In silico Design of Two-photon Fluorescent Probes for Detecting Nitric Oxide
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Abstract
Nitric oxide (NO) is a ubiquitous signaling molecule in a variety of physiological and pathological process in living organisms. A two-photon probe, i.e., 2-acetyl-6-dialkylaminonaphthalene as the reporter and an o-diaminobenzene as the reaction site for NO, linked by prolinamide (ANO1), has been synthesized. Based on the experimental study, five other two-photon probes have been designed by substituting the naphthalene fluorophore in ANO1 with the luciferin analogue (ANO2), pyrene (substitution at 1,6-position, ANO3, and 2,7-position, ANO3'), fluorene (ANO4), and boron-dipyrromethene (ANO5) units. DFT/TDDFT studies have been conducted on both experimental two-photon probe ANO1 and designed ANOn (n=2–5). Our results indicated that for designed probes, both absorption and emission spectra show red shifts compared with ANO1. The one- and two-photon absorption band positions as well as the emission wavelength do have no significant change for each probe before and after reaction with NO. However, the fluorescence intensities are enhanced after reaction with NO. ANO3 and ANO4 have large two-photon absorption cross sections. Furthermore, analysis of molecular orbitals is exhibited to interpret the photoinduced electron transfer mechanism between the donor and acceptor.
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1 INTRODUCTION 
Nitric oxide (NO), which is a ubiquitous signaling molecule in biological systems, plays an important role in the cardiovascular, nervous, and immune systems.[1,2] In addition, NO modulates a variety of physiology and pathological process in living tissues.[3] It is also closely associated with various disorders and diseases, such as cancer,[4] Gaucher’s disease,[5] myocardial fibrosis, [6] and Danon disease.[7]
To understand the role of NO in biology, it is crucial to monitor the NO level in living system. For this purpose, many fluorescent probes derived from o-diaminobenzene have been reported.[8-14] Up to now, it is well accepted that the o-diaminobenzene moiety in these probes is converted into triazine by reaction with the autooxidation products of NO such as NO+ and N2O3. This transformation inspired the development of the diaminofluoresceins (DAFs), the first fluorescent probe for assaying NO production in living cells.[9,15] These probes are fluorescent but very weak because of photoinduced electron transfer (PeT) quenching from the electron-rich amino substituents. However, conversion to the triazole functionality leads to PeT blocking and thus allows strong emission.[8-15] Yang and coworkers[13] reported a reaction-based turn-on probe for detecting NO in live cells. Up to now, some two-photon (TP) probes have been reported for intracellular NO, derived from 2-acetyl-6-aminonaphthalene, naphthalimide, and quinoline, respectively.[12,14,16] Cho’s group[14] has developed a small-molecule TP probe based on naphthalimide that shows a rapid and specific NO response, as well as strong TP excited fluorescence enhancement and a maximum two-photon absorption (TPA) cross section (δmax) in response to NO. Interestingly, the turn-on probe was designed by introducing prolinamide as the donor and linker. The cyclic structure of the prolinamide moiety has reduced the vibrational relaxation pathways, thereby increasing the fluorescence quantum yield.
In the past decade, two-photon microscopy (TPM) has become an indispensable tool in the study of biology and medicine because of the capability of this method for minimum photodamage to biological samples, deep tissue penetration, and minimum interference from the background autofluorescence of biomolecules in the living systems.[17,18] For the maximum utilization of TPM, a variety of TP probes for specific applications are required. Unfortunately, fluorophores show high quantum yield Φ and high δmax are still rare. In the present study, based on the experimentally synthesized probe ANO1,[14] the luciferin analogue, pyrene, fluorene, and boron-dipyrromethene fluorophores were chosen for designing NO probes because of their photostabilities, easy synthesis, intense fluorescence, and large δmax.[17-19] It is expected that introducing these units as the fluorophores may yield some interesting properties. Density functional theory (DFT) and time dependent DFT (TD-DFT) calculations have been conducted to evaluate the linear optical as well as two-photon absorption properties of these NO probes.

