Mugla Journal of Science and Technology

REDUCED GRAPHENE OXIDE AND Tb-DO3A CONJUGATE AS LUMINESCENT
CHEMOSENSOR FOR AGILE DETECTION OF HYDROXYL RADICAL

Fatih ALGI*, Department of Biotechnology & ASUBTAM Memduh Bilmez BioNanoTech Lab., Aksaray University, TR-
68100 Aksaray, TURKEY, falgi@aksaray.edu.tr
(“* https://orcid.org/0000-0001-9376-1770)
Meltem ALP, Department of Biotechnology & ASUBTAM Memduh Bilmez BioNanoTech Lab., Aksaray University, TR-
68100 Aksaray, TURKEY, alpmeltemgr@gmail.com

(“* https://orcid.org/0000-0001-7383-3319)

Received: 30.06.2024, Accepted: 24.10.2024 Research Article
*Corresponding author DOI: 10.22531/muglajsci.1507403
Abstract

The development of chemosensors for the detection of hydroxyl radicals (HO*) is a challenging task since HO* has an
exceptionally short lifetime (in vivo half-life of ~1 ns). In this work, we have designed and synthesized a versatile probe,
viz. Tb@rGO, for the detection of HO* amongst the biologically important ions and reactive oxygen species (ROS). Our
design is based on covalent conjugation of reduced graphene oxide (rGO) with terbium (111)-1,4,7,10-
tetraazacyclododecane-1,4,7-triacetic acid (Tb-DO3A). Tb@rGO is characterized by traditional spectroscopic methods
including XRD, SEM, TEM, and zeta potential analysis. Furthermore, we elaborate the photophysical properties of
Th@rGO. Accordingly, our results attest that Th@rGO has unique luminescence features, rendering it highly effective in
the detection of HO*. Remarkably, Tb@rGO is highly selective to HO* among many biologically important species in 0.1 M
pH 7.4 phosphate buffered saline solution. It is also noteworthy that the limit of detection (LOD) is 0.92 uM for HO".
Therefore, this novel material hold promises as selective turn-off luminescent HO* probe.
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HIDROKSIL RADIKALININ HIZLI TESPITI iCIN LUMINESANS KEMOSENSOR
OLARAK iNDIRGENMIi$ GRAFEN OKSIT VE Tb-DO3A KONJUGATI

Ozet

Hidroksil radikallerinin (HOe) tespiti igcin kemosensdrlerin gelistirilmesi, HO#’nun son derece kisa bir 6mre sahip olmasi
(in vivo yarilanma émrii ~1 ns) nedeniyle zorlu bir istir. Bu ¢calismada biyolojik olarak énemli iyonlar ve reaktif oksijen
tiirleri (ROS) arasinda HOe’nun tespiti icin kullanilabilecek ¢ok yénlii bir prob Th@rGO tasarladik ve sentezledik.
Tasarimimiz indirgenmis grafen oksidin (rGO) terbiyum (11l)-1,4,7,10-tetraazasiklododekan-1,4,7-triasetik asit (Tb-
DO3A) ile kovalent konjugasyonuna dayanmaktadir. Tb@rG0O, XRD, SEM, TEM ve zeta potansiyel analizini igeren
geleneksel spektroskopik ydntemlerle karakterize edilmistir. Ayrica Th@rGO’nun fotofiziksel ozelliklerini de
detaylandirdik. Buna gére, sonuglarimiz Tb@rGO’nun benzersiz liiminesans ézelliklere sahip oldugunu ve bu dzelligin
onu HOs tespitinde son derece etkili kildigini dogrulamaktadir. Dikkat ¢ekici bir sekilde Th@rGO fosfat tamponlu salin
(0,1 M PBS, pH 7,4) ¢ézeltisinde biyolojik acidan énemli bir¢ok tiir arasinda HO«'ya karsi oldukga segicidir. HOs igin tespit
stirinin (LOD) 0,92 uM olmast da dikkat ¢ekicidir. Bu nedenle, bu yeni malzeme, segici liiminesans sontimlemeli HOe
probu olarak umut vaat etmektedir.

