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Abstract 

Xeno nucleic acids (XNAs), which are composed of artificial scaffolds and natural nucleobases, have 

unique hybridization properties that depend on the scaffold structure. Here, we functionalized the acyclic 

XNA, serinol nucleic acid (SNA), with non-natural nucleobases. A linear SNA probe functionalized with 

5-perylenylethynyl uracil residues showed weak greenish-yellow excimer emission in the absence of target 

RNA and bright cyan-green monomer emission in the presence target RNA. Probe hybridization was rapid 

and enabled quantitative detection of RNA with discrimination of single-base mismatch. We also designed a 

photo-responsive SNA with two 8-pyrenylvinyl adenine (PVA) residues. Irradiation with blue (455 nm) light 

caused [2+2] photocycloaddition between intrastrand PVAs, resulting in dissociation of an SNA/RNA duplex, 

whereas irradiation with ultraviolet (340 nm) light induced cyclo-reversion of the PVA photo-dimer and 

SNA/RNA duplex reformation. Using a combination of 8-naphthylvinyl adenine (NVA) and PVA and irradiation 

with 465 nm, 405 nm, 340 nm, and 300 nm light, orthogonal control of formation of SNA(NVA-NVA)/RNA and 

SNA(PVA-NVA)/RNA duplexes was demonstrated. Thus, modifications of nucleobases further expand the 

utility of acyclic XNA in bio-nanotechnology. 

 

 

Introduction 

Phosphoramidite chemistry allows facile synthesis of natural nucleic acids as well as oligomers 

containing various unnatural monomers.1 By using this technology, xeno nucleic acids (XNAs), which are 

DNA analogues, have been developed to improve performance of nucleic acid-based biological tools and to 

understand why nature selected D-ribose as a scaffold of genetic carrier.2–8 XNAs are resistant to digestion 

by exo- and endonucleases, enabling use of XNAs in a variety of biological applications including as 

fluorescent probes,9–11 antisense reagents,12–15 small interfering RNAs (siRNAs),16–19 and other functional 

biological tools.20–22 XNAs with cyclic backbone structures have been widely investigated because the rigid 

cyclic backbone stabilizes duplexes by pre-organization for hybridization. In some case, XNAs with cyclic 

backbones are compatible with enzymatic reactions due to similarities to the structure of DNA.20–23 Our 

group has focused on development of acyclic XNAs including acyclic threoninol nucleic acid (aTNA) 

derivatives (D-aTNA24, L-aTNA25, allo-aTNA26) and serinol nucleic acid (SNA),27 which are composed of 

aminodiol scaffolds (Fig. 1A).  

 

Figure 1. (A) Chemical structures of DNA and acyclic XNAs. (B) Illustration of differences in duplex structures when 

planar dye molecules are incorporated into DNA and acyclic XNA strands. 

 



Complementary oligomers of D-aTNA, L-aTNA, and SNA form highly stable homo-duplexes. L-aTNA, 

which forms a right-handed homo-duplex, hybridizes with complementary D-DNA and D-RNA, whereas 

D-aTNA, which has left-handed helical preference in the homo-duplex, cannot recognize natural nucleic 

acids with D-ribose. SNA cross-hybridizes with D-DNA, L-DNA, D-RNA and L-RNA as well as chiral XNAs 

with right-handed and left-handed helical preferences in duplex state.7,8 Because of these properties, 

acyclic XNAs are applicable to novel biological tools.28,29 However, with only natural four nucleobases, 

functions of XNAs are limited. Previously, our group has functionalized DNA with additional insertion of base 

surrogates;30,31 however, this methodology cannot be used for functionalization of acyclic XNAs because 

the base surrogates do not intercalate probably due to strong stacking between base pairs (Fig. 1B). For 

acyclic XNAs, nucleobase modification rather than insertion of base surrogates is necessary. Since 

modification of nucleobases on acyclic XNAs is synthetically straightforward, modified nucleobases that are 

stimulus-responsive,32–40 that have fluorescent properties,41–46 or that serve to expand the genetic code47–52 

can be used to functionalize XNA. In this focus review, we describe fluorescent probes and 

photo-responsive systems composed of acyclic XNAs. 

