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Highly Chemoselective and Enantioselective
Recognition of Serine by a Fluorescent Probe

Yalin Wang?, Jun Tian?, Feng Zhao?, Yu Chen?, Bingyi Huo?, Shanshan Yu*3, Xiaoqi Yu?, Lin Pu*®

Abstract A diarylacetylene-containing 1,1’-bi-2-naphthol derivative (R)-2 is designed and synthesized. This compound in combination
with Zn?" is found to be the first chemoselective as well as enantioselective fluorescent probe for the biologically important amino acid
serine. It is found that L-serine can greatly enhance the fluorescence of the probe at A =471 nm but D-serine and 17 other common amino
acids cannot. The enantioselective fluorescence enhancement ratio [ef = (I.—Io)/(Ip—Io) = AIL/AIp] up to 15 was observed for the response

of (R)-2+Zn?*" toward serine.

The amino acid L-serine has been shown to play a cen-
tral role in cell proliferation.! In human body, L-serine is
produced by several biosynthetic processes and it can also
be obtained by dietary intake. The synthetic pathway of L-
serine is found to be essential in the function and develop-
ment of the central nervous system.? In 1992, Nishikawa
and coworkers discovered high concentration of D-serine,
the enantiomer of L-serine, present in the mammalian
brain.> Since then, considerable efforts of researchers have
been conducted to understand the origin and function of D-
serine.* Astrocytes in the central nervous system of rodents
and humans uptake glucose from the blood vessels and then
convert it to L-serine. In the neuron, serine racemase
changes L-serine to D-serine. Thus, D-serine is found in
many regions of brain and plays various functions.>’ For
example, it can regulate the activation of N-methyl-D-as-
partate receptors which contributes to the regulation of syn-
aptic activities, learning and memory.®!° The serum levels
of D-serine in patients with schizophrenia were found to be
significantly lower than normal.!! Patients with Alz-
heimer’s disease were reported to have higher levels of D-
serine in their cerebrospinal fluid.'>!* A number of analyt-
ical methods such as bioelectro sensors, HPLC, and others
have been developed for the detection of D-serine.*

Our laboratory is interested in developing fluorescent
probes for chemo- and enantioselective recognition of the
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biologically significant amino acids like serine because of
the easily available instrument, multiple detecting modes
and the ability for high throughput analysis and real time
imaging. Although many fluorescent probes have been de-
veloped for amino acid detection,'* none of them can rec-
ognize serine with both chemoselectivity and enantioselec-
tivity. For example, in 2014, we discovered that the 1,1°-
bi-2-naphthol (BINOL)-based compound 1 in combination
with Zn?" exhibits enantioselective fluorescent enhance-
ment in the presence of several amino acids but it shows no
chemoselectivity for serine. '’
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Previously, McFarland and Finney demonstrated that
restricting the rotation of diarylacetylenes can greatly en-
hance their fluorescence and this process can be used as a
responding mechanism for fluorescent assay.'® We have
thus proposed to incorporate diarylacetylene units into the
BINOL-based compound 1 to prepare compound (R)-2 for
chemoselective as well as enantioselective fluorescent
recognition of amino acids (Scheme 1). Compound (R)-2
contains two diarylacetylene fragments at the 3,3’-position
of the central BINOL unit. The imine product 3 formed
from the reaction of (R)-2 with L- or D-serine may form
inter- or intramolecular complexes Zn*" to restrict the rota-
tion of the diarylacetylene units to generate enhanced fluo-
rescence. In this paper, we are delighted to report our dis-
covery that compound (R)-2 [and its enantiomers (S)-2]
shows highly chemoselective as well as enantioselective
fluorescent response toward serine.

Scheme 1. Design of a fluorescent probe (R)-2.
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The 3,3’-diodoBINOL compound (R)-4 was prepared
from (R)-BINOL in two steps according to the litera-
ture.!”!® From the Sonogashira coupling'’ of (R)-4 with 2-
ethynylbenzaldehyde,?® compound (R)-5 was obtained in
82% yield (Scheme 2). Removal of the MOM group of (R)-
5 with trifluoroacetic acid gave the desired compound (R)-
2 as a yellow solid in 95% yield. The 'H NMR spectrum of
(R)-2 in CDCl; exhibits a hydroxyl signal at 6 7.41 con-
firmed by its disappearance with addition of D,O. This is
very different from the hydroxyl proton signal of 1 which
appeared at 8 10.5?!, much more down-field because of its
intramolecular hydrogen bonds with the adjacent aldehyde
groups. The significantly upfield chemical shift of the hy-
droxyl proton signal of (R)-2 indicates that this compound
should not have as strong intramolecular hydrogen bonds
as those in 1.

