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Cross-reactive binding
versus selective phosphate sensing
in an imine macrocycle sensor

Aco Radujevi�c,1 Andrej Penavic,1 Radoslav Z. Pavlovi�c,2 Jovica D. Badji�c,2

and Pavel Anzenbacher, Jr.1,3,*
The bigger picture

Phosphates play important roles

in nature and biotechnology.

Their structures range from

orthophosphate to nucleotide

mono-, di-, or triphosphates. The

structural diversity, various

protonated states, and hydrates

make designing selective sensors

difficult. Here, the selective (key &

lock) sensors are frequently

failing. Thus, sensor arrays

(chemical noses or tongues)

comprising multiple cross-

reactive sensors while providing a

fingerprint-like response are an

important advance. However,

sensor arrays require multiple

sensors, which necessitates

recording large datasets

rendering subsequent analysis

cumbersome. We show that this

may be overcome by a new type of

sensors capable of cross-reactive

sampling of many analyzed

species while providing an

analyte-specific response,

thereby allowing for simplified

sensing of multiple analytes

including phosphates. Such

sensors may find application in

monitoring phosphorylation

processes in corresponding

biological and pharmaceutical

assays.
SUMMARY

We demonstrate a new approach to chemosensors suited for
analysis of phosphate mixtures. Here, a combination of a cross-reac-
tive receptor and an environmentally sensitive fluorophore allows
for binding various phosphates and obtaining analyte-specific
fluorescence response. We have investigated a flexible and cross-
reactive imine-pyrrole macrocycle comprising both hydrogen-bond
donors and acceptors, one that is capable of self-organizing in
response to phosphate-type anions. This cross-reactive binding
was elucidated by theoretical and nuclear magnetic resonance
(NMR) studies. Incorporating an environmentally sensitive dansyl
fluorophore, which responds to the presence of analytes with a vary-
ing degree of fluorescence amplification, resulted in translating
the cross-reactive binding into variable analyte response and
enabled differentiation of oxyanions. The trend of anion affinities
is H2PO4

�>AMP>H2P2O72�>ADP>ATP. We show that only one
sensor can differentiate among various phosphates including their
mixtures. By applying machine learning algorithms, we were able
to differentiate between 12 anions and accurately quantify ATP,
ADP, AMP, PPi, Pi, and their mixtures.

INTRODUCTION

In the past, the paradigm for the design of artificial receptors and sensors was the

lock and key concept utilizing preorganized receptors that associate with a substrate

or analyte in a specific fashion to achieve selective recognition.1 This approach, while

appropriate for analytes of strategic importance, suffers from disadvantages such as

a slow on-off rate, high cost of synthesis, and is often hampered by a partial cross-

reactivity.2 Perhaps most importantly, the lock and key approach is limited to one

type of sensor for one type of analyte. Driven largely by the interest in complex an-

alytes, the focus in molecular sensing is shifting from selective sensors toward cross-

reactive sensors that are not selective and employ recognition of a response

pattern3–6 as it is in so-called chemical noses,7–9 tongues,10–12 etc. Such sensors

then utilize cross-reactive recognition elements to identify an analyte based on

the response pattern that originates from a number of nonselective sensors.4,13–17

Conventional wisdom holds that cross-reactive sensor arrays, because of the ‘‘lower

recognition quality (specificity)’’ of the sensors, should be composed of a large num-

ber of such array elements. To mitigate the potential problems associated with large

datasets, redundancy, and a low signal-to-noise ratio, a new approach of a rational

design of the arrays that allows for minimizing the number of the array elements

came to the forefront.18,19 This has been demonstrated on optical sensor arrays
Chem 8, 1–17, August 11, 2022 ª 2022 Elsevier Inc. 1
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where a careful array optimization, aimed to eliminate redundant information and

improve discrimination accuracy, was performed.18,20–22 From the chemistry

perspective, this has been partly addressed, for example, by increasing the multi-

plicity of the outputs in receptors carrying multiple chromophores.23–26 Thus, the

pendulum swings back toward the arrays that comprise the smallest possible num-

ber of sensor elements. In an extreme, one could consider a single sensor element

that would comprise a cross-reactive (non-selective) receptor capable of reversible

binding-and-reporting on (sampling) multiple analyte components and a signaling

device (chromophore) capable of rendering an analyte-specific information.27–29

Such an approach, if successful, would be particularly valuable for analytes for which

the selective receptors are difficult to design and synthesize. We reasoned that such

difficult to analyze analytes are anions, and phosphates in particular.