 

Fluorescent probe composed of SNA modified with 5-perylenylethynyl uracil (PeU) 

Fluorescent probes are used to image RNA in cells and in clinical biopsies.53,54 Such probes must be 

stable in the presence of enzymes that degrade nucleic acids and must have affinity and specificity for the 

target RNA. Although DNA-based probes are widely used, digestion by nucleases and relatively low affinity 

with target RNA are problematic. We have successfully developed a molecular beacon composed of SNA 

that can detect RNA with extremely high sensitivity.28 SNA beacon has several advantages over DNA 

including durability in the presence of nucleases, low background emission, and high affinity for RNA. 

However, a molecular beacon can tether only single pair of dyes, limiting brightness. We therefore recently 

designed a light-up type SNA linear probe containing multiple fluorescent dyes, which detects 

complementary DNA and RNA with high brightness, based on a DNA linear probe. The DNA linear probe 

tethering multiple perylenes via D-threoninol caused weak interaction among the perylenes allows 

self-quenching of the fluorophores in the single-stranded state, whereas the fluorophores intercalate and 

recover fluorescence upon hybridization with the target strand.55 

 

 

Figure 2. A) Chemical structure of an SNA backbone conjugated to PeU. B) Design of SNA linear probe with multiple PeU 

residues. C) Sequences of probe SNA, target RNA, and mismatched RNA. Underline indicates mismatched base. D) 

Melting temperatures of duplexes of SNA probe with target RNA and mismatched RNAs. The solution conditions were 

100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 2.0 M oligomer. Adapted with permission from ref. 56 with partial 

modifications. (Copyright 2020) 

 

To avoid destabilization of the duplex by the incorporation of dyes into SNA, we incorporated three 

fluorescent nucleobase analogues into the SNA strand.56 The analogue PeU (Fig. 2A)44 was selected 

because association of perylenes induces excimer emission at a wavelength that is discriminable from 

monomer emission and because the rigid ethynyl linker was predicted to limit association of perylenes in 

the duplex state. In the single strand, the flexible acyclic serinol scaffold should allow aggregation of 

perylene moieties facilitating excimer emission, whereas in the presence of the target RNA, the 

chromophores rigidly linked to PeU should be separated, resulting in bright monomer emission (Fig. 2B). A 

22-mer RNA sequence was selected as a model target and the complementary SNA linear probe tethering 



three PeU residues, each separated by six nucleobases, was designed (Fig. 2C). PeU was incorporated into 

SNA via conventional phosphoramidite chemistry. The SNA probe hybridized with target RNA with a high 

melting temperature (Tm) of 66.2 °C. In contrast, when the RNA contained a single mismatch to the probe, 

duplexes were less stable with Tms lower by 3.8 to 4.9 °C (Fig. 2D). This result indicated that pairing 

between PeU and adenine occurred selectively. 

  

 

Figure 3. A) Fluorescence spectra of single-stranded SNA and of SNA/RNA duplexes at 40 °C. Conditions: 0.5 M SNA, 

1.0 M RNA, 100 mM NaCl, 10 mM phosphate buffer (pH 7.0), ex. = 450 nm. Insert: Cells containing single-stranded 

SNA (left), SNA and target RNA (center), and SNA and mismatched RNA (U-Cmis) (right) irradiated with 450 nm light and 

photographed through a high pass optical filter (480 nm). B) Fluorescence intensities of SNA alone (ssSNA) or with target 

RNA or mismatched RNAs. C) Changes in fluorescence intensity of SNA probe with time by the addition of target RNA 

(red line) or U-Cmis (green line). Target was added at 0 s. Conditions: ex. = 450 nm, em. = 488 nm, 50 nM SNA, 100 nM 

RNA, 100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 37°C D) Plot of emission intensity of 10 nM SNA probe at 488 nm 

vs. concentration of target RNA. The samples were incubated at 45°C for 1 h after each addition of RNA to ensure that 

equilibrium was reached. Adapted with permission from ref. 56 with partial modifications. (Copyright 2020) 

 

In the solution of the single-stranded SNA probe, monomer emission was quenched, whereas excimer 

emission appeared at 500~600 nm (Fig. 3A, blue line). Upon duplex formation with target RNA, a bright 

monomer emission with peak maximum at 488 nm was detected (Fig. 3A, red line). The ratio of intensity at 

