achieved by simply changing the specific target recognition
substrate, thus providing a versatile fluorescence platform for ultrasensitive detection of a variety of
19 biomolecules. Therefore, the proposed fluorescence bioassay has great potential to be applied in the areas
of bioanalysis and clinical biomedicine.
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