2 THEORETICAL METHOD AND COMPUTATIONAL DETAILS
The ground-state (S0) geometrical parameters have been determined by DFT hybrid B3LYP functional[20,21] with the 6-31G+(d) basis set. The geometric structures were fully optimized without symmetry constraints. Vibrational frequency calculations were carried out to verify each stationary point to be a minimum. Based on the optimized structures, the absorption spectra were investigated by using TDDFT at the same level of theory. The lowest singlet excited-state geometry optimizations and emission spectra were predicted by utilizing TD-B3LYP/6-31+G(d). In addition, the solvent effects have been accounted for with the SMD continuum model,[22] using water as solvent. SMD is considered to be a universal solvation model, and particularly suited to calculations where nonelectrostatic interactions are important.[23,24] All calculations were carried out in the Gaussian 09 software package.[25] The two-photon absorption cross sections are calculated by means of the quadratic response theory with the B3LYP functional and the 6-31+G(d) basis set, as implemented in Dalton2013 quantum chemistry program.[26] In the TPA calculations, the polarized continuum model (PCM) is adopted.

The expression for the one-photon absorption (OPA) transition intensity δop is given as follows[27]
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where ωf is the excitation energy from the ground state |0> to the excited state |f>, μα is the electric dipole moment and the summation is over the molecular x, y, and z axes.

In terms of sum-over-state formula, the two-photon transition moment tensor element (a.u.), Sαβ, between the initial |0> and final |f> states can be expressed as follows[28,29]
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where ωi represents the excitation energy from the ground state |0> to the excited state |i> and ωf/2 corresponds to half of the excitation energy associated with the transition from the ground to the excited state |f>. μα and μβ are the electric dipole moment. After Sαβ is obtained, the two-photon transition probability δtp (in atomic unit, a.u.) of a molecule for linearly polarized light can be obtained from the following formula[30]
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The conversion of the two-photon transition probabilities (in a.u.) to the physical observable TPA cross section σtp (in GM) proceeds according to the following formula:
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where a0 is the Bohr radius, c0 is the speed of light, α is the fine structure constant, ω is the energy of the incoming photons, g(ω) represents the spectral line profile, and Γ is the level broadening of final state, which is assumed to be 0.10 eV. This value is consistent with the width of the TPA spectra in a number of conjugated molecules. TPA cross section is the unit of GM, 1 GM = 10-50 cm4 s photon-1.
3 RESULTS AND DISCUSSION
3.1 Geometric and electronic properties

The designed molecules, Figure 1 represents the molecular structures of the studied NO probes. Molecules A and B are calculated to compare the effect of glycinamide and proline on TPA properties. Here, the experimentally reported probes A, B, and ANO1 are from the previous study.[14] Based on ANO1, probes ANO2−ANO5 are designed (Figure 1). All fluorescent probes have a donor for the target species and a fluorophore as the reporter linked with an amine moiety. Previous studies underlined that this is a simple and effective strategy to design a two-photon turn-on probe.[31-33] Replacement of the naphthalene fluorophore with luciferin analogue produces a probe ANO2, by taking advantage of its high quantum yield.[19] Luciferins have been frequently used in recent years for the bioluminescence imaging application. In addition, by introducing pyrene and changing its different substituent positions (1,6- and 2,7-), probes ANO3 (1,6-) and ANO3' (2,7-) can be obtained. Previous studies suggest that pyrene exhibits excellent photochemical and photophysical properties, such as a high fluorescent quantum yield and large TPA cross section,[34,36] which is important for the construction of TPA fluorescent probes. Probes ANO4 and ANO5 have fluorene and boron-dipyrromethene units as fluorophore. These two building units are introduced mainly based on their attractive TPA properties. Molecule ANOn-T is the only major product after probe ANOn was reacted with NO.
Selected bond lengths and angles of are listed in Table 1. It is seen that the bond lengths in free form are almost unchanged in the spite of different fluorophores. For instance, the bond lengths C1−C2, C3−C4, C4−C5, N5−C7, and C7=O8 are around 1.417, 1.404, 1.420, 1.355, and 1.243 Å, respectively. The H6–N5–C7=O8 angle is in the range 176.3−179.7°, indicative of the good coplanarity between o-diaminobenzene and acylamino. After reaction with NO, the C1−C2, C3−C4, C4−C5, and C7=O8 bond lengths become shorter, i.e., 1.408, 1.395, 1.413, and 1.237 Å, while N5−C7 bond length is slightly longer, i.e. 1.363 Å. The H6–N5–C7=O8 angle is reduced (ranging from 173.8 to 177.8°). The structural data suggest that introducing different substitutes does not change the structure of the donor. However, the geometric changes after reaction with NO, which make triazine stable and prolinamide distorted, and thus prevent the intramolecular electron transfer from donor to fluorophore.