488 nm in the presence of the target to that in the absence of the target was 13.7 in aqueous buffer at 40 °C 

(Fig. 3B). The emission intensities were considerably reduced in the solution of the SNA probe with RNA 

containing a single mismatched nucleobase (Fig. 3A, green line). The differences in fluorescent behaviors 

were detectable with the naked eye (Fig. 3A, insert). The mismatched base pair presumably distorted the 

duplex structure, resulting in the quenching of fluorescence emission via intra-strand contact of perylene 

moieties. Analysis of emission as a function of time revealed that the emission intensity increased 

immediately and reached a plateau at 1500 s after addition of the full-matched target RNA to the SNA probe 

(Fig. 3C, red line). In the case of mismatched RNA, the hybridization kinetics did not differ, but the intensity 

at the plateau was about one-third that in the presence of fully matched target RNA (Fig. 3C, green line). At 

least 1.0 nM (0.1 eq.) target RNA was detectable, and the SNA probe quantitatively detected target RNA 

with a linear change in emission intensity in the range of 1.0 to 5.0 nM target (Fig. 3D). 

These experiments demonstrated that the quencher-free SNA probe carrying PeU residues selectively 

hybridized with target RNA as detectable by a change in fluorescent behavior between monomer emission 

and excimer emission. This probe successfully discriminated a fully matched target RNA from an RNA with 

a single-base mismatch. The rapid response, quantitative detection, and high durability against nucleases 

mean that SNA linear probes should prove useful for detection and imaging of RNA in biological samples.  

 



Photo-regulation of nucleic acid structure formation using an SNA modified with 8-pyrenylvinyl 

adenine (PVA) 

To achieve a smart molecular system like a molecular robot, a nanomachine, or a molecular device, the 

ability of the system to respond to stimuli is important. Among potential external stimuli, photo-stimulation is 

an ideal trigger because it can induce activation of molecules with spatiotemporal control without 

contaminating the solution.57,58 For example, hybridization of photo-caged DNA has been activated by 

irradiation with specific wavelength of light.40 Reversible photo-control by various strategies considerably 

extends the flexibility of molecular systems.34–36,59 Azobenzene-modified DNA, originally developed by our 

group, can be used for effective photo-control of DNA.60–63 Recently, XNAs have been used as scaffolds for 

nanomachines and nanoarchitectures,64–67 and photo-regulatable XNAs have potential as next-generation 

materials.  

 

 

Figure 4. A) Chemical structure of SNA modified with PVA and sequences of SNA and RNA used in experiments. B) 

Illustration of reversible photo-regulation of SNA/RNA duplex formation via intrastrand photo-crosslinking of PVAs in the 

SNA strand. Irradiation with 455 nm blue light induces [2+2] photocycloaddition of the PVAs and dissociation of the duplex, 

whereas irradiation with 340 nm UV light causes cyclo-reversion and reformation of the duplex. 

 

For DNA photo-regulation, we used base surrogate of azobenzene additionally incorporated into DNA 

strand via D-threoninol linker (Fig. 1B, upper panel). The trans-azobenzene intercalates into base pairs, 

which stabilizes duplex, while sterically hindered cis-azobenzene, induced by UV irradiation, causes 

destabilization and dissociation of the duplex.60 However, this system was not suitable for photo-regulation 

of SNA/RNA duplexes because azobenzene-modified SNA severely destabilized duplexes and caused 

azobenzene-flipping.68 To enable photo-regulation of structures formed by SNA, we designed PVA as 

photo-responsive adenine analogue and modified an SNA strand with two PVA residues (Fig. 4A).68 When 

an SNA strand containing adjacent PVA residues is irradiated with blue light (455 nm), [2+2] 

photocycloaddition between the PVA residues generates a cyclobutane ring that inhibits duplex formation. 