Scheme 2. Synthesis of compound (R)-2.
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The optical spectra of (R)-2 are compared with those of
(R)-1. As shown in Figure 1a, (R)-1 gives stronger absorp-
tion at wavelength > 400 nm than (R)-2. This can be at-
tributed to the charge transfer band due to the donor-accep-
tor conjugation of the hydroxyl group of (R)-1 with its ad-
jacent aldehyde group and its intramolecular hydrogen
bonding. The absorptions of (R)-2 between 300 and 400
nm are more intense than those of (R)-1 which can be at-
tributed to the m-n* transition of the more extended 7 sys-
tem of (R)-2. A dramatic difference between the fluores-
cence spectra of (R)-1 and (R)-2 is observed as shown in
Figure 1b. Going from (R)-1 to (R)-2 gives a greatly en-
hanced fluorescence signal at A > 400 nm, indicating that
the extended conjugation of the diarylacetylene units of
(R)-2 has produced a stronger fluorophore. The emission
wavelength of (R)-2 occurs at a longer wavelength than that
of BINOL (at Amax = 368 nm and Aexe = 278 nm)?? because
of the more extended © system.
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Figure 1. UV/Vis (a) and fluorescence (b) spectra of (R)-
1 and (R)-2 (concentration: 2.0 x 10> M in CH;0H/0.8%
CH:Cly. Aexe =320 nm, slit 5/5 nm, int. time 0.5 s)

We studied the fluorescent response of (R)-2 toward the
two enantiomers of 18 common amino acids in the presence
of Zn(OAc); at room temperature. In order to improve the
solubility of the substrates in methanol, all the amino acids
used herein were their tetrabutylammonium (TBA) salts,
which were obtained by treating the amino acids with
TBAOH (2.0 equiv). When (R)-2 (2.0 x 107> M in MeOH)
was mixed with Zn(OAc), (4.0 equiv), little change was ob-
served for the fluorescence at 402 nm (A;) (Figure 2a).
When the (R)-2 (2.0 x 1073 M) + Zn(OAc); (4.0 equiv) so-
lution was treated with L-Ser-TBA (10.0 equiv), a large flu-
orescent enhancement at 471 nm (A,) was observed as
shown in Figure 2a. However, when the same (R)-2 (2.0 x
10° M) + Zn(OAc); sensor solution was treated with D-
Ser-TBA (Figure 2a) and 17 pairs of the other amino acid
enantiomers (Figure 2b), little or no fluorescence enhance-
ment was observed at 471 nm. We examined the effect of
the reaction time on the fluorescence response. As shown
in Figure S1, the fluorescence enhancement of (R)-
2+Zn(OAc), with L-Ser-TBA and D-Ser-TBA (10 equiv)
became stable after 5 h. We have thus conducted all the
fluorescence measurements after 5 h of the reaction. It was
found that under these conditions, L-Ser-TBA enhanced the
fluorescence of (R)-2+Zn(OAc), at 471 nm to 31.3 folds
and D-Ser-TBA only increased it to 3.0 folds, giving an en-
antiomeric fluorescence enhancement ratio (ef = [Ir-Io]/[Ip-
I]) of 15.
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Figure 2. (a) Fluorescence spectra of (R)-2 with Zn(OAc),
in the presence of L/D-Ser-TBA (10 equiv). (b) Fluores-
cence intensity of (R)-2 with Zn(OAc); and 18 D-/L-amino
acid-TBAs (10 equiv). [(R)-2: 2.0x1073 M in CH;0H/0.8%
CH,Cl,. Zn(OAc),: 4 equiv. Reaction time: 5 hat rt. A exc
=320 nm, slit 5/5 nm, int. time 0.5 s; y-axis: intensity/arbi-
trary unit]

Figure 3 displays the effects of the concentration of L-
/D-Ser-TBA on the emission intensities of the (R)-2+Zn>"
sensor solution at A =471 nm. Highly enantioselective flu-
orescent response was observed. As shown in Figure 3b,
the fluorescence intensity Ii7; of (R)-2+Zn*" increased
greatly as the concentration of L-Ser-TBA increased from
0 to 10 equiv after which it slowly decreased with the con-
centration. D-Ser-TBA caused much smaller fluorescence
enhancement over the entire concentration range.
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Figure 3. Plot of Lu7; for (R)-2 (2.0 x 107> M in CH;0H/0.8%