[image: image5.emf]N

HO

O

O

O

N

OH

O

O

N

NH

O

NH

2

NH

2

N

NH

O

NH

N

N

S

N

N

S

C

H

3

C CH

3

NO

Flu

O

Flu

Flu:

ANOn

ANOn-T

A

B

n=1

n=2

n=3'

n=3

n=4

O

2

N

N

B

F

F

n=5

1

3

4

2

5

6

7

8


FIGURE 1 Schematic Structures of A, B, ANOn and the Reaction of ANOn with NO. Flu stands for fluorophore

TABLE 1 Selected bond lengths (Å) and angles (deg) for the studied molecules

	Mol.
	C1–C2
	C3–C4
	C4–N5
	N5–C7
	C7=O8
	H6–N5–C7=O8

	ANO1
	1.418
	1.404
	1.420
	1.355
	1.243
	177.2

	ANO1-T
	1.408
	1.395
	1.413
	1.363
	1.237
	175.8

	ANO2
	1.417
	1.405
	1.420
	1.355
	1.242
	178.5

	ANO2-T
	1.408
	1.395
	1.413
	1.363
	1.237
	176.2

	ANO3
	1.417
	1.403
	1.420
	1.355
	1.243
	176.3

	ANO3-T
	1.408
	1.395
	1.414
	1.363
	1.238
	174.2

	ANO3'
	1.418
	1.404
	1.420
	1.355
	1.244
	177.8

	ANO3'-T
	1.408
	1.395
	1.413
	1.363
	1.238
	173.8

	ANO4
	1.417
	1.403
	1.420
	1.355
	1.242
	176.3

	ANO4-T
	1.408
	1.396
	1.413
	1.364
	1.237
	173.8

	ANO5
	1.417
	1.405
	1.421
	1.356
	1.242
	179.7

	ANO5-T
	1.408
	1.395
	1.412
	1.363
	1.238
	177.8


The photoinduced electron transfer (PeT) mechanism, in recent investigations of two-photon fluorescent probes, four transduction mechanisms have been proposed, that is, PeT, intramolecular charge transfer (ICT), fluorescence resonance energy transfer (FRET), and excited-state proton transfer (ESPT). Among these mechanisms, PeT appears to be the most elegant, sensitive, and effective way to describe the presence of receptors such as protons, metal ions, anions, and even uncharged molecules.[37] The PeT process may also be rationalized pictorially in terms of molecular orbital theory, which was first developed by Weller[38] and improved later by De Silva[39] and others.[40] In the discussion of the PeT process, many researchers evaluated the energy level of the corresponding molecular orbitals by computing the separated electron donor and acceptor, respectively.[37,41-43] However, this will neglect the interaction between the donor and acceptor, resulting in an inaccuracy of the calculated energy levels as well as molecular orbital diagrams. Furthermore, the energy levels may seriously rely on the partition scheme, which often makes the conclusion quite artificial.[44] In this work, all calculations are performed by considering the entire molecules, and the donor and fluorophore orbitals can be distinguished by inspecting the orbital distribution diagram. The orbital energy level diagram and electron-transfer pathways for ANO1, ANO1-T, ANO2, and ANO2-T are given in Figure 2, in which the possible pathways of fluorescence emission and electron-transfer process are described. It is seen that the orbitals mainly localized on the fluorophore in the left column, while the orbitals mainly distributed on the donor on right column. The main advantage of this calculation is that it overcomes the artificial partition of a whole molecule and reserves the electron correlation between the donor and fluorophore. The electron density of HOMO (the highest occupied molecular orbitals) for probes ANO1 and ANO2 mainly concentrate on the o-diaminobenzene moiety (donor) and part of prolinamide, while that of LUMO (the lowest unoccupied molecular orbital) is on the fluorophore.
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FIGURE 2 Frontier orbital energy diagrams and the PeT process for ANO1, ANO1-T, ANO2, and ANO2-T. Flu stands for fluorophore. Energy levels of donor (right columm) and fluorophore (left columm). The diagrams for the remaining molecules are shown in Figure S1 of Supporting Information
For probe ANO1, the HOMO energy value of donor (–5.27 eV) is higher than that of fluorophore (–5.38 eV). This means that the intramolecular electron transfer from the donor to fluorophore is energetically favorable. After reaction with NO (ANO1-T), the HOMO of the donor (–6.40 eV) is significantly lower than that of fluorophore (–5.38 eV). As a result, the intramolecular electron transfer is blocked, allowing strong emission and enhancement of the quantum yield.[14] According to Weller’s approach,[38] the HOMO of the fluorophore should be lower than that of the donor so that an electron on the donor is capable of transferring to the fluorophore and filling in the singly occupied HOMO. Therefore, the behavior of the NO turn-on fluorescence of ANO1 is associated with the PeT phenomenon. Similar phenomena are observed for ANO2–ANO5 (Figure 2 and Figure S1 of Supporting Information).
3.2 Absorption and emission properties