Phosphate anions are ubiquitous in nature30 and living organisms31 and used in in-

dustry and agriculture. Their use as fertilizers32 frequently results in anthropogenic

eutrophication, the ecological transformation of water bodies by nutrient

pollution.33

There are many methods for determination of phosphate (orthophosphate, Pi) start-

ing from phosphomolybdate methods for determination of orthophosphate.34,35

Other methods that rely on electrochemistry36,37 or field-effect transistors38,39 are

being pursued. Although some of these methods are useful for orthophosphate

analysis, the current trends, particularly in biochemistry and biology, are focusing

on the analyses of phosphate esters and anhydrides such as nucleotide phosphates

and their mixtures.40 This is because the phosphates and particularly the biological

phosphates usually occur in mixtures, and their analysis requires advanced instru-

mental methods such as ion chromatography for the nucleobase-free phosphates41

and reverse-phase HPLC for nucleotide phosphates.42,43 Despite many advantages,

these methods for analyzing phosphate mixtures require expensive instrumentation,

highly skilled personnel and time, and are therefore not amenable to high-

throughput or field applications. In the realm of molecular biology, commercial tests

have been developed that employ multiple enzyme assays. Such assays, however,

require strictly controlled environment (pH, temperature, and additives/buffers)

and traditionally have a relatively low shelf-life. Thus, a chemically stable single-

molecule sensor for multiple phosphates would be a boon in the situations where

a rapid high-throughput method for sensing of multiphosphate mixtures is desired.

Current reviews44–46 show that supramolecular chemistry studies of synthetic recep-

tors and sensors made progress in the area of recognition of phosphate-type anions

and is starting to produce methods for analysis of phosphates. However, there are

still obstacles associated with extensive hydration,47 protonation equilibria, and

the structural diversity of phosphate anions that make the design and utilization of

phosphate receptors difficult.48,49 Thus, sensors for anions that are capable of distin-

guishing and quantifying phosphates such as (di)hydrogen phosphate (Pi), pyro-

phosphate (PPi), as well as nucleotide triphosphates, diphosphates, and monophos-

phates as markers of metabolic processes50,51 in water while providing a clearly

observable turn-ON signal are still being sought.48,52–55

In the design of our sensor, we decided to employ a cross-reactive receptor to bring

many different analytes close to the signaling fluorophore. Then, we decided to use

a fluorophore that displays a significant charge transfer (ICT) in the excited state,

which is sensitive to differences in charge density/polarity in its close vicinity. Our hy-

pothesis is that the cross-reactive receptor will bind and release (sampling) various
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phosphate analytes while displaying a different response to different phosphates

(analyte-specific signal). Thus, we will have cross-reactive binding, but superim-

posed on this is the analyte-specific response (reporting). The result is a selective

sensing of multiple analytes. To examine the above concept of analysis of difficult-

to-address analytes using a single cross-reactive receptor combined with a chromo-

phore capable of generating analyte-specific information, we decided to investigate

a large and flexible macrocyclic receptor to be modified with an environmentally

sensitive dansyl fluorophore that due to its ICT nature of the excited state,56 it yields

a differential response to various anions based on their size, flexibility, hydrogen-

bonding patterns, surface charge density, and other factors.57–59 As a receptor,

we selected a macrocyclic oligopyrrole imine-based macrocycles deemed to be

attractive because of its hydrogen-bond (HB) properties, both as donors (pyrrole)

and acceptors (imine) of HBs, as well as their high conformational flexibility for com-

plementing potential guests,60–62 including anions.63 Schiff bases were used as

ligands for various metal ions,64–66 as well as for binding of anions,67–73 and are

therefore a suitable platform for the proposed phosphate sensor.
RESULTS AND DISCUSSION

Design and synthesis of fluorescent imine macrocycles

In the design of the sensor, the important consideration is the flexibility of the recep-

tor. The following paragraphs will reveal how the flexible imine macrocycle receptor

(guest) based on aliphatic imine moieties fluidly adapts to the demands of multiple

guests. In essence, we abdicated the preorganization for self-organization in the

presence of a guest. This feature is then complemented by the use of an environ-

mentally sensitive fluorophore that makes it possible to extract analyte-specific fluo-

rescence information from only one sensor molecule.