Anahtar Kelimeler: Terbiyum (III), Indirgenmis grafen oksit, Reaktif oksijen tiirleri, Hidroksil radikali, Liiminesans prob
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physiological processes such as immune function,
mitogenic response, cellular signaling, protein
phosphorylation and maintaining redox homeostasis
[3-7]. However, high levels of ROS cause oxidative
stress, which can lead to aging, inflammation and
genesis or development of diseases by the destruction of

1. Introduction
Reactive oxygen species (ROS) can be classified in two
groups as free radicals (hydroxyl, hydroperoxyl and
superoxide radicals) and nonradical species (H:0q,
HOCI, HOBr, and 102) [1, 2]. They involve in various


mailto:falgi@aksaray.edu.tr
https://orcid.org/0000-0001-9376-1770
mailto:alpmeltemgr@gmail.com
https://orcid.org/0000-0001-7383-3319

Fatih Algi, Meltem Alp
Reduced Graphene Oxide and Tb-DO3A Conjugate as Luminescent Chemosensor for Agile Detection of Hydroxyl Radical

important biomolecules including nucleic acids, lipids,
proteins, and carbohydrates [8]. In particular,
deterioration of redox homeostasis is directly linked
with several diseases including cardiovascular diseases,
cancer, inflammation, diabetes mellitus, gastrointestinal
and neurological diseases [9]. Besides, low levels of ROS
are associated with autoimmune disorders [10].
Hydroxyl radical (HOe) is the most reactive ROS, and it
has very short lifetime (in vivo half-life of ~1 ns).
Moreover, the diffusion length of HO* (ca. 10-° m) in
aqueous solution is shorter than the other ROS [8, 11].
HO* is widely used in air quality monitoring and water
purification [12]. Also, it is one of the reactive
intermediates of photo and chemo dynamic cancer
therapies. Furthermore, HO* has essential functions in
the control of many pathological and physiological
conditions. Therefore, real-time detection of HO°* is
significant to reveal the extent of its biological roles and
functions as well as deleterious effects. Nonetheless, it is
a challenge to get truly efficient chemosensors for HOe
due to its transient nature.

Electron paramagnetic resonance (EPR) spectroscopy
serves as a traditional method for the detection of HO¢,
but low spatiotemporal resolution and complex
instrumentation limit its utility [8]. In this context,
luminescence spectroscopy's practicality, selectivity,
and sensitivity offer a potential approach to the precise
identification of HO*. A number of organic fluorophores
which can be used as chemosensors for HO* have been
reported so far [12-16]. However, organic fluorophores
[17-20] have some inherent drawbacks such as low
photostability, broad luminescence peaks and small
Stokes shifts [21]. On the contrary, lanthanide
complexes represent a versatile platform for optical HO*
chemosensors [21-29] due to their sufficient
photostability, and sharp luminescence peaks in Visible
or infra-red regions [30, 31]. Furthermore, lanthanide
complexes also have large Stokes shifts (~200 nm),
which eliminates self-absorption problems [27].
Additionally, lanthanide complexes allow time-delayed
luminescence detection, eliminating any interference
from background luminescence. Thus, these superior
properties of lanthanide complexes have paved the way
for numerous practical applications in different fields,
including sensors [32-35], bioimaging agents [31, 36],
and device applications [30, 37].

In the present work, we have created and synthesized a
versatile probe to identify HOe amongst the ROS. Our
design was based on covalent conjugation of terbium
(I11)-1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid
(Tb-DO3A) with reduced graphene oxide (rGO) to get
Tb@rGO (Figure 1). Here, we opted to use Tb(III) as the
metal center for luminescence source and rGO as a
robust antenna for the sensitization of the lanthanide
luminescence [38-42]. Tb@rGO was characterized by
traditional spectroscopic methods including XRD, SEM,
TEM, and zeta potential analysis. Furthermore, we
elaborated the photophysical properties of Tb@rGO.
Accordingly, our results attested that Tbh@rGO had
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unique luminescence features, rendering it highly
effective in the detection of HO*. Remarkably, Tb@rGO
was highly selective to HO®* amongst these ROS in
aqueous solution at physiological pH (PBS, pH 7.4)
solution. It was also noteworthy that the limit of
detection (LOD) is 0.92 uM for HO*. Therefore, this novel
material hold promises as an exceptionally selective and
sensitive luminescent HO* probe.

Tb@re0o

Figure 1. The structure of Th@rGO.