CHxCl,) + Zn?* (4 equiv) in the presence of varying con-
centrations of D- and L-Ser-TBA (0 - 40 x 107> M). (Re-
action time: 5 h atrt. A exe = 320 nm, slit 5/5 nm, int. time
0.559)

(S5)-2, the enantiomer of (R)-2, was also used to interact
with Zn(OAc), and D-/L-Ser-TBA. Under the same condi-
tions, the fluorescence responses of (S)-2+Zn* toward D-
/L-Ser-TBA are close to a mirror image relationship with
those when (R)-2 was used (Figure S4). This confirms the
chiral recognition process for the fluorescent response of
the probe toward serine. We then investigated the fluores-
cence response of both (R)- and (S)-2 toward serine at var-
ious enantiomeric composition. As shown in Figure 4, the
fluorescence intensity at 471 nm for each enantiomeric
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Figure 4. Fluorescence intensity at A, =471 nm versus [L-
Ser]% for the reaction of (S)- or (R)-2 (2.0x107° M in
CH30H/0.8% CH,Cl,) with Zn(OAc); (4.0 equiv) and Ser-
TBA (10.0 equiv, L-Ser: from 0 to 100%). (The error bars
were obtained from three independent experiments. Reac-
tion time: 5 h at rt. A exc = 320 nm, slit 5/5 nm, int. time 0.5
s; X-axis: ee%; y-axis: intensity/arbitrary unit)

probe versus the [L-Ser] % values of serine resembles a
mirror image relationship. These plots can be used to de-
termine the enantiomeric composition of serine by fluores-
cence measurement.

We further studied the fluorescence response of (R)-
2+7Zn*" toward the serine analogs L-/D-threoine and L-/D-
allo-threoine (Figure 5). As shown in Figure 6, under the
same conditions as those used for the interaction with ser-
ine, the TBA salts of L-threoine and L-allo-threoine (10
equiv) greatly enhanced the fluorescence of (R)-2+Zn"
with 29.6 folds for L-threoine at 468 nm and 37 folds for L-
allo-threoine at 470 nm. The fluorescence enhancements
by the TBA salts of D-threoine and D-allo-threoine were
only 3.3 and 10.9 folds respectively.
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Figure 5. Structures of serine and its analogs threoine and
allo-threoine.
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Figure 6. Fluorescence spectra of (R)-2 (2.0 x 107 M in
CH;30H/0.8% CHCl,) with Zn(OAc); (4 equiv) in the pres-
ence of the TBA salts of (a) L-/D-Thr (10 equiv) and (f) L-
/D-allo-Thr (10 equiv). (Reaction time: 5 h atrt. A ey =
320 nm, slit 5/5 nm, int. time 0.5 s)

The above studies demonstrate that the chemoselectiv-
ity of (R)-2+Zn*" for serine is mostly determined by the B-
hydroxy group of the amino acids. Without this hydroxyl
group, almost no fluorescence enhancement can be ob-
served (see Figure 2b). It also shows that the enantioselec-
tivity is mostly determined by the a-chiral amine center and
the chiral configuration of the B-hydroxyl group only plays
a minor role.

In order to gain further understanding on the interaction
of the (R)-2+Zn*" fluorescent sensor system with chiral
amino acids, we conducted additional spectroscopic studies
for the reaction of(R)-2 with serine in the presence of Zn?'.

UV—vis Study.

The UV-vis spectrum of the solution of (R)-
2+Zn(OAc), in methanol displays absorptions at Amax (€) =
254 (1.19 x 10%), 278 (8.54 x 10%), 309 (6.71 x 10%), 324
(5.84 x 10%) and 340 nm (4.66 x 10%) (Figure 7). The pres-
ence of Zn(OAc), had no significant effect on the UV ab-
sorption of (R)-2. When (R)-2 (2.0 x 10° M in
MeOH/0.8% CH,Cl,) was treated with D- or L-Ser-TBA
(10 equiv), the absorptions at A max = 254, 309, and 340 nm
decreased with a new absorption emerged at A max =401 nm.
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Figure 7. UV/vis absorption spectra of (R)-2 (2.0 x 1075 M
in CH30H/0.8% CH,Cl,) + Zn(OAc), (4 equiv) with/ with-
out D- and L-Ser-TBA (10 equiv). (Reaction time: 5 h at
)

NMR Study.