To explore the above concept, we have prepared imine macrocycles using dipyrro-

methane dialdehyde 174 and aliphatic diamine 275 (Scheme 1; see Scheme S1 in sup-

plemental experimental procedures). Reacting precursors 1 and 2 in an equimolar

ratio under a high dilution resulted in a predominant formation of macrocyclic prod-

ucts 3 and 4 (Scheme 1; Figures S2 and S9). After several recrystallization steps, we

were able to isolate pure 3, which was characterized by 1D (1H, 13C), 2D (COSY,

ROESY, HSQC, HMBC, and DOSY) nuclear magnetic resonance (NMR) spectro-

scopic methods and high-resolution MALDI TOF spectrometry (Figures S18–S27).

The low yield of product 3 (3 % after three recrystallizations) led us to employing

templated synthesis of 3. Given the propensity of the pyrrole moieties to bind to an-

ions, we decided to probe anionic templates including chloride, dihydrogen phos-

phate, and pyrophosphate. Here, in the case of dihydrogen phosphate and pyro-

phosphate, we observed a templated formation of 3 (the desired 2 + 2 product) at

the expense of linear oligomers while the formation of large 3 + 3 product was

not observed (Figures S14–S16). On the other hand, we have not observed the

same templating effect in the case of chloride. To further explore the binding of

phosphate and pyrophosphate by 3, we decided to examine its conformational char-

acteristics—first, in the resting state, and then, in the presence of anionic guests.

Thus, Monte-Carlo conformational search76,77 (MTLMOD, OPLS3e force field78) of

3 gave 633 lowest energy conformers (10 kcal/mol of steric energy), which were

further optimized via a semiempirical method (PM6) followed by density functional

theory (DFT) calculations (B3LYP/6-31G+[2d], with implicit DMSO solvation). The

lowest energy conformer was subjected to frequency calculations showing the

absence of any imaginary frequencies. Based on the computational work, the
Chem 8, 1–17, August 11, 2022 3



Scheme 1. Synthesis of macrocycle 3

Dipyrromethane dialdehyde 1 and diamine 2 were mixed in an equimolar ratio under high-dilution

conditions (in MeOH) to obtain two major macrocycles- [2+2] macrocycle 3 and [3+3] macrocycle.
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macrocycle 3 predominantly populates the equilibrium (75% from the Boltzmann

distribution) in its folded and C1 symmetric form (Figure 1B). This folded conforma-

tion was confirmed by 1H-1H ROESY NMR spectroscopy (for details on the structure

of the receptor, see Figures S21 and S22). In the later paragraphs, we show that this

folded conformation of 3 is capable of unfolding to adapt to the structural demands

of the anionic guests and that this process is also accompanied by the significant

change in the fluorescence response.

NMR solution studies of sensor 3 and TBAH2PO4

After an incremental addition of tetrabutylammonium dihydrogen phosphate

(TBAH2PO4) to the sensor 3 (Figure 2A; see also Figures S41 and S42), the 1H

NMR resonances from the pyrrolic NH underwent a considerable downfield shift

from 10.9 to 13.5 ppm as a result of pyrrolicNH protons being engaged in hydrogen

bonding with the phosphate guest. Concurrently, the imine N=C-Hg hydrogens

became broadened andmagnetically deshielded (Figure 2B) as a result of an unfold-

ing of macrocycle 3 upon binding of the anionic guest (see below). We hypothesize

that the broadening ofHg is related to (1) a reduction in the conformation mobility of

this part of themolecule causing a faster relaxation of its nuclei and (2) protonation of

the imine functionality occurring on intermediate NMR timescale. In fact, the

complexation of H2PO4
� by an imine-type host followed by anion-to-host proton

transfer was previously described.71 When the addition of H2PO4
� to 3 was moni-

tored with 31P NMR spectroscopy (Figure S34), a large magnetic perturbation of
4 Chem 8, 1–17, August 11, 2022



Figure 1. Fluorescent macrocyclic sensor 3 used in this study

(A) Molecular structure of the receptor 3 (left).