Based on the optimized geometric structures, the OPA properties of all molecules were evaluated by the TD B3LYP/6-31+G* method in water. The maximum OPA wavelengths (λOmax), corresponding oscillator strengths (f), as well as available experimental data for each molecule are listed in Table 2. 
Experimental study showed that both the absorption and emission spectra for ANO1 are unchanged after reaction with NO.[14] For instance, ANO1 in free form shows the maximum absorption band centered at 370 nm and very weak fluorescence wavelength at 502 nm. In the presence of NO, the emission spectrum of ANO1-T exhibits a remarkable enhancement at 502 nm. Meanwhile, the absorption spectrum does not change, either.[14] The maximum values of OPA spectra for A, B, ANO1, and ANO1-T are 376.6, 387.0, 389.0, and 390.7 nm, which are in good agreement with the experimental data 380, 385, 370, and 370 nm, respectively.[14] Table 2 also shows that chemical modifications on the fluorophore could tune the absorption wavelength. The λOmax value is red shifted after substituting glycinamide with the proline moiety. Substitution of the naphthalene fluorophore with the luciferin analogue, pyrene, fluorene, and boron-dipyrromethene units also gives red shift of the maximum absorption. That is to say, the λOmax values are gradually red shifted in the order ANO1 (389.0 nm), ANO3 (407.9 nm), ANO2 (421.1 nm), ANO4 (425.7 nm), ANO5 (434.3 nm), ANO3' (486.3 nm). Moreover, it should be stressed that introducing the pyrene substituent at the 2,7-positions (probe ANO3') results in a significant red shift of the absorption band, indicative of the extension conjugated framework of the 2,7-pyrene moiety. When NO was added to all the probes, similar phenomena occur as in the free form. These properties are associated with the PeT mechanism. In addition, the orbital analyses underline that the electron density of the maximum absorption peaks for the studied probes are mainly localized on fluorophore and thereby the π→π* transitions occur.
TABLE 2 One-photon absorption (λOmax, nm) and emission spectra (λEmax, nm). f is oscillator strength. H stands for HOMO, L for LUMO