We studied the reaction of (R)-2 (5 mM) with L-/D-Ser-
TBA (10 equiv) in CDCl;/CDs;0D = 2:3 (v/v) by 'H NMR
spectroscopy. The TBA salts of L-/D-serine were prepared

by completely dissolving each amino acid and TBAOH in
methanol in 1:2 ratio followed by removal of the solvent.
The solution of (R)-2 in CDCl3/CD3;0D showed two small
"H NMR signals at § 5.98 and 5.99, which can be attributed
to a partial formation of mono- and di-hemiacetals from the
addition of CD3;OD to the aldehyde groups of (R)-2 (Figure
8). When L-Ser-TBA was added to this solution, in 0.5 — 2
h (R)-2 was completely consumed with the disappearance
of the aldehyde signal at & 10.45. A new peak appeared at
5 9.05 which can be assigned to the imine proton signal of
the structural unit 6 in the product. The HMQC spectrum
(Figure S7) supports this assignment with a cross peak ob-
served for the imine 'H signal with the *C signal at 8 161.4.
At 6.41 and 5.90, new peaks also appeared which can be
attributed to the oxazolidine fragment 7 (Figure 8a).>* This
is supported by the HMQC spectrum with the cross peaks
of between these proton signals and the '3C signals at
5 91.13 and 91.04 respectively. The reaction of (R)-2 with
D-Ser-TBA gave similar 'H NMR signals.
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Figure 8. '"H NMR spectra of the reaction mixture of (R)-2
(5 mM) and (a) L-Ser-TBA or (b) D-Ser-TBA (10 equiv) in
CDCl;5:CDsOD = 2:3 (v/v) at various reaction times. For
both plots: 1, (R)-2; 2-7, (R)-2+L- or D-Ser for 0.5 h, 2 h, 3
h, 5 h, 10 h, and 45 h, respectively).
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Addition of 1 - 2 equiv Zn?" (ZnBr, was used for its bet-
ter solubility at the high concentration of the NMR experi-
ments) to the above solutions led to the formation of pre-
cipitates with greatly reduced NMR signals (Figure S8).
Under the fluorescence measurement conditions, however,
no precipitate was observed. It is thus proposed that an in-
termolecular complexation of the imine units like 6 with
Zn*" at the high concentrations (5 mM) in the NMR exper-
iments might occur to generate polymers or oligomers to
precipitate out of the solution. Under the dilute conditions
(2.0 x 10 M) of the fluorescence experiments, an intramo-
lecular complexation with Zn?*" for the chirality matched
probe and serine might form an intramolecular Zn*" com-
plex of 3 to restrict the rotation of the diarylacetylene units
to give greatly enhanced fluorescence. When more than 2
equiv of Zn?" was added to the above NMR samples (Figure
S8), the aldehyde signal of (R)-2 reappeared, indicating re-
versible reaction of (R)-2 with serine in the presence of ex-
cess amount of Zn?>*. The coordination of the imine units
with Zn?>" might be in competition with the coordination of
free serine with Zn?>". We have conducted mass spectro-
scopic analysis for the reaction mixture of (R)-2+Zn”" with
L- or D-Ser-TBA, but could not obtain direct evidence for
the identities of the products due to the complex spectra.
Thus, continuous research is needed in order to gain further
understanding on the sensor-substrate reaction.

In summary, we have incorporated two diarylacetylene
units into the BINOL structure to construct a novel fluores-
cent probe (R)-2. We have discovered that (R)-2 in combi-
nation with Zn?" is the first highly chemoselective as well
as enantioselective fluorescent probe for serine. It was
found that L-serine can generate large fluorescence en-
hancement at A = 471 nm but not D-serine as well as 17
pairs of other amino acid enantiomers. It is proposed that
the imine product formed from the condensation of (R)-2
with L-serine could bind Zn?* to form a structural rigid
complex to generate the observed large fluorescence en-
hancement. D-Serine and other amino acids cannot cause
such a structural rigidification induced fluorescence en-
hancement. We are continuously investigating the mecha-
nism of the observed selective recognition, and are also de-
veloping the application of this probe.

Associated Content

Supporting Information

Additional synthesis and characterization data of com-
pounds. Additional spectroscopic data.

Author Information
Corresponding Author
yushanshan@scu.edu.cn
Ip6bn@virginia.edu

Notes
The authors declare no competing financial interest.

Acknowledgments

This work was financially supported by the National Natu-
ral Science Foundation of China (Grant No. 21502127 and
J1310008) and Sichuan University. LP thanks the partial

support of the US National Science Foundation (CHE-
1855443).

