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The Green Fluorescent Protein (GFP) and its analogues have been widely used as fluorescent biomarkers in cell
biology. Yet, the chromophore responsible for the fluorescence of the GFP is not emissive when isolated in
solution, outside the protein environment. Many efforts have been devoted to the study of this famiy of
fluorophores, especially on the ways to restaure their emission intensity without modifying their backbone. Here are
presented several ways to enhance the emission intensity of these fluorophores, modifying their environment but

not their structure.

fluorescence green fluorescent protein Z/E isomerization

1. Crystallization and Aggregation-Induced Emission
Enhancement (AIEE)

The internal rotations of a chromophore can be blocked when it is in the solid state, as a crystal or an amorphous
aggregate, which can lead to the enhancement or induction of the emission, in chromophores that are poorly- or

non-fluorescent in solution.

A family of GFPc analogues has been synthesized using Erlenmeyer azlactone synthesis, followed by a reaction of
the obtained oxazolones with p-anisidine to give origin to the benzamides ring opening with a final cyclization
(chromophores 1a-c, Figure 1)I The strategy is based on the introduction of rotational aromatic groups around
the imidazolidinone core to increase the AIEE phenomena. In solution, the synthesized chromophores present
weak emission, due to the relaxation through the Z/E isomerization and torsional vibration of the aromatic rings.
This isomerization could be blocked in the aggregate or crystalline state, from where the emission was increased,

as expected, and only the presence of the Z isomer was confirmed through the crystal structures.
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Figure 1. GFPc analogues with multiple phenyl substituents. &

The crystal packing of a chromophore is considered an important factor to achieve an enhanced emission. The
length of the chain attached to the phenolic oxygen influences the crystal packing and the emission properties of
the four GFPc derivatives 2 (Figure 2).[2] Crystals of chromophores 2b, 2¢c and 2d present AIEE properties. The
emission of these chromophores increases along with the alkyl chain length, due to the reduction in the interaction
strength between the molecules. The chromophore 2a did not show fluorescence emission even in the solid state,

probably due to the intermolecular hydrogen bonds between the hydroxyl and carbonyl groups.

O 2a,R=-H O 3a, R=-CH;
2b, R= -CH3 3b, R= -C3H7
A N— 2c,R= -CgH13 S N— 3c,R= -CsH11
N= 2d, R=-C,H N= 3d R=-C{\H
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Figure 2. GFPc analogues presenting AIEE properties.l22!

The presence of an alkyl chain on the position 2 of the imidazolinone ring (chromophores2a-d, Figure 2),
demonstrates an effect similar to that described above. Regardless of the length of the alkyl chain, all derivatives
are weakly emissive when in solution, but their emission intensity increases when they are in the solid state.
Additionally, the solid-state quantum yields increase with the extension of the alkyl chain. This phenomenon could
be explained by the changes in the intermolecular arrangements and interactions, which results in weakened

intermolecular Ti—Tt interactions between the benzylidene—imidazolinone moieties.

A family of GFPc containing a 2-phenylbenzoxazole group, and different alkyl chains on the nitrogen in position 3 of
the imidazole ring (chromophores 3a-f, Figure 3) were described as weakly fluorescent in solution, with quantum
yields around 0.02, with the exception of 3e and 3f which exhibit quantum yields of 0.20 and 0.24, respectively. 4=

The quantum yield of 3a does not increase in the crystalline state, while all the other show an AIEE effect with
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guantum yield of 0.16-0.26 for 3b-d in the solid state. Derivatives 3e-f demonstrate a bright fluorescence when
adsorbed on a solid support, such as nylon or paper, with a red-shifted wavelength relatively to the DMSO solution,

mainly due to the stiffening of the molecules by the adsorption on the solid material.2!

- -CH3
=-C4Hg
-CsHy
= -CgHy7
-C12Hp5
4f, R = -C16H31

I
o
A0 A0 0
Il

Figure 3. GFPc analogues presenting AIEE properties, combined with ACQ for some of them. 43

The different behaviors can be rationalized considering the crystal packing of the dyes. The crystal structure of 4a
reveals that it arranges into head-to-tail dimeric structures, with a strong overlap of the benzoxazole of one
molecule with the imidazole ring of the other molecule, probably quenching the emission. This overlap is much
weaker for the remaining derivatives, preventing the quenching and allowing the increase in their fluorescence
through the AIEE effect. Additionally, the long alkyl chains, in the case of 4e-f, seem to increase the fluorescence

intensity by separating the molecules, which is in agreement with the other results.!