	Mol.
	λOmax
	f
	Transition characters
	λEmax
	f
	Transition characters

	A
	376.6

380a
	0.54


	S0→S1 (H)→(L) 48%


	441.9

515a
	0.89
	S1→S0 (H)→(L) 49%

	B
	387.0

385a
	0.60


	S0→S1 (H)→(L) 48%


	447.8

520a
	0.92
	S1→S0 (H)→(L) 49%



	ANO1
	389.0

370a
	0.54
	S0→S2 (H-1)→(L) 48%
	441.7

502a
	0.96
	S2→S0 (H-1)→(L) 49%

	ANO1-T
	390.7

370a
	0.65
	S0→S1 (H)→(L) 48%
	450.5

502a
	0.95
	S1→S0 (H)→(L) 49%

	ANO2
	421.1
	0.62
	S0→S2 (H-1)→(L) 48%
	504.8
	0.97
	S2→S0 (H-1)→(L) 49%

	ANO2-T
	420.3
	0.66
	S0→S1 (H)→(L) 49%
	498.8
	0.94
	S1→S0 (H)→(L) 49%

	ANO3
	407.9

331.8
	0.19

1.30
	S0→S2 (H-1)→(L) 25%

(H)→(L) 16%

S0→S6 (H-2)→(L+1) 40%
	425.1
	0.26
	S2→S0 (H-1)→(L+1) 19%

(H-1)→(L) 11%

	ANO3-T
	405.3

330.4
	0.22

1.12
	S0→S1 (H)→(L) 36%

S0→S6 (H-1)→(L+1) 30%
	422.5


	0.26
	S1→S0 (H)→(L+1) 26%

	ANO3'
	486.3
	0.36
	S0→S2 (H)→(L) 47%
	577.9
	0.95
	S2→S0 (H)→(L) 49%

	ANO3'-T
	478.5
	0.52
	S0→S1 (H)→(L) 49%
	576.3
	0.97
	S1→S0 (H)→(L) 49% 

	ANO4
	425.7
	0.77
	S0→S2 (H)→(L) 49%
	496.5
	1.23
	S2→S0 (H)→(L) 49%

	ANO4-T
	425.0
	0.79
	S0→S1 (H)→(L) 49%
	494.7
	1.24
	S1→S0 (H)→(L) 49%

	ANO5
	434.3
	0.56
	S0→S3 (H-2)→(L) 49%
	490.2
	0.89
	S3→S0 (H-2)→(L) 49%

	ANO5-T
	434.1
	0.56
	S0→S2 (H-1)→(L) 49%
	490.3
	0.89
	S2→S0 (H-1)→(L) 49%


aExperimental data from Ref.14.

For the emission spectra, the calculated λEmax values of A, B, ANO1, and ANO1-T are 441.9, 447.8, 441.7, and 450.5 nm, which are smaller than the experimental ones 515, 520, 502, and 502 nm, respectively. Therefore, in order to find an appropriate method for describing the emission spectra, several density functionals with different basis set have been tested for ANO1-T. The corresponding results are summarized in Table S1 of Supporting Information. It is seen that B3LYP/6-31+g(d) method gives better agreement compared with experiment. From Table S2 (Supporting Information), it can be found that the oscillator strengths from S1→S0 for all probes are relatively close to zero, which means that these probes are nonfluorescent at the first excited state. Their slightly stronger excitation comes from S2→S0, except for ANO5 from S3→S0, which is consistent with the character of boron-dipyrromethene. The weak fluorescence can be attributed to the PeT process, during which electrons transfer from the donor to the excited fluorophore resulting in the fluorescence quenching. However, after reaction with NO, the fluorescence intensity increased dramatically without any shift in wavelength (Table 2). This might be due to the reason that the reaction with NO to form a triazine moiety lowers the HOMO energy of the donor, and consequently, the emission of the fluorophore is recovered and the fluorescence is enhanced. In the terms of the absorption spectra, the fluorescence wavelengths exhibit the similar changing trends.

Substituting glycinamide with the proline moiety induces a slight red shift of the emission band. For instance, molecule B possesses a red shift of 5.9 nm relative to A. Meanwhile, substitution of the naphthalene fluorophore with the luciferin analogue, 2,7-pyrene, fluorene, and boron-dipyrromethene units also gives red shift of λEmax. Namely, the λEmax values are gradually red shifted following the order ANO1-T (450.5 nm), ANO5-T (490.3 nm), ANO4-T (494.7 nm), ANO2-T (498.8 nm), ANO3'-T (576.3 nm). The significant red shift of the emission band in pyrene at the 2,7-positions is due to the extension of the conjugated framework in the 2,7-pyrene moiety.