Key words: fluorescent sensor, amino acids, serine,
chemoselective, enantioselective

References

1. Eagle, H. Amino Acid Metabolism in Mammalian Cell
Cultures. Science 1959, 130 (3373), 432-437.

2. De Koning, T. J.; Snell, K.; Duran, M.; Berger, R.; Poll-
The, B. T.; Surtees, R. 1-Serine in disease and development.
Biochemical J. 2003, 371 (3), 653-661.

3. Hashimoto, A.; Nishikawa, T.; Hayashi, T.; Fujii, N.; Harada,
K.; Oka, T.; Takahashi, K. The presence of free D-serine in
rat brain. Febs Letters 1992, 296 (1), 33-36.

4. Mothet, J.-P.; Billard, J.-M.; Pollegioni, L.; Coyle, J. T.;
Sweedler, J. V. Investigating brain d-serine: Advocacy for
good practices. Acta Physiologica 2019, 226, ¢13257.

5. Schell, M. J.; Molliver, M. E.; Snyder, S. H. D-serine, an
endogenous synaptic modulator: localization to astrocytes
and glutamate - stimulated release. Proc. Natl. Acad. Sci.U S
A 1995, 92 (9), 3948-3952.

6. Wolosker, H.; Blackshaw, S.; Snyder, S. H. Serine racemase:
A glial enzyme synthesizing D-serine to regulate glutamate-
N-methyl-D-aspartate neurotransmission. Proc. Natl. Acad.
Sci.US A 1999, 96 (23), 13409-13414.

7. Kiriyama, Y.; Nochi, H., D-Amino Acids in the Nervous and
Endocrine Systems. Scientifica 2016, 2016.

8. Mothet, J.-P.; Le Bail, M.; Billard, J.-M., Time and space
profiling of NMDA receptor co-agonist functions. J.
Neurochemistry 2015, 135 (2), 210-225.

9. Yang, Y. L.; Ge, W. P.; Chen, Y. R.; Zhang, Z. J.; Shen, W.
H.; Wu, C. P.; Poo, M. M.; Duan, S. M. Contribution of
astrocytes to hippocampal long-term potentiation through
released D-serine. Proc. Natl. Acad. Sci.U S A 2003, 100 (25),
15194-15199.

10. Mothet, J. P.; Parent, A. T.; Wolosker, H.; Brady, R. O.;
Linden, D. J.; Ferris, C. D.; Rogawski, M. A.; Snyder, S. H.,
D-serine is an endogenous ligand for the glycine site of the N-
methyl-D-aspartate receptor. Proc. Natl. Acad. Sci.U S A
2000, 97 (9), 4926-4931.

11. Hashimoto, K.; Fukushima, T.; Shimizu, E.; Komatsu, N.;
Watanabe, H.; Shinoda, N.; Nakazato, M.; Kumakiri, C.;
Okada, S.; Hasegawa, H.; Imai, K.; Iyo, M. Decreased serum
levels of D-serine in patients with schizophrenia - Evidence
in support of the N-methyl-D-aspartate receptor hypofunction
hypothesis of schizophrenia. Arch. General Psychiatry 2003,
60 (6), 572-576.

12. Fisher, G.; Lorenzo, N.; Abe, H.; Fujita, E.; Frey, W. H,;
Emory, C.; Di Fiore, M. M.; D'Aniello, A. Free D- and L-
amino acids in ventricular cerebrospinal fluid from Alzheimer
and normal subjects. Amino Acids 1998, 15 (3), 263-269.

13.Madeira, C.; Lourenco, M. V.; Vargas-Lopes, C.; Suemoto, C.
K.; Brandao, C. O.; Reis, T.; Leite, R. E. P.; Laks, J.; Jacob-
Filho, W.; Pasqualucci, C. A.; Grinberg, L. T.; Ferreira, S. T.;
Panizzutti, R. D-serine levels in Alzheimer's disease:
implications for novel biomarker development. Translational
Psychiatry 2015, 5.