2. Material and Method

Unless specified otherwise, chemicals were purchased
from reliable commercial vendors and utilized exactly
as supplied. Thermo Scientific Nicolet iS5 FT-IR
Spectrometer with iD5-ATR and Perkin Elmer Spectrum
100 model FTIR with attenuated total reflectance (ATR)
were used to record FTIR spectra, while Thermo
Scientific TSQ Quantum Acces Max spectrometer was
used to record LC-MS spectra. Varian Cary Eclipse and
Varian Cary 50 spectrophotometers were used to record
the  fluorescence and UV-Vis measurements,
respectively. The Merck Company's 60-200 mesh silica
gel was used for column chromatography. Utilizing the
Schorrp MPM-H2 model device, the melting points were
ascertained. TLC was observed using analytical
aluminum plates made of Merck with a 0.2 mm silica gel
60 F254. For each measurement, anions solutions made
from the appropriate perchlorate salts were made
freshly. Migros A.S. a local supplier, provided the
hypochlorite solution (5% NaOCI). Using the methods
outlined in the literature reactive oxygen species were
prepared [43]. Varian Cary Eclipse spectrophotometers
were used to measure phosphorescence in the range of
450 to 700 nm. The widths of the emission and
excitation slits were 10 and 20 nm, respectively. The
gate time and delay time were 2.00 and 0.10 ms,
respectively, while the total decay time was 0.02 s and
the number of flashes was 1.00. Voltage of the
photomultiplier tube was high. Following slightly
altered published protocols, the compound 3, Tbh-DO3A,
were synthesized in four stages [35].

2.1.Synthesis of 11-azidoundecan-1-ol (2)

11-Bromo-1-undecanol (1, 251 mg, 1 mmol), sodium
azide (98 mg, 1.5 mmol) and potassium iodide (16.6 mg,
0.1 mmol) were dissolved in 2 mL anhydrous DMF and
placed in a 10 mL round-bottomed flask. The mixture
was heated at 98 °C under argon atmosphere until
compound 1 was exhausted and checked by TLC. The
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solvent was extracted using less pressure after allowing
the mixture to reach room temperature. DCM (3x100
mL) was used to extract the residue after it was put into
100 mL of water, and it was then dried over MgSOa.
Yellow viscose oil with a 70% yield was obtained by
filtering the mixture and eliminating the solvent. 'H
NMR (300 MHz, CDCl3) &/ppm: 3.62 (t, ] = 6.6 Hz, 3H),
3.23 (t, ] = 6.6 Hz, 3H), 1.58 - 1.52 (m, 6H), 1.33 - 126
(m, 12H); 13C NMR (75 MHz, CDCls) §/ppm: 62.92,
51.44, 32.75, 29.49, 29.39, 29.36, 29.08, 28.78, 26.65,
25.70.

2.2.Synthesis of 4

3 (124.6 mg, 0.585 mmol) and 2 (0.585 mmol) were
dissolved of in a mixture of THF and H:0 (1:1, v/v, 5
mL) under argon atmosphere. Cu dust (4 mg, 0.06
mmol) and CuSO4.5H20 (15 mg, 0.06 mmol) were
added, and the mixture was stirred for 48 hours at room
temperature in an argon environment. With the use of a
rotary evaporator, the solvent was eliminated, yielding
4 in 75% yield, LC MS/MS (m/z) calculated M* for
C,gH,gN,0,Tb:  753.29 measured [M+H]*: 754.04,

[M+Na]*: 776.04.

2.3.Synthesis of Reduced Graphene Oxide

GO was synthesized by using a modified Hummer’s
method [44]. To begin with, 5 g of graphite was added to
115 mL of H2S04 (98%) and 2.5 g NaNOs was allowed to
mix in an ice bath for 30 minutes. KMnO4 (15 g) was
added to the mixture slowly and stirred for 3 h at 35 °C.
Subsequently, 500 mL of water was slowly added,
followed by stirring for 1 hour to maintain a
temperature below 70°C. Gradually adding 10 mL of
30% H20:2 to the mixture caused the suspension's color
to change from dark brown to yellow and caused
vigorous bubbles to form. The solution was washed 3
times using dilute HCI (%10) followed by centrifuging at
5000 rpm for 10 minutes and then, to completely
remove the acid, it was washed with distilled water until
the pH was neutral. The filtrate was dried at 50 °C for 24
h to give graphite oxide. Graphite oxide (100 mg in 100
mL water) was ultrasonically sonicated for two hours to
yield graphene oxide (GO). Then, GO was reduced by
treatment with hydrazine hydrate (3 mL) at 115 °C for 2
h. The mixture was left to cool to room temperature
once the reaction was finished, filtered, and washed
with distilled water and methanol before drying under
vacuum.