3.3 Two-photon absorption properties

The calculated results including TPA maximum spectra (λTmax), transition nature, δmax as well as the experimental results are listed in Table 3. The calculated δmax values of probes A, B, and ANO1-T are 262.8 GM at 770.1 nm, 293.8 GM at 792.2 nm, and 307.9 GM at 799.9 nm, respectively, which are comparable to the experimental data (162, 182, and 243 GM at 750 nm). 

TABLE 3 TPA tensor elements, TP transition probability, λTmax (nm), δmax (GM). ES indicates transition from S0 to Sn (n=1, 2), TN stands for transition nature

	Mol.
	ES
	TN
	TPA transition tensor elements
	λTmax
	δmax

	
	
	
	Sxx
	Syy
	Szz
	Sxy
	Sxz
	Syz
	
	

	A
	S1
	(H)→(L) 48%
	1.4
	-7.4
	405.1
	2
	70.2
	-53.4
	770.1

750a
	262.8

162a

	B
	S1
	(H)→(L) 48%
	-4
	-4.9
	442.7
	4.7
	87.6
	-27.3
	792.2
	293.8

	
	
	
	
	
	
	
	
	
	750a
	182a

	ANO1
	S1
	(H)→(L) 49%
	-2.4
	29.2
	338.8
	9.9
	-52.2
	-73.2
	810.4
	181.9

	ANO1-T
	S1
	(H)→(L) 48%
	0.4
	-36.8
	-412
	-17.3
	89.6
	140.9
	799.9
	307.9

	
	
	
	
	
	
	
	
	
	750a
	243a

	ANO2
	S2
	(H-1)→(L) 48%
	35.2
	143.6
	347.6
	74.5
	131.7
	244.9
	864.0
	359.6

	ANO2-T
	S1
	(H)→(L) 49%
	28.6
	160.7
	374.9
	71.3
	123.4
	259.4
	864.0
	403.5

	ANO3
	S2
	(H-1)→(L) 25%

(H)→(L) 16%
	5.6
	-30.5
	-486.2
	-7.2
	72.1
	121.6
	815.7
	368.3

	ANO3-T
	S2
	(H)→(L) 36%
	4.8
	-35.1
	-572.1
	-13.9
	116.7
	174.2
	807.7
	550.8

	ANO3'
	S1
	(H)→(L) 47%
	24
	74.2
	383.8
	33.5
	-99.8
	-58.4
	1008
	176.5

	ANO3'-T
	S1
	(H)→(L) 49%
	-35
	-34.8
	-324.5
	-38.1
	117.6
	111.7
	995.9
	145.9

	ANO4
	S1
	(H)→(L) 49%
	8.7
	64
	735
	28.9
	-116.2
	-221.3
	876.2
	780.1

	ANO4-T
	S1
	(H)→(L) 49%
	-16.5
	-56
	-720.8
	-35
	145.3
	215.8
	873.1
	768.5

	ANO5
	S1
	(H-1)→(L) 34%

(H)→(L) 16%
	-66
	23.9
	-474.3
	-12.7
	-161.3
	-20.6
	1159
	186.3

	ANO5-T
	S1
	(H)→(L) 49%
	-58.7
	20.1
	-381.6
	-14.1
	-153
	-29.2
	1137
	133.1


a Experimental data from Ref. 14. 