14. (a) Zhou, Y.; Yoon, J. Recent Progress in Fluorescent and
Colorimetric Chemosensors for Detection of Amino Acids.
Chem. Soc. Rev. 2012, 41, 52-67. (b) Wang, J.; Liu, H.-B.;
Tong, Z.; Ha, C.-S. Fluorescent/Luminescent Detection of
Natural Amino Acids by Organometallic Systems. Coord.
Chem. Rev. 2015, 303, 139-184. (¢) Pu, L. Enantioselective
Fluorescent Recognition of Free Amino Acids: Challenges


mailto:yushanshan@scu.edu.cn
mailto:lp6n@virginia.edu
https://reporting.research.gov/rppr-web/rppr?execution=e1s2&_eventId=awardDetail&awardId=1855443
https://pubs.rsc.org/en/content/articlehtml/2012/cs/c1cs15159b
https://pubs.rsc.org/en/content/articlehtml/2012/cs/c1cs15159b
https://www.sciencedirect.com/science/article/pii/S0010854515001770
https://www.sciencedirect.com/science/article/pii/S0010854515001770

[Type here]

15.

16.

17.

18.

19.

20.

21.

22.

23.

and Opportunities. Angew. Chem. 2020,
doi.org/10.1002/anie.202003969

Huang, Z.; Yu, S.; Wen, K.; Yu, X.; Pu, L. Zn(II) Promoted
Dramatic Enhancement in the Enantioselective Fluorescent
Recognition of Chiral Amines by a Chiral Aldehyde. Chem.
Sci. 2014, 5, 3457-3462.

McFarland, S. A.; Finney, N. S., Fluorescent signaling based
on control of excited state dynamics. Biarylacetylene
fluorescent chemosensors. J. Am. Chem. Soc. 2002, 124,
1178-1179.

Cox, P. J.; Wang, W.; Snieckus, V. Expedient route to 3-and
3,3'-substituted 1,1’-bi-2-naphthols by directed ortho
metalation and Suzuki cross coupling methods. Tetrahedron
Lett. 1992, 17, 2253-2256.

Bihr, A.; Droz, A. S.; Piintener, M.; Neidlein, U.; Anderson,
S.; Seiler, P.; Diederich, F. Molecular Recognition of
Pyranosides by a Family of Trimeric, 1,1'-Binaphthalene-
Derived Cyclophane Receptors. Helv. Chim. Acta 1998, 81,
1931-1963.

Chinchilla, R.; Najera, C. The Sonogashira Reaction: A
Booming Methodology in Synthetic Organic Chemistry.
Chem. Rev. 2007, 107, 874-922.

Austin, W. B.; Bilow, N.; Kelleghan, W. J.; Lau, K. S. Y.
Facile synthesis of ethynylated benzoic acid derivatives and
aromatic compounds via ethynyltrimethylsilane. J. Org.
Chem. 1981, 46, 2280-2286.

Hu, L.; Yu, S.; Wang, Y.; Yu, X.; Pu, L. Enhanced
Fluorescence of 3,3'-Diformyl BINOL by Functional
Secondary Amines. Org Lett 2017, 19 (14), 3779-3782.

Li, Z. B.; Lin, J.; Zhang, H. C.; Sabat, M.; Hyacinth, M.; Pu,
L. Macrocyclic bisbinaphthyl fluorophores and their acyclic
analogues: Signal amplification and chiral recognition. J. Org.
Chem. 2004, 69, 6284-6293.

Borisova, N. E.; Gulevich, T. G.; Reshetova, M. D,
Knizhnikov, V. A. Pincer ligands based on a-amino acids: IV.
Schiff bases derived from pyridine-2,6-dicarbaldehyde.
Synthesis and intramolecular dynamics. Russian J. Org.
Chem. 2009, 45, 1079-1085


https://doi.org/10.1002/anie.202003969
https://www.sciencedirect.com/science/article/pii/S0040403900741827
https://www.sciencedirect.com/science/article/pii/S0040403900741827
https://www.sciencedirect.com/science/article/pii/S0040403900741827
https://onlinelibrary.wiley.com/doi/10.1002/%28SICI%291522-2675%2819981111%2981%3A11%3C1931%3A%3AAID-HLCA1931%3E3.0.CO%3B2-5
https://onlinelibrary.wiley.com/doi/10.1002/%28SICI%291522-2675%2819981111%2981%3A11%3C1931%3A%3AAID-HLCA1931%3E3.0.CO%3B2-5
https://onlinelibrary.wiley.com/doi/10.1002/%28SICI%291522-2675%2819981111%2981%3A11%3C1931%3A%3AAID-HLCA1931%3E3.0.CO%3B2-5
https://www.thieme-connect.de/products/ejournals/linkout/10.1055/s-2002-35997/id/16
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Rafael++Chinchilla
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Carmen++N%C3%A1jera
javascript:;
javascript:;
javascript:;
javascript:;
https://link.springer.com/journal/11178
https://link.springer.com/journal/11178

Graph for Table of Content