Irradiation with 340 nm regenerates monomeric PVA via a cyclo-reversion reaction allowing duplex formation 

(Fig. 4B). An 8-mer SNA strand containing two PVA residues in the center (SNA(PVA-PVA)) designed to be 

complementary to a model RNA sequence was synthesized via phosphoramidite chemistry. Before 

irradiation, the Tm of the SNA(PVA-PVA)/RNA duplex was 35.1 °C (Fig. 5A, black line), which was 

comparable to that of the unmodified 8-mer SNA/RNA duplex (Tm of 35.0 °C). Thus, PVA pairs with uracil in 

RNA strand without destabilization of the duplex. After irradiation with 455 nm light at 20 °C, sufficiently 

lower than Tm, the absorption band due to PVA at 400-450 nm significantly decreased in intensity, and new 

bands appeared at 354 and 337 nm (Fig. 5B), clearly indicating that a photo-crosslinking reaction had 



occurred between adjacent PVA residues. A 1000-s irradiation resulted in approximately 80% conversion of 

the PVA monomers into a crosslinked dimer, and about 97% of the PVA monomers were crosslinked after 

irradiation for 3000 s (Fig. 5B). When this photo-adduct was irradiated with 340 nm light, the cyclo-reversion 

reaction occurred as indicated by the re-appearance of the absorption band at 400-450 nm and loss of the 

signals at 354 and 337 nm (Fig. 5C). The reaction half-life was only about 10 s, and 88% of PVA monomers 

reached photo stationary state after 600 s of irradiation (Fig. 5C). Although the irradiation to PVA can cause 

cis-isomerization that should show broad absorption peak at around 376 nm,69 we only observed 

photo-crosslinking when there were two adjacent PVA residues in the SNA strand. In contrast, 

cis-isomerization is observed when a single PVA residue is incorporated into an SNA strand.68  

 

Figure 5. A) Melting profile of SNA(PVA-PVA)/RNA duplex before irradiation (black line), after irradiation with 455 nm light 

(green line), and after 340 nm light (blue line). B) Absorption spectra of SNA(PVA-PVA)/RNA duplex at indicated times of 

irradiation with 455 nm light. C) Absorption spectra of photo-stationary state at 455 nm and after irradiation for indicated 

times with 340 nm light. D) Crosslinking ratios of (PVA-PVA)/RNA after multiple photo-switching cycles. E) Schematic of the 

fluorescence experiment. Fluorescence from Cy3 tethered to the RNA is quenched by duplex formation with SNA 

containing anthraquinone. F) Fluorescence spectra of SNA(PVA-PVA)-Q/RNA-F before irradiation (black line), after 

irradiation with 455 nm (green line), and after irradiation with 340 nm light irradiation (blue line). Ex. = 530 nm. The 

solution conditions were 100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 5.0 M oligonucleotide. Adapted with 

permission from ref. 68 with partial modifications. (Copyright 2019) 

 

Duplex formation was suppressed after irradiation with 455 nm, proving that the SNA(PVA-PVA)/RNA 

duplex was dissociated via photo-crosslinking of PVA residues (Fig. 5A, green line). Subsequent irradiation 

with UV light restored sigmoidal melting (Fig. 5A, blue line), indicating that after cyclo-reversion into PVA 

monomers the strand reassociated. This photo-regulation could be repeated by alternating irradiation with 

455 nm and with 340 nm light; photobleaching was not significant (Fig. 5D). For direct observation of 

formation and dissociation of the duplex, an anthraquinone-labeled SNA containing two PVA residues and a 

Cy3-labeled RNA were used (Fig. 5E). Before irradiation, the Cy3 emission was quenched by 

anthraquinone due to duplex formation; about 80% of strands were part of duplexes (Fig. 5F, black line). 

Irradiation with 455 nm light resulted in recovery of the emission of Cy3, suggesting that about 76% of 

duplexes were dissociated (Fig. 5F, green line). After irradiation with 340 nm, emission intensity decreased 

(Fig. 5F, blue line), indicating that about 70% of the duplexes re-formed. Thus, SNA(PVA-PVA)/RNA duplex 

formation and dissociation can be reversibly regulated at constant temperature. To our knowledge, this is 

first example of reversible photo-control of duplex formation and dissociation utilizing a photo-crosslinking 

reaction. The high regulation efficacy using only single pair of PVAs at room temperature and the thermal 

stability of the photo-adduct are clear advantages over the azobenzene system. Photo-switchable acyclic 

XNAs thus have potential as photo-regulatable biological tools and nanomachines.   