(B) DFT optimized geometry of receptor 3 (two different perspectives) showing a partially twisted

conformation of the receptor in the resting state. Red arrows indicate NOE contacts between

highlighted hydrogens.

(C) Selected regions of 2D 1H-1H ROESY NMR spectra (500 MHz, DMSO-d6 at 298 K) of receptor 3

(3.0 mM solution) displaying important cross-peaks correlations between different segments of the

molecule emphasizing partially twisted conformation of the receptor in the resting state (top).

Distance (Å) between highlighted hydrogens is depicted in the table (bottom).
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the resonance from the phosphorus in H2PO4
� (Dd = 1.50 ppm) indicated the anion

forming HBs with 3.

To gain further insight into the binding mode of phosphate, we performed 1H-1H

ROESY NMR spectroscopic measurements of 3 in DMSO-d6 in the presence of an

excess of H2PO4
� (Figure 3B; see Figures S29 and S30). The principal ROE
Chem 8, 1–17, August 11, 2022 5



Figure 2. 1H NMR titration experiment of receptor 3 with TBAH2PO4

(A) Pyrrolic NH and B: dansyl and imine N=C-Hg region of 1H NMR (500 MHz, DMSO-d6 at 298 K)

spectra measured upon addition of increasing amount of TBAH2PO4 to the host 3 (5.65 mM).
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correlations are highlighted in Figure 3B, whereas the energy-minimized structure

(DFT) of the binary complex in Figure 3A depicts the pertinent contacts in space.

In particular, the magnetization transfer between Hg4Hh and Hg4Hk indicates

syn-relationship of these groups. The cross signals betweenHc and Hd from the dan-

syl unit with Hk and Hj within the macrocycle are commensurate with their proximity

(Figure 3B). Indeed, DFT optimized geometry of H2PO4
� docked within 3 and form-

ing hydrogen bonds with its pyrroles (Figure 3A) showed a conformation of the host

in which all the ROE contacts are within 5 Å. It follows that receptor 3 has to unfold to

accommodate the phosphate anion: although pyrroles and imine nitrogens move in

space to complement the HB sites in the guest, the dansyl groups remain at top of

the cleft. Taken together, these observations highlight the critical conformational

flexibility of the macrocyclic sensor 3.
NMR solution studies of sensor 3 and (TBA)3HP2O7

The capacity of 3 to accommodate the phosphate anions by changing shape was

further studied with the larger pyrophosphate. As in the case of phosphate, 1H

NMR spectroscopic titration of HP2O7
3� to 3 (Figure S43) showed a downfield shift

of the pyrrolic NH resonance (Dd = 3.33 ppm, Figure 4B), suggesting a strong

hydrogen bonding between the N-H and the HP2O7
3�. Further, a large downfield

shift of the positively polarizedN=C-Hg protons (Dd = 1.0 ppm, Figure 4B) suggests

the host-guest HB interaction as well. DFT energy-minimized geometry, and the cor-

responding hydrogen bonds are highlighted in Figure 4A. Interestingly, a complex

behavior of the sensor 3 in the presence of HP2O7
3� (Figure S43) indicated the for-

mation of higher order complexes. We reasoned that at the beginning of the titra-

tion, when 3was in excess, the pyrophosphate termini could be engaged in separate

binding events to hold onto two hosts. With an excess of pyrophosphate although,

such ternary complex appears to rearrange to form the final 1:1 complex. This hy-

pothesis is in line with fluorescence titration studies performed at lower concentra-

tion of the receptor 3 (see Figure 5C).