2.4.Synthesis of Th@rGO

SOClz (5 mL) was added dropwise to rGO (30 mg)
solution in anhydrous DMF (0.5 mL) under argon
atmosphere. The mixture was heated at 70 °C for 24 h
and allowed to cool to room temperature. Unreacted
SOClz was removed by rotary evaporation under
reduced pressure. Anhydrous DMF (0.5 mL) and NEt3
(0.5 mL) and were added to the residue, followed by
addition of 4 (0.04 mmol) in anhydrous DMF. In under
argon atmosphere, the mixture was heated to 85 °C.
After 48 h, allowing the mixture to reach room
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temperature, a saturated NaHCOs3 solution was used to
wash it. The supernatant was centrifuged at 25 °C for 5
minutes at 12000 rpm. The pellet was washed with
distilled water and methanol, before drying under
vacuum.

2.5. Detection Limit Measurements

The detection limit for Tb@rGO was calculated based
on luminescence titration. Figure S12 illustrates the
luminescence emission intensity of Tb@rGO with the
concentration of ¢OH. Firstly, determine the S/N ratio,
the phosphorescence emission intensity of the blanks
without <OH was measured 10 times. After that
standard deviation of these blanks was calculated.
Phosphorescence emission intensities of the Th@rGO in
the presence of *OH was plotted as a concentration of
*OH to determine the slopes. In general, Stern-Volmer
plot is used for luminescence quenching [45]. We used
an exponential quenching equation (1) to fit the
nonlinear  Stern-Volmer  curve  [45-48]. The
concentration of *OH can be placed as a function of
equation (1), where Io and I are the emission intensity of
the suspension without or with the addition of *OH,
respectively.

(To/1) = 1.0479e6650(-01) (1)

The result illustrates that the plot can be fitted to (Io/I)
= 1.0479 e%650(-0H) and attains the correlation coefficient
(R?) of 0.991 (see Figure S12). We calculated the
quenching constant for *OH from this non-linear curve
fitting as 71259.07. Equation (30/m) was used to get the
detection limit, where o shows the standard deviation of
the blank measurements, m illustrates the slope
between sample concentration towards intensity.
Standard deviation was determined as 0.021963042
and the slope of the graph as 71259.07, thus in turn, the
limit of detection (LOD) was calculated in line with the
equation (0.92 uM). The limit of quantification (LOQ)
was calculated according to the equation (100/m) as
3.08 pM. Remarkably, Table S6 shows that Tb@rGO's
LOD for «OH remains comparable to, superior to other
luminescent probes reported in the literature.

3. Results and Discussion

3.1.Synthesis and and characterization of Th@rGO

The target chemical Tb@rGO was synthesized by first
converting 11-Bromo-1-undecanol (1) to 11-
azidoundecan-1-ol (2) by treatment with sodium azide
in the presence of potassium iodide in DMF (Scheme 1).
Compound 2 was characterized with 1H, 13C NMR and
FTIR spectra (see Supporting Information, Figure S1-
S3). Tb(IlI)-DO3A (3) was synthesized according to
literature [35]. Cu-catalyzed click reaction between 2
and 3 provided compound 4 in 75% yield (Scheme 1).
Compound 4 was characterized by LC MS and FTIR
spectra (Figure S4-S7).
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Figure 2. Synthesis of 2, 4, rGO-C], and Tb@rGO.

Using the Modified Hummer method, Graphene oxide
(GO) was synthesized (Figure 2)[44]. The reduction of
GO was carried out with hydrazine at 115 °C (for the
details of characterization of GO and rGO, see
Supporting Information, Figure S8-S12). The treatment
of rGO with SOCIz in dry DMF at 70 °C afforded rGO-Cl.
rGO-Cl was directly used in the next step, and it was
treated with compound 4 in the presence of NEts3 in dry
DMF to furnish Tb@rGO (Scheme 1). Tb@rGO was
characterized by SEM, TEM, XRD, zeta potential, and
EDX analysis (see Figures 3-6).