 



Orthogonal photo-regulation of SNA using PVA and 8-naphthylvinyl adenine (NVA) 

Use of orthogonal photo-regulation that can independently control multiple molecules enables 

construction of complicated wavelength-selective regulation systems. In the case of DNA, orthogonal 

photo-regulation by different wavelengths of light has been reported by several groups.62,70–73 To establish 

the orthogonal control of two different photo-switching SNA/RNA duplexes, we designed the NVA base 

analogue (Fig. 6A).74 We expected that NVA would be photo-reactive at shorter wavelength than PVA due to 

its smaller conjugation system (Fig. 6B). We prepared an SNA strand containing two adjacent NVA residues 

complementary to an RNA target (Fig. 6A). Upon irradiation of the SNA(NVA-NVA)/RNA duplex with 405 nm 

light, absorbance at around 370 nm decreased considerably (Fig. 6C), indicating formation of a photo-dimer 

between adjacent NVA residues via [2+2] photocycloaddition. Almost complete photo-reaction occurred with 

2 min of irradiation. A reverse reaction was confirmed by irradiation with 300 nm light; this induced recovery 

of absorbance around 370 nm (Fig. 6C). The reverse reaction was saturated at about 60% cyclo-reversion 

after 2 min of irradiation, probably due to overlap of absorption spectra between monomer and dimer forms 

of NVA. HPLC analysis also supported these reactions. Further, the photo-dimerization of NVAs significantly 

reduced thermal stability of the SNA/RNA duplex: the duplex was mostly dissociated upon irradiation with 

405 nm light (Fig. 6D, cyan line), whereas 300 nm light induced duplex formation (Fig. 6D, purple line). This 

indicates that duplex formation and dissociation can be regulated by irradiation with suitable wavelengths of 

light at 20 °C. 

 

Figure 6. A) Chemical structure of SNA with NVA and sequences of SNA and RNA. B) Schematic of reversible 

photo-regulation of SNA(NVA-NVA)/RNA duplex formation. C) Absorption spectra and D) melting profile of 

SNA(NVA-NVA)/RNA before irradiation (black lines), after irradiation with 405 nm light (cyan lines), and after irradiation with 

300 nm light (purple lines). E) Schematic of reversible photo-regulation of SNA(PVA-NVA)/RNA duplex formation. F) 

Absorption spectra and G) melting profile of SNA(PVA-NVA)/RNA before irradiation (black lines), after irradiation with 465 

nm light through a longpass optical filter (450 nm) (green lines), and after irradiation with 300 nm light (purple lines). The 

solution conditions were 100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 5.0 M oligonucleotide. Adapted with 

permission from ref. 74 with partial modifications. (Copyright 2021) 

 

Toward the goal of creating an orthogonal switch, we characterized an SNA containing both PVA and 
NVA (Fig. 6E). We first confirmed that a photo-dimer formed reversibly between adjacent PVA and NVA 

residues (Fig. 6F) and that crosslinking regulated formation of a duplex between SNA(PVA-NVA) and RNA 



(Fig. 6G). Heterodimerization of PVA and NVA and homodimerization of NVA and the cyclo-reversions are 

regulated by different wavelengths of light (Fig. 7A). Formation of the NVA-PVA hetero pair, but not of the 
NVA-NVA pair, is induced by 465 nm irradiation. Both of PVA-NVA and NVA-NVA is dimerized by 405 nm 

irradiation. Cyclo-reversion of the PVA-NVA dimer results from irradiation with 340 nm light, whereas 300 nm 

light facilitated cyclo-reversion of both PVA-NVA and NVA-NVA. These results indicated that orthogonal control 

of PVA-NVA and NVA-NVA is possible (Figure 7B).  

 

 

Figure 7. A) Relationship between the percent of crosslinked chromophores of SNA(NVA-NVA)/RNA (green) and 

SNA(PVA-NVA)/RNA (purple) and irradiation wavelength. Open circles are percent of crosslinked chromophores in SNAs 

first irradiated with 405 nm light and then with the indicated light of wavelength. Light irradiation was carried out for 20 

min at 465 nm through longpass optical filter (450 nm), 60 min at 405 nm, 30 min at 340 nm, and 5 min at 300 nm. B) 

Illustration of controlled hybridization of two SNA/RNA duplexes. Four possible states of SNA/RNA duplexes can be 

realized by irradiating with four different wavelengths of light. C, D) Percent crosslinked NVA/NVA (green) and PVA/NVA 