To probe the conformation of [HP2O733]3�, we completed a series of NMR spectro-

scopic measurements (COSY, NOESY, HSQC, and ESI-MS, see Figures S36–S40)

with an excess of pyrophosphate to ensure the predominant formation of the binary

complex. The absence of NOE cross-peaks between naphthalene hydrogens and
6 Chem 8, 1–17, August 11, 2022



Figure 3. Binary [H2PO433]� complex

(A and B) (A) DFT optimized geometry (B3LYP: 6-31G+(2d)) of binary [H2PO433]-.complex; (B)

Selected regions of 1H-1H ROESY 2D NMR (500 MHz, DMSO-d6 at 298 K) spectrum of 3 (5.65 mM)

and an excess of TBAH2PO4. Distances (Å) between hydrogen nuclei showing ROEs were obtained

from the energy-minimized structure of the complex.

ll

Please cite this article in press as: Radujevi�c et al., Cross-reactive binding versus selective phosphate sensing in an imine macrocycle sensor,
Chem (2022), https://doi.org/10.1016/j.chempr.2022.05.010

Article
the macrocyclic core suggested an outward orientation of the dansyl groups (Fig-

ure S37). The lack of NOE cross-correlation between imine N=C-Hg and b-pyrrolic

Hh is in line with their anticonfiguration. Finally, the transfer of magnetization be-

tween Hg4Hk4Hj corroborated their syn-relationship. A synergistic participation

of the pyrrole NH and imine N=C-Hg protons in hydrogen bonding was considered

in docking the pyrophosphate within 3 for energy minimization by DFT (Figure 4A).

Taken together, the formation of the complex between 3 and the larger HP2O7
3� re-

sults in a fully occupied binding pocket as well in complete unwinding of the macro-

cyclic receptor with wide separation of the dansyl moieties.

The 1H DOSY NMR measurements (Figures S26, S33, and S39) suggest that confor-

mational unfolding and increase in the apparent size of the receptor was gradual and

correlated with the size of the guest. Thus, apo 3 showed hydrodynamic radius of
Chem 8, 1–17, August 11, 2022 7



Figure 4. Binary [HP2O733]3� complex

(A) DFT optimized geometry (B3LYP: 6-31G + [2d]) of binary [HP2O733]3�complex.

(B) Selected regions of 1H NMR (500 MHz, DMSO-d6 at 298 K) spectra of 3 (2.56 mM) in the free

(bottom) and bound (top) state (14 equiv of (TBA)3HP2O7).
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rH = 8.4 Å, whereas the phosphate- and pyrophosphate-bound receptors showed

rH = 9.7 Å and rH = 10.7 Å, respectively. This correlates well with the DFT calculated

radii of 8.7, 9.4, and 11.3 Å, respectively.
Absorption and fluorescence titration studies

Clearly, the sensor 3 shows conformational flexibility and an ability to recognize and

accommodate oxo-anions, a feature that could be advantageous for sensing. The

conformational changes observed in the NMR spectra are reflected by changes in

the optical properties of the environmentally sensitive dansyl fluorophore in an an-

alyte-specific fashion that can be observed using UV-vis and fluorescence spectros-

copy. In the UV-vis spectra, we observe the charge transfer maximum of the dansyl

chromophore at 343 nm, which shows a decrease in absorbance and appearance of a

clearly defined isosbestic points (Figures S44–S48) upon addition of anions. Because

3 is stable in DMSO-water solutions, at least up to 20% (v/v), we performed the

anion-sensing experiments with purely aqueous solutions of anions while the con-

centration of water in DMSOwas constant at 15% (Figures S49–S52). The sensing ex-

periments were then performed by recording the anion-induced changes in the fluo-

rescence spectra. For example, the presence of sodium dihydrogen phosphate
8 Chem 8, 1–17, August 11, 2022



Figure 5. Fluorescence titration studies of the fluorescent probe 3 with Pi, AMP, and PPI

(A– C) Fluorescence titration of 3 (1 x 10�6 M) upon incremental addition of (A) NaH2PO4, lexc =

319 nm; (B) Na2AMP, lexc = 319 nm; and (C) Na2H2P2O7, lexc = 395 nm in 15 % water in DMSO

(DMSO: water = 85:15 v/v). A nonlinear least-square analysis of the binding isotherms was used to

calculate the binding constants.
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yielded ca. 6-fold fluorescence amplification (Figure 5A). This behavior is in line with

the environmentally sensitive nature of the dansyl chromophore.57 Importantly, the

utility of 3 as a potential sensor for anions is augmented by the notable fluorescence

enhancement in the presence of strongly bound anions. This is a consequence of

rigidification of 3 in the complex with anion, which dramatically limits self-quenching

and rotational and vibrational motions of the dansyl fluorophore in the complex

compared with the free state.79 Thus, deactivation of the excited state through non-

radiative decay is suppressed, resulting in an increase of the fluorescence intensity.