Figure 3 shows TEM and SEM images of rGO and
rGO@TDb. Compared to GO, rGO has a smoother surface
because functional groups are removed following
reduction (see Figure 3a, and Figure S8). However, the
rGO’s surface morphology was dramatically changed
after reaction of rGO-Cl with 4. The flocculent
morphology clearly indicated that 4 was successfully
conjugated to rGO to furnish rGO@Tb (Figure 3a-d).
Figure 3c-d shows TEM images of rGO and rGO@Tb. It
was seen that there was a defect in the rGO@Tb
structure. With the removal of oxygen-containing
groups, defects occurred in the structure of the basal
plane (Figure 3d) [49]. A flat morphology with reduced
folding and wrinkling was also observed. The
appearance of many dark spots on the rGO sheets
unambiguously indicated the conjugation of 4 to
provide rcO@Tb [41, 50].

Figure 3. SEM images of a) rGO, b) Tb@rGO, and TEM
images c) rGO, d) Tb@rGO.

XRD patterns of GO, rGO, and Tbh@rGO is demonstrated
in Figure 4. As seen in Figure 4, characteristic reflection
plane (001) of GO (at the diffraction peak 20=11.54°)
disappeared after reduction with hydrazine and the
reflection plane (002) at 26=26.8° appeared in XRD
spectrum [44, 51, 52]. Furthermore, Th@rGO exhibited
a characteristic peak appeared at 30.3°. The average
number of layers (n) and crystallite size (D) for GO, rGO
and Tb@rGO were determined according to literature
[53-55], and the results were tabulated in Table S1.
After reducing GO to rGO, the peak shifted from 11.54°
to 26.8°, which confirmed the reduction of inter-layer
spacing to 3.91 A for rGO due to the regeneration of sp2
domains and the removal of oxygen-rich functionalities.
Table S1 shows that average number of layers (n)
significantly decreased upon reduction, from n=21 for
GO to n=3 for rGO and Th@rGO, respectively. Overall,
XRD data proved that of Tb(IlI) macrocycle was
successfully attached to rGO [56, 57].
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Figure 4. XRD patterns of GO, rGO, and Tb@rGO.
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One important metric for assessing the stability of
colloidal dispersion is zeta potential [58, 59]. The
surface charge of the GO, rGO, and Tb@rGO was
determined by the zeta potential measurements in 0.1
M pH 7.4 PBS solution. The zeta potential of GO and rGO
were determined as -34.3 mV and -429 mV,
respectively (Figure S11-S12) [60]. However, the
successful attachment of Tb(III) macrocycle to rGO
raised the zeta potential of Th@rGO up to -33.0 mV

under the same conditions (Figure 5).
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Figure 5. Zeta potential of Tb@rGO in PBS (0.1 M PBS;
pH 7.4; -33.0).

Furthermore, EDX spectroscopy was utilized to divulge
the components of the GO, rGO, and Tb@rGO, all of
which were expected to have different C:0 ratios [61,
62]. Table S2 summarizes the results of EDX analysis
and C:0 ratios for GO, rGO, and Tb@rGO. Apparently,
the reduction of GO to rGO resulted in an increased C:0
ratio owing to the reduction of oxygenated functional
groups. However, we found that C:0 ratio of Th@rGO
was around 3.25, which could be due to the formation of
some defects in the structure. EDX analyzes of GO, rGO,
and Tb@rGO are given in Tables S3-S5 and Figure S9-
S10, respectively. EDX analysis of Tb@rGO
unambiguously show the presence of Tb in the
structure, thus confirming the covalent conjugation of 4
to rGO to provide Tb@rGO (Figure 6).

Spectrum 1 |

Figure 6. EDX analysis of Tb@rGO.