(purple) after irradiation sequentially with C) 405 nm, 340 nm, and 300 nm light and with D) 465 nm, 340 nm, and 300 nm 

light. The solution conditions were 100 mM NaCl, 10 mM phosphate buffer (pH 7.0), 5.0 M oligonucleotide. Adapted with 

permission from ref. 74 with partial modifications. (Copyright 2020) 

 

To experimentally demonstrate orthogonal photo-regulation, crosslinking ratios in a solution of 

SNA(PVA-NVA), SNA(NVA-NVA), and RNA were analyzed by HPLC. Irradiation with 405 nm light resulted in 

almost complete photo-cycloaddition of both SNA(PVA-NVA) and SNA(NVA-NVA), subsequent irradiation with 

340 nm reversed the crosslink in the SNA(PVA-NVA) strand without disrupting the crosslink in SNA(NVA-NVA), 

and irradiation with 300 nm light reversed both crosslinks (Fig. 7C). Thus, sequential transitions were 

induced from State 1 to State 2 to State 4 to State 1 by irradiating with 405 nm, 340 nm, and 300 nm light, 

respectively (Fig. 7B). Sequential transitions from State 1 to 3 to 4 to 1 were induced by irradiation with 465 

nm, 340 nm, and 300 nm light, respectively (Fig. 7D). These results clearly demonstrate selective 

photo-regulation of the formation and dissociation of two different SNA/RNA duplexes by irradiating with 

specific wavelengths of light. Intrastrand photo-crosslinking and cyclo-reversion between NVAs was induced 

by irradiation with shorter wavelengths of light than used for the PVA-NVA system. Thus, acyclic XNAs 

carrying photo-responsive nucleobases have a great potential as components of complex, photo-driven 

molecular systems. 

 

Conclusion and perspective 



We have developed valuable biological tools composed of an acyclic XNA with nucleobase 

modifications. An SNA linear probe carrying three PeU residues enabled detection of target RNA through a 

visually observable change in fluorescent color and intensity. This probe also discriminated an RNA 

containing a single base mismatch from a fully matched target. Incorporation of PVA into the SNA strand 

enabled photo-control of SNA/RNA duplex formation and dissociation. Use of NVA and PVA allowed 

orthogonal control of formation of two different SNA/RNA duplexes; selective generation of four 

hybridization states were demonstrated. Conjugation of the photo-responsive SNA and the SNA linear 

prove would realize photo-controllable RNA detection probe that can minimize the suppression of RNA 

function by control of binding duration, which is suitable for real-time monitoring. This orthogonal system 

has potential to use as a photo-regulatable molecular system such as a cellular chemical artificial 

intelligence system.75  

A critical finding of our work is that nucleobase modifications allow functionalization of acyclic XNA 

without negative effects on duplex formation. The high flexibility of the acyclic XNA scaffold probably 

facilitated intrastrand interactions among functional molecules, for example, effective excimer formation 

between PeUs in the single-stranded SNA linear probe and photo-hetero- and homo-dimerizations of PVA 

and NVA in SNA strands. The rigid cyclic ribose of DNA may not allow such effective interactions. Moreover, 

compared to cyclic XNAs that are complicated to synthesize due to stereochemistry of the cyclic scaffold, 

the syntheses of acyclic XNAs are facile. 

We have also reported other examples of incorporation of unnatural nucleobases into acyclic XNAs. 

Incorporation of a diaminopurine/thiouracil pair improved hybridization behavior by avoiding 

self-hybridization of SNA.76,77 An aTNA strand carrying cyanuric acid and aminopyrimidine derivatives form 

a unique artificial hexaplex structure.78 We also demonstrated chiral orthogonality between D-aTNA and 

L-aTNA: although both D-aTNA and L-aTNA form highly stable homo-duplexes, hetero-duplex formation 

between left-handed D-aTNA and right-handed L-aTNA does not occur.79 If the NVA/PVA system, which can 

be orthogonally photo-controlled, was incorporated into D-aTNA and L-aTNA, the molecular system could 

be further expanded due to the addition of chiral orthogonality. Since various functional nucleobases are 

available, we expect that acyclic XNAs will become widely used in bio-nanotechnology. 
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Nucleobase modification on acyclic XNA oligomers achieved functionalization as novel fluorescent probe 
and photo-switch system.  