In another article, the polymorphism of 4a was studied, and the different polymorphs demonstrated to have
different photophysical properties.[l Some polymorphs are non-emissive, but two of them, one containing the pure
dye and one solvate, exhibit a strong emission at 502 nm (¢ = 0.22) and 582 nm (¢ = 0.11), respectively. Molecular
motions are restricted in all polymorphs; therefore, all should present AIEE properties, but in some of them, the

strong overlap of aromatic rings probably counteracts the AIEE effect with an ACQ effect, quenching the emission.

The emission of the GFPc 4 (Figure 4) was not detected in solution. In the crystalline state, 4 can organize in five
different polymorphs, all of them presenting AIEE properties with quantum yields of 0.02-0.05, due to the restriction
of molecular motions. The emission wavelength is different between the polymorphs, varying from a blue emission
around 450 nm to a yellow emission around 550nm, as a result of the strength of the 1—t interactions between the

donor and the acceptor units in the polymorphs.
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Figure 4. GFPc analogue emitting in the solid state, at different wavelengths depending on the polymorph.

In an attempt to rigidify the backbone of the dyes, large aromatic substituents were introduced in replacement of
the p-hydroxyphenyl ring on the GFPc 6a-e (Figure 5).[81 Unfortunately, this did not restrict the intramolecular
motions in solution and, consequently, did not increase the emission intensity. However, these maodifications
induced a red shift of the emission wavelength due to extra 1 conjugation, and solvent polarity dependence. This
shift was also observed in the solid state, but GFPc 6a, 6¢c and 6d do not present AIEE properties, being only

faintly emissive. On the contrary, 6b crystallized in two polymorphic forms, one of them strongly emissive.

0 o ¢
AN N —
N N— N—— O N=('
N§< N§< O \<
6a b 6¢c

6

Figure 5. GFPc analogues with large aromatic substituents. 8!

The introduction of a diphenylmethylene group in GFPc 7a,b (Figure 6) was expected to enhance their emission
intensity in solution, because it would suppress the possibility of Z/E isomerization (the virtual Z and E isomers are
the same molecule). However, they are only faintly emissive in solution. Nevertheless, GFPc 7 presents AIEE
properties in the solid state and in frozen solution, due to the restrictions of molecular motions. The crystal packing

of GFPc 7a revealed intermolecular Ti—Tt interactions, responsible for the quenched fluorescence.

https://encyclopedia.pub/entry/40031 4/17



Fluorescence Enhancement without Structural Modifications | Encyclopedia.pub

Figure 6. GFPc analogues without Z /E isomerization.[2!

Looking at these examples, researchers can conclude that many GFPc analogues present AIEE properties and are
brightly emissive in the solid state. However, many others are not, and it is difficult to predict the photophysical
properties of a GFPc analogue in the solid state. Nevertheless, this approach is limited to the use of the

luminescent dyes in the solid state, and many applications require the dyes to be luminescent in solution.

| 2. Supramolecular Hosts

In the GFP, the GFPc is surrounded by the [B-barrel, which restricts its torsional vibrations and hinders the
isomerization of the phenylene double bond, therefore producing the same effect as aggregation, but preventing
ACQ as the dye is isolated. Following a biomimetic approach, supramolecular hosts have been used to

encapsulate some GFPc analogues, in an attempt to enhance their emission intensity.

It has been demonstrated that some GFPc analogues (chromophores 8, Figure 7) could serve as guests inside a
deep cavity cavitand (called “octaacid”). These dyes are poorly emissive in solution, but their emission intensity
increased dramatically when they enter the cavity of “octaacid”. The GFPc 8k, bearing the longest alkyl substituent,
was the one that demonstrated the greater increase in emission quantum yield, from 1.47% in benzene to 10% in

the presence of “octaacid”.19

https://encyclopedia.pub/entry/40031 5/17



Fluorescence Enhancement without Structural Modifications | Encyclopedia.pub
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8b, R' = 2-CH;, R? = -CHj4 8k, R! = 2-CH3, R? = n-Pent
R N YT “-R2 8¢, R'=3-CHz, R?=-CH,4 8l, R" = 3-CH3, R2 = n-Pr
% Nj 8d, R = 4-Et, R = -CH;, 8m, R" = 2-Et, R2 = n-Pr
8 8e, R' = 2,5-CH3, R? = -CHj4 8n, R' = 4-CH;, R? = -Et
8f R" = 4-CH3, R? = -CHj,4 80, R' = 4-Et, R? = n-Pr
89, R' = 2-Et, R? = -Et 8p, R' = 4-CH3, R? = n-Pr
8h, R" = 2-CHj;, R? = -Et 8q, R' = 2-CH;, R2=i-Pr