3.2.Photophysical properties and sensing features
of Tb@rGO features of Tb@rGO

UV-Vis absorption spectra of GO, and rGO represent the

absorption peak at 235 nm and 275 nm in 0.1 M pH 7.4
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PBS, respectively. The strong absorption peak at 235 nm
in the UV-vis spectrum of GO corresponds to n-m*
transitions, which was shifted to 275 nm after reduction
of GO to reduced graphene oxide [51, 63]. Photophysical
properties of Tb@rGO were investigated in PBS
solution (0.1 M, pH 7.4). The phosphorescence emission
spectrum of Tb@rGO (16 Bg/mL) was characterized
emission peak with a Aem at 544 nm when excited at 275
nm (Figure 7). Phosphorescence spectra of rGO, 4, and
Tb@rGO in PBS solution upon excitation at 275 nm
were given in Figure S13. rGO had a weak emission
band between 525 nm to 585 nm. On the other hand, 4
and Tb@rGO exhibited similar characteristics of Tb(III)
emission between 450 nm and 650 nm, albeit the
phosphorescence emission intensity of Tb@rGO was
slightly declined when compared to 4 under the same
conditions. Unambiguously, the phosphorescence
spectra proved that Tb(III) macrocycle was successfully
attached to rGO to give Tb@rGO. Next, the
consequenceo of pH on the phosphorescence emission
of Tb@rGO was examined between pH 5 and pH 9. It
was observed that phosphorescence emission of
Tb@rGO was unaffected by pH (Figure 7).

Relative Intensity (au)

450 500 550 00

Wavelength (nm)

Figure 7. Consequence of pH on the phosphorescence
spectrum of Tb@rGO (16 pg/mL) in 0.1 M pH 7.4 PBS at
room temperature (Aem=544 nm, Aex=275 nm).

Using various analytes, spectrophotometric titrations
were carried out to examine the analyte responsiveness
of Tb@rGO in the same solution. Here, biologically
important ions including Cl, HSOs4, F-, Br, I, PO43,
HPO42-, H2PO4,, NO2, SO42, SH, BF4, CO32, S?-, 103", N3,
HCOs,, OH-, NOs;, CN-, OAc, citrate, along with some
reactive oxygen species such as ClO-, Oz, H202, and 102
were tested (6.5x10-5> M). For the selectivity experiment,
02 and hypochlorite (ClO-) anions were prepared from
commercial KOz (dissolved in DMSO) and NaClO. Fresh
H20: solution (30%, v/v) was made using commercial
H202. NaClO solution reacted with hydrogen peroxide
(H202) to was produce singlet oxygen (102). Figure 8
depicts the relative phosphorescence emission intensity
of Th@rGO (16 pg/mL) in the presence of various
analytes (Cl, HSO4, Br-, PO43-, F-, I, HPO4%-, H2PO4,, NO2;,
S04%, SH-, BFs, CO3%, S%, 103, N3-, HCOs-, OH-, NOs-, CN-,
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OAc;, citrate, ClO-, 027, H202, 102, 02,,°OH) in 0.1 M pH 7.4
PBS (Aem=544 nm, Aex=275 nm) at room temperature.
There was no notable alteration in the emission spectra
of Tb@rGO caused by any of these species. However,
the emission intensity of Tb@rGO decreased
dramatically when *OH was generated in situ from H202
in the presence of Fe(Il) via Fenton reaction (Figure 8).
Fenton reaction is suitable for quantitative analysis of
HO-. Therefore, differing ratios of Fe2* and H202 (1:10)
was produced HO* through the Fenton reaction. Note
that there was no change in the emission intensity upon
addition of H202 or Fe?* alone. This result indicated that
the probe was unable to react with either H202 or Fe?+.
However, the solution’s luminescence intensity was
greatly reduced when H20: and Fe?* were combined.
Apparently, Tb@rGO is an extremely selective and
specific luminescent probe for the identification of HO*
(Figure 9) [21].

Intensity (ay)

Br, F~, PO, HPOZ, H,POy,
504%,HSOy, BF 4, 5%, SH",
€03 HCOy, T-, 105, Ny, OH:,
OAc-, CI,CN-,NOy,NO;~,
Citrate,0,7,C10",'0;, H,0,

Figure 8. Phosphorescence spectrum of Th@rGO (16
ug/mL) in the presence of various analytes (6.5x10-5 M,
F-, Cl, HSO4, Br, I, PO43-, HPO42, H2P04, NO2-, SO4%-, SH-,
BF4, C0O3%, §2,1037, N3-, HCO37, OH-, NO3-, CN-, OAc;, citrate,