A number of anionic analytes in the form of their sodium salts in water were explored,

including halides (F�, Cl�, Br�, and I�), oxo-anions (H2PO4
�, H2P2O7

2�, HSO4
�,

NO3
�, and HAsO4

2�), as well as biological phosphates (AMP, ADP, and ATP). Their

affinity constants were calculated (Table 1), and limits of detection/quantitation
Chem 8, 1–17, August 11, 2022 9



Table 1. Binding constants (Ka, M
�1)a calculated for 3 and the anionic analytes in 15% water in

DMSO

Anion Binding constant Amplification (%)

Cl� NR b 0

Br� NR b 0

I� NR b 0

F� K1 = (4.13 G 0.76) 3 104

K2 = (9.45 G 0.20) 3 102
46

H2PO4
� (2.58 G 0.45) 3 106 426

H2P2O7
2� K1 = (5.16 G 0.52) 3 105

K2 = (1.25 G 0.21) 3 106
148

HAsO4
2� (3.55 G 0.57) 3 106 664

HSO4
� NR b 0

NO3
� NR b 0

AMP (6.05 G 0.41) 3 105 437

ADP (5.29 G 0.63) 3 105 99

ATP (1.39 G 0.18) 3 105 57
aThe Ka values were calculated based on the change in fluorescence intensity upon an incremental addi-

tion of each anion in the form of their sodium salts. Excitation wavelengths were selected using isosbestic

points (obtained from UV-vis titrations) or at the minimum change of absorbance. The association con-

stants were calculated using non-linear least-square fitting. Corresponding random distribution of the re-

siduals is shown in supplemental information proving the fidelity of the fittings.
bNo appreciable response was observed.
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(LOD/LOQ) were determined (Table S1). The LODs are generally below 1 mM, which

compares favorably with many sensors in the literature.45 With the exception of fluo-

ride and PPi at lower PPi concentration, the stoichiometry of the complexes was 1:1.

Hence, 1:1 model fitting was used to calculate the affinity constants. The only

different biding pattern we observed was for PPi. As seen from the UV-vis, fluores-

cence, and NMR titrations, at the beginning of the titration, when the concentration

of the sensor 3 is larger than the concentration of the PPi, a 2:1 (sensor:PPi) complex

appears to be formed. This is evidenced by the less defined isosbestic point in the

UV-vis spectra (Figure S47) and the fitting of the isotherm obtained from the

fluorescence titrations (Figure 5C) according to the 2:1 binding model.80,81

The interaction between sensor 3 and PPi is reflected by high binding constants

(K1 = [5.16 G 0.52] 3 105 M�1 and K2 = [1.25 G 0.21] 3 106 M�1) (Table 1). Upon

further addition of PPi, this 2:1 complex rearranges into a 1:1 complex. This is

seen from the NMR titration, DOSY spectra, and ESI-MS at higher concentrations

of PPi ([PPi]>14 eq.), (Figures S39, S40, and S43).

Here, the fluorescence titration experiments also confirmed the expected analyte-

specific spectral response of sensor 3 to various anions, both the fluorescence inten-

sity and the changes in spectral shapes. Thus, the self-quenching is diminished, and

the intensity is increased as a result of the changes in conformation and/or expand-

ing the macrocycle due to the binding of various guest (analyte) sizes. The analyte-

induced change in spectral shapes is then due to the environmentally sensitive na-

ture of the fluorescent label that translates subtle electronic effects into changes

in emission maxima and/or spectral width.57–59 The combination of both effects is

then leveraged as a source of variance in the multivariate analysis described below

and allows for the differentiation between the analytes.