8i, R" = 2-CH;, R = n-Pr

Figure 7. GFPc analogues demonstrating an increased emission intensity in the presence of a deep cavity

cavitand.9

The fluorescence of a series of GFPc derivatives have been studied in the presence of different
biomacromolecules, and these dyes demonstrated that these could be used as small molecular probes
(chromophores 9a,b, Figure 8). The presence of an alkyloxy group in the para position of the phenyl ring induced a
turn-on fluorescence when in the presence of ribonucleic acid (RNA), while the diethylamino group in the same
position induced a selective fluorescence increase in the presence of human serum albumin (HSA). It is likely that
the interaction of the dyes with the biomacromolecules stiffen their backbone, thus restricting molecular motions

and isomerization.1]

O O

N N\ N N\
N= N=
RO \< N \<
9a, RNA sensor ) 9b. HSA sensor

Figure 8. GFPc analogues used as selective fluorescence turn-on molecular probes for RNA and HSA.[L1]

Moreover, all GFPc 10 (Figure 9) demonstrated that their fluorescence intensity increases when bonded to HAS;
the longer the alkyl chain of R?, the more dramatic the enhancement, with chromophore 10k being the one that
showed the best results.12
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10e, R' = -H, R? = -C3H5CO,H
10f, R' = -OH, R? = -CHj4
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10 10m, R' = -OH, R? = C3HgCO,H

Figure 9. GFPc analogues with enhanced emission intensity in the presence of HSA.[LZ

Similar analogues of the GFPc (chromophores 11, Figure 10) also demonstrated an enhanced emission intensity
when encapsulated inside amphiphilic sodium cholate (NaCh), most probably because their torsional motions are
restricted in the aggregate cavity. The emission intensity further increases alongside the concentration of NaCh.
The authors of this study also proposed that the groups o-CF3 and n-Pr promote the optimal packing in the
aggregate cavity, and an additional hydrophobicity, respectively, which results in the emission enhancement of the
chromophore. 13l

0 11a, R'=-H, R? = -CH,4 11h, R' = 2-Cl, R? = -CH,
N , 1b, R' = 4-Br, R? = -CH,4 i, R" = 3-OH, R? = -CH;,
R'T ) = N-R®  44¢,R1=2-CF5 R?=-CH;  1j,R'=-H,R2=n-Pr
\< 11d, R'=3-CF;, R?=-CH; 11k, R" = 2-CF3, R =n-Pr
11e, R' =4-CF3,R?=-CH; 11, R" =4-OH, R? = n-Pr
11 11f, R' = 4-OH, R? = -CHj,4 11m, R' = 2-CI, R? = n-Pr

11g, R' = 2-Br, R? = -CH,4

Figure 10. GFPc analogue with enhanced emission when encapsulated in NaCh vesicles.22!

A B-cyclodextrin could mimic the protein environment, and act as a supramolecular host upon inclusion of a GFPc
inside its cavity. The fluorescence intensity of a GFPc analogue (Figure 11) was clearly enhanced when it changed
from the isolated chromophore 12 to the chromophore covalently attached to a B-cyclodextrin CD-12.24! Here, the
molecular motions of the GFPc, and the double bond isomerization, are blocked by its inclusion inside the cavity of

the B-cyclodextrin.
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Figure 11. GFPc analogue isolated and attached to a B-cyclodextrin.[24!

A family of self-restricted GFPc analogues (chromophores 13a-c, Figure 12) has been designed to be self-
restricting, based on previous report, 13 and their emission properties have been studied in solution, in the
aggregate state and upon complexation inside a cyclodextrin cavity. In solution, the self-restricted chromophores
13b and 13c present higher emission when compared to chromophore 13a, due to the steric hindrance of the
methoxy group, which limits the rotation of the benzylidene ring. GFPc 13c presents an enhanced emission
compared to 13b probably due to the reduced hydrogen bonding effect.28l The emission of 13a and 13b is
quenched in the aggregate state, but 13c¢ presents an enhanced emission intensity when it aggregates, which can
be due to the segregation effect of the adamantyl group. Different 3-cyclodextrins derivatives were used to study
their effect on the fluorescence of these chromophores. Chromophore 13b does not seem to interact with the (3-
cyclodextrins, but GFPc 13c demonstrated an enhanced emission intensity on the presence of -cyclodextrins, as
the adamantyl group is known to readily enter the cyclodextrin cavity. The complexation with methyl-p-cyclodextrin

proved to promote a higher emission.
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Figure 12. GFPc analogues used to study the supramolecular interaction with cyclodextrin.18