ClO-, 0z, H202, 102, Oz, and *OH) in 0.1 M pH 7.4 PBS
(Aem=544 nm, Aex=275 nm) at room temperature.
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Figure 9. Relative phosphorescence emission intensity
of Tb@rGO (16 pg/mL) in the presence of various
analytes (6.5x10-> M, F-, Cl;, HSO4, Br-, I', PO43-, HPO4%,
H2P04, NO2, S042-, SH-, BF4, C0O32-, S-,103-,N3-, HCO3-, OH-
,NO3, CN-, OAc;, citrate, ClO-, Oz, H202, 102 Oz, and *OH)
in PBS (0.1 M, pH 7.4; Aem=544 nm, Aex=275 nm) at room
temperature.
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The effect of HO* concentration on the emission of
Tb@rGO was examined in detail. The luminescence
response of Tb@rGO to HO* was correlated with H202
concentration. Figure 10 shows the phosphorescence
spectral changes of Tb@rGO as a function of *OH
concentration (from 9x10-5M to 1.9x10-3 M) in 0.1 M pH
7.4 PBS at room temperature. When HO* was added, the
phosphorescence emission of Tb@rGO was turned off,
leading to an around 12-fold decrease in emission
intensity (Figure 10). The quenching efficiency was
91.7%.

8 8888 3

Intensity (au)

Wavelength (nm)

Figure 10. Phosphorescence emission spectra of
Tb@rGO (16 pg/mL) as a function of various
concentration of HO* (from 9x10-5M to 1.9x10-3 M) in
0.1 M pH 7.4 PBS (Aem=544 nm, Aex=275 nm) at room
temperature.

Figure 11 illustrates that the phosphorescence emission
intensity of Tb@rGO varies significantly depending on
the concentration of HO°. Based on the above
spectrophotometric titrations, limit of detection (LOD)
of Tb@rGO for HO* was determined to be 9.2x107 M
(Figure S14). Figure 11 shows that the phosphorescence
emission intensity of Tb@rGO (16 ng/mL) did not
cause a substantial change even in the presence of the
analyte mixture (see black and red graphs). In contrast,
emission intensity of Tb@rGO sharply decreased when
HO* was added in the presence of analyte mixture in 0.1
M pH 7.4 PBS (Aem=544 nm, Aex=275 nm) at room
temperature. Gratifyingly, these results revealed that
the probe possesses high selectivity and sensitivity
toward HO* even in the presence of many other species.
Remarkably, the response of Tb@rGO for HO* was
unaffected by the backdrop of different species.
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Figure 11. Phosphorescence emission spectra of
Tb@rGO (16 pg/mL) in the presence of analyte mixture
(F-, CI, HSO4, Br, I, PO43, HPO4%, H2PO4, NO2-, SO4%, SH-,
BF4;, C0O32, S2-,103°, N3-, HCO3-, OH;, NO3-, CN-, OAc;, citrate,
ClO-, 0z, H202, 102 02) in 0.1 M pH 7.4 PBS (Aem=544

nm, Aex=275 nm) at room temperature.

Finally, we investigated the luminescence response of
the constituents of Tb@rGO (4 and rGO) to ROS under
the same conditions. It was noteworthy that 4 was
responsive to both HO* and ClO-, indicating that 4 did
not induce selectivity to HO* (Figure 12). On the other
hand, rGO was almost nonresponsive to these ROS
(Figure S15).
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Figure 12. a) Phosphorescence emission spectra, and b)

Relative emission intensity of 4 in the presence of ROS

in 0.1 M pH 7.4 PBS at room temperature (Aem=544 nm,
Aex=275 nm).

4. Conclusions
In summary, we investigated the phosphorescence
characteristics, synthesis, and design of a unique
material, Tb@rGO. We successfully demonstrated that
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Tb@rGO could be used as phosphorescent HO* probe.
Remarkably, Tb@rGO is highly selective to HO*
amongst the biologically important species and ROS in
PBS solution. Depending on the concentration of HO¢,
the intensity of the phosphorescence emission varied
markedly, which allowed quantitative detection of HO".
On that basis, LOD and the limit of quantification were
found to be 092 pM and 3.08 uM, respectively.
Therefore, this novel material hold promises as selective
turn-off luminescent HO* probe.
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Appendix A

NMR, LC MS, and FTIR spectra for compounds 2 and 4,
zeta potential for GO and rGO, and Stern-Volmer plot
were provided in the supporting information file.