Further, we wanted to illustrate the potential practical utility of sensor 3 for sensing

of anions in water. In the previous titration experiments, sensor 3 was used in the

form of DMSO solution, and the anions were added as a solution in water.
10 Chem 8, 1–17, August 11, 2022



Figure 6. Result of qualitative linear discriminant analysis (LDA)

2D graphical output of the qualitative LDA displaying clusters of 12 analytes and 1 control.
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Importantly, the sensor was not hydrolyzed. Due to the lack of solubility of 3 in pure

water, a microchip array sensing experiment has been designed utilizing 3

embedded in the hydrophilic polyurethane.82 Owing to its dual hydrophilic and hy-

drophobic nature, the polymer accommodates the sensor but also absorbs the water

solution while helping to internalize the anions allowing recognition process to take

place. The polyurethane-sensor material was applied on a glass microtiter plate (vol-

ume of the wells is 500 nL), followed by addition of anion analytes as aqueous solu-

tion (200 nL). Distinctive fluorescence output from each well was recorded, and the

extracted data were evaluated using linear discriminant analysis (LDA).6,15,83

LDA is a statistical method that is maximizing the discriminatory power between

different multidimensional data while minimizing the difference within the individual

classes to accomplish simpler interpretation of the observed processes (change in

fluorescence). The sensor 3 yields an analyte-specific fluorescence response for

each studied anion, which enables unambiguous identification of analytes and their

concentrations. Figure 6 shows the results of LDA applied to the anion-induced

changes in fluorescence of 3. Here, 13 analytes (12 anions and a control, each in

10 replicas) were correctly classified (Figures S57 and S58). The combination of

the flexibility of the sensor macrocycle and the presence of dansyl as an environmen-

tally sensitive fluorophore is believed to be driving the discrimination capability of

sensor 3, making it capable of differentiate between multiple analytes.

To further prove the ability of sensor 3 to analyze phosphate anions, we focused on

demonstrating the quantitative determination of a biologically important species

involved in hydrolysis of ATP to ADP and Pi. As can be seen from the qualitative

LDA (Figure 6), ATP, ADP, and phosphate clusters were separated from each other

(and the control), suggesting that a quantitative determination of concentrations of

ATP/ADP/Pi should be possible. Thus, quantitative LDA analysis for simultaneous

determination of ATP, ADP, and H2PO4
� was performed (Figure 7A). The quantita-

tive LDA of the ATP, ADP, and Pi shows that each concentration of the anion gives a

distinctive cluster corresponding to the analyte type and its concentration. A clear

isotherm-like evolution of each analyte and their corresponding clusters in their
Chem 8, 1–17, August 11, 2022 11



Figure 7. Results of quantitative LDA for ATP, ADP, and Pi

(A–D) (A) 3D graphical output of qualitative LDA for ATP, ADP, and Pi. Quantitative linear

regression analysis of the ATP (B), ADP (C), and Pi (D) using support vector machine (SVM)

algorithm. The plots of predicted versus actual concentrations of the analytes display high accuracy

of the prediction. Root-mean-square errors (RMSEs) of calibration (C), cross-validation (CV), and

prediction (P) validate the quality of the model and prediction.

(B–D) Error bars for each data point are associated with the variation of the corresponding values

calculated from 10 independent repetitions.

ll

Please cite this article in press as: Radujevi�c et al., Cross-reactive binding versus selective phosphate sensing in an imine macrocycle sensor,
Chem (2022), https://doi.org/10.1016/j.chempr.2022.05.010

Article
concentration-dependent trends can be seen going from the lowest to the highest

concentration. This confirms that the sensor 3 can differentiate between the concen-

trations of the phosphate analytes, a feature that may be leveraged in further ana-

lyses of biologically relevant phosphates.

Here, the smooth trend indicating a predictable behavior of the data in the LDA sug-

gested sensor 3 could be used in quantitative analyses of the phosphates, for

example, ATP, ADP, and Pi. Thus, linear regression analysis utilizing support vector

machine (SVM)84,85 was used to perform the quantitative analysis. SVM is a super-

vised classification method based on mapping the response data into an n-dimen-

sional space utilizing kernel functions. The SVM regression develops calibration

models to predict the behavior of the data corresponding to the unknown concen-

trations of the phosphates. Employing the microtitrations array-like assay using

sensor 3, we were able to predict the unknown concentration of the phosphates

(ATP, ADP, and Pi). The calculated root-mean-square error for prediction (RMSEP)

was < 5% (Figures 7B–7D).