It is well known that two-photon fluorescent probes feature many advantages over one-photon probes in live organism imaging. An excellent TP probes for detecting NO should have a significant change in the TP action cross section (Φδmax) after reaction with NO. In the experimental study,[14] the Φδmax value of ANO1 is too small to be measured accurately due to its very weak fluorescent intensity, while that of ANO1-T is much larger (over two orders of magnitude). Since the calculated δmax is 181.9 GM at 810.4 nm for ANO1, 307.9 GM at 799.9 nm for ANO1-T (Table 3) (on the same order of magnitude), this means that the fluorescence quantum yield of ANO1-T should be much larger than that of ANO1, as confirmed by the experiment. This indicates a very large TP turn-on response occurs after NO reacting with ANO1. When the naphthalene fluorophore is substituted by the luciferin analogue (ANO2), 1,6-pyrene (ANO3), and fluorene (ANO4), the δmax values increase from 359.6, 368.3, to 780.1 GM, respectively. They are larger than the corresponding value 181.9 GM in ANO1. After reaction with NO, the δmax values are 403.5, 550.8, and 768.5 GM. Thus, it is seen that ANO2 and ANO2-T, ANO3 and ANO3-T show the same trend as ANO1 and ANO1-T. That is, δmax values of the product ANOn-T are larger than those of the reactant ANOn (n=1, 2, 3). In addition, probes ANO3', ANO4, and ANO5 exhibit slightly larger δmax compared with their products. It is known that pyrene, fluorene, and boron-dipyrromethene chromophores have high fluorescence quantum yields.[34-36,45-47] This might be because that after reaction with NO, the cyclic and distorted structure of prolinamide reduced the vibrational relaxation pathways and thereby increase the Φ. Therefore, combining their large δmax values, ANO3'-T, ANO4-T, and ANO5-T have high Φδmax upon reaction with NO, particularly for ANO4-T. In addition, it can be observed that introducing the pyrene substituent at the 1,6-positions (ANO3) results in larger δmax 368.3 GM compared with the substitution in the 2,7-positions (probe ANO3', 176.5 GM). This indicates that 1,6-pyrene might be preferred for designing TPA probes. Thus, the designed TP turn-on probes, such as ANO3, show strong TPA enhancement after reaction with NO. This is important for their potential application in cells and tissues and real-time monitoring NO in living tissues through using two-photon microscopy. From the calculated and experimental results, it is worth noting that introducing prolinamide as the donor and linker can enhance two-photon absorption intensity, which is important for the design of TPA turn-on probes. This could be explained with the two-photon properties of A and B. Molecule B displays the maximum TPA cross section of 293.8 GM, which is larger by 31 GM compared with A, followed by a red shift of the TPA wavelength. In addition, the Φ value of B is larger than that of A.

On the other hand, substitution of the naphthalene fluorophore with the luciferin analogue, pyrene, fluorene, and boron-dipyrromethene units always makes λTmax shift to longer wavelength. Especially, a large red shift is reached for probe ANO5. Moreover, introducing the pyrene substituent at the 2,7-positions (probe ANO3') results in longer TPA wavelength than that of the substitution in the 1,6-pyrene positions (ANO3). 
To explain the underlying mechanism of the NO probes, the TPA tensor elements are also presented in Table 3. It can be observed that the substantial TP transition probability of all the molecules is associated with S0→S1 or S0 →S2 transition. The contribution to the net TP transition probability comes from Syz and Szz components. 
4 CONCLUSIONS
Based on the experimentally synthesized probe ANO1, five other two-photon probes have been designed by substituting the naphthalene fluorophore with the luciferin analogue (ANO2), 1,6-pyrene (ANO3), 2,7-pyrene (ANO3'), fluorene (ANO4), and boron-dipyrromethene (ANO5). Our results revealed that for the designed probes, both absorption and emission spectra show red shifts compared with ANO1. For each probe, there are no significant changes in one- and two-photon absorption band positions as well as the emission wavelength before and after reaction with NO. However, the fluorescence intensities are enhanced after reaction with NO. ANO3 and ANO4 have large two-photon absorption cross sections. Thus, combining the high quantum yields of pyrene and fluorene, they might have large two-photon action cross sections. We expect that the obtained results would inspire the researchers to synthesize novel NO probes with good TPA activity. 
Author contributions
Xiaoting Liu: conceptualization, investigation, methodology, formal analysis, visualization, writing-original draft, review and editing; Ji-Long Zhang: conceptualization, supervision, writing-review and editing supervision, funding acquisition, project administration.
Acknowledgments: This work has been supported by Jilin Provincial Education Department Science and Technology Project (Grant No. JJKH20210343KJ) and the Excellent Doctors Introducing Program of Jilin Agricultural University (Grant No. 202023317).
SUPPLEMENTARY MATERIALS 
Additional supplementary materials may be found online in the text (see Supplementary Materials) at the end of the article.
Table S1. The emission spectra for ANO1-T calculated with different density functional methods. 
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