In a similar approach, the inner surface of the Tobacco Mosaic Virus (TMV) has been used to mimic the GFP 3-

barrel, as they are quite similar. Chromophore 14 (Figure 13) could be easily conjugated to the glutamate residues

of the TMV channel through its amino group. After conjugation, the fluorescence intensity of TMV-14 exhibited a

significant enhancement when compared to the isolated GFPc 14, with an extra enhancement in the presence of

different organic solvents, with DMSO being the one that showed the most dramatic results.L7
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Figure 13. GFPc analogues that can be conjugated with the TMV channel.[2Z]

A GFPc has been modified in order to increase its affinity for 3-amyloid fibrils and lysosomes (chromophore 15,
Figure 14). The phenolic hydroxyl group of the GFPc has been replaced by a dimethylamino group, and a
guinolone substituent has been introduced, in order to improve the affinity with (-amyloid fibrils. The 3-
morpholinopropyl-amino group has been added as a lysosome-targeting group.lX8! The GFPc 15 demonstrated to
accumulate in the [(-amyloids, which mimic the environment of the (-barrel of the GFP, thus turning on the
fluorescence. The same effect was observed with lysosomes. Therefore, GFPc 15 allowed the detection of A

fibrils and the mapping of viscosity in lysosomes, with fluorescence emissions at 570 nm and 600 nm, respectively.
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15

N=
Figure 14. GFP analogues used as molecular probe for imaging B-amyloids and lysosomes.&!

| 3. Polymers

The linking of GFP-inspired chromophores to a polymer chain has been proven effective in terms of enhancing the
fluorescence emission. The polymer 16 (Figure 15) was designed by linking a GFPc analogue to the thermo-
sensitive copolymer poly(ethylene glycol)-poly(N-isopropylacrylamide (PEG-PNIPAM) and exhibited a weak
fluorescence at low temperature.22l Copolymer 16 emits more brightly when above the lower critical solution
temperature, which can be explained by the hindrance of the conformational motions of the GFPc due to the self-
assembly of the PEG-PNIPAM blocks.
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Figure 15. GFPc analogues linked to copolymer.[22!

The copolymer can also be built around a single GFPc. For example, the copolymer poly(ethylene glycol)-17a-
poly(methylmethacrylate) (PEG-17a-PMMA) has been grown on GFPc 17a (Figure 16). Compared to the isolated
GFPc 17a, PEG-17a-PMMA demonstrated a red-shifted emission and an increased emission intensity (24 times)
after the self-assembly of the GFP-copolymer into micellar aggregates.’2% This can be rationalized by the higher
planarity of the chromophore and by the interactions between the chromophore and the copolymer. The GFP-
copolymers poly(ethylene glycol)-17b-g-poly(methylmethacrylate) (PEG-17b-g-PMMA) include one chromophores
17b-g between the two parts of the copolymer (Figure 16). They also present a brighter fluorescence after
assembly into micelles, with different emission wavelengths depending on the GFPc used (17b-g), varying
between blue, green, yellow and orange.[2l! This emission enhancement is related to the length of the hydrophobic
chain, and is larger with longer chains, because these chains are able to reduce the intermolecular interactions and

inhibit the molecular motions of the chromophore.
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Figure 16. GFPc-copolymer with strong fluorescence after self-assembly into micelles.2921]

The connection of a GFPc with an organic spacer promotes the formation of a three-dimensional porous organic
polymer with luminescent properties similar to the GFP. Two conjugated microporous polymers (18a-CMP and 18b-
CMP, Figure 17) were prepared from two GFPc analogues (18a,b, Figure 17). The crystal structure of 18a
revealed an intramolecular hydrogen bond between the proton of the hydroxyl group and the nitrogen of the
imidazole. The quantum yields of the GFPc 18a and 18b are very low in methanol, mainly due to presence of the
iodine atom which quenches the emission.[22l The molecular motions of the chromophores proved to be restricted

in the three-dimensional network, and the emission properties of 18a-CMP are similar to the GFP.
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Figure 17. GFPc analogues used in the preparation of porous organic frameworks.[22

The incorporation of a GFPc into a metal-organic framework was also reported as an alternative to mimic the
behavior of the GFPc inside the B-barrel.22] A metal-organic framework was prepared using GFPc 19 as linker

(Figure 18) and zinc (Il). It exhibits a green emission similar to the GFP, and the authors demonstrated that the
molecular motions of the GFPc are hindered inside the framework.
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Figure 18. GFPc analogue used as linker in the preparation of a green-fluorescent metal-organic framework.[23]
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