To further demonstrate the potential of this sensor, we explored the sensing of phos-

phate mixtures. First, we considered a hydrolysis of ATP to AMP and Ppi, then a
12 Chem 8, 1–17, August 11, 2022
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hydrolysis of ATP to ADP and Pi. Toward this end, we have performed a series of

high-throughput experiments where the concentrations of ATP were decreasing

while the concentrations of AMP and Ppi or ADP and Ppi were increased. In both

cases, three different phosphates were present in the mixture, and the sensor

yielded unique fluorescence signal for every mixture. Once again, the recorded fluo-

rescence was analyzed by LDA (Figures 8A and S60; Table S4) and followed by linear

regression analysis utilizing SVM (Figures 8B and 8C). The LDA shows two clearly

identifiable trends for one reaction and a different trend for the other. This is

because the analyte constituents are different (ATP/AMP/PPi versus ATP/ADP/Pi)

and the sensor 3 displays different affinities and different responses to these anions.

Similarly, the SVM regression model shows excellent predictive capabilities (i.e., low

error for prediction of unknown concentration, RMSEP, <3.5% for all analytes in the

mixture).
Conclusion

To prove our hypothesis that multiple difficult to analyze analytes can be classified

and quantified by essentially single sensor molecule comprising a highly cross-reac-

tive receptor and an environmentally sensitive fluorophore capable of converting the

binding information into an analyte-specific response, we have prepared a fluores-

cent imine-oligopyrrolemacrocycle 3 that shows conformational flexibility and ability

to adjust the size of the binding cavity to accommodate oxo-anions of different size

and charge, leveraging the synergy between the hydrogen-donor (pyrrolic NH) and

hydrogen-acceptor functionalities (imine -C=N). NMR and fluorescence studies were

performed to explain the folding and unfolding of the macrocycle in response to the

anions andprovide rationale for why this one-size-fits-all macrocycle can bindmono-,

di-, and triphosphates. Importantly, the utility of 3 as a potential sensor for anions is

augmented by the notable fluorescence enhancement in the presence of a bound an-

alyte. Thus, 3 displays an interesting interplay between cross-reactivity of the recep-

tor and selectivity in the signal transduction that allows for differentiating even struc-

turally similar anions (cf. HAsO4
2� and H2PO4

�). The trend of anion affinities is as

follows: HAsO4
2� > H2PO4

� > AMP > H2P2O7
2� > ADP > ATP. To test the practical

potential of sensor 3, an array-like fluorescence sensing of anions using the hydrophil-

ic polyurethanemicrochip platform was used. On the qualitative level, the polymer-3

chips were used to differentiate between 12 different anions (100% correct classifica-

tion). Further, wedemonstrated the quantitative determinationof biologically impor-

tant species involved in hydrolysis of ATP to ADP and Pi. By applying machine

learning algorithms (LDA and SVM), we were able to accurately quantify ATP, ADP,

and Pi. Furthermore, the analyses of the ternary mixtures of phosphates that corre-

spond to hydrolyses of ATP (ATP/AMP/PPi and ATP/ADP/Pi mixtures) showed that

sensor 3 can distinguish between three different phosphates. This study supports

our hypothesis that the concept of combination of a cross-reactive receptor and envi-

ronmentally sensitive fluorophore enables extracting analyte-specific information in

a single sensormolecule, a feature thatmay be utilized in the design of optimized dif-

ferential sensor arrays and provide a platform for a practical sensing of environmen-

tally and biologically important phosphorus anions in the near future.
EXPERIMENTAL PROCEDURES

Resource availability
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Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Pavel Anzenbacher, Jr. (pavel@bgsu.edu).
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Figure 8. Results of quantitative analysis for ternary mixtures corresponding to ATP hydrolysis

(ATP/AMP+PPi and ATP/ADP+Pi)

(A–C) (A)Graphical output of quantitative LDA for variousproportionsofATP/AMP/PPi (blue) andATP/ADP/

Pi, (B) quantitative linear regression analysis of the concentration of ATP and AMP, and (C) ATP and ADP

using support vector machine (SVM) algorithm. The plots of predicted versus actual concentrations of the

analytes display high accuracy of the prediction. Root-mean-square errors (RMSEs) of calibration (C), cross-

validation (CV), and prediction (P) validate the quality of the model and prediction.

(B and C) Error bars for each data point are associated with the variation of the corresponding

values calculated from 10 independent repetitions.
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