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ABSTRACT: NMR spectroscopy is a very powerful tool for
measuring the dissociation constants (pK,) of molecules, requiring
smaller quantities of samples of lower purity relative to
potentiometric or conductometric methods. However, current
approaches are generally limited to those molecules possessing
favorable pH-dependent NMR properties. Typically, a series of 1D
experiments at varying pH are performed, and the pK, is obtained
by fitting the observed chemical shift of the analyte as a function of
pH using nonlinear routines. However, the majority of polymers,
biomolecules, and inorganic species do not present favorable NMR
resonances. Either the resonances are not observable or too broad,
or the unambiguous interpretation of the NMR data is impossible
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without resorting to complex 2D experiments due to spectral overlap. To overcome these fundamental limitations, we present a
method to obtain the pK, values and concentrations of acidic species without their direct observation by NMR. We instead
determine the quantity of acidic protons removed from the species along a concentration gradient of an organic base in a single 'H
chemical shift imaging experiment that can be run under automation. The pK, values are determined via simple linear plots, avoiding

complex and potentially unreliable nonlinear fitting routines.

he acid dissociation constant, K,, is a fundamental
property which can be used to predict whether a
molecule or ion will be protonated or deprotonated under
different conditions." K,, typically represented by its negative
logarithm pK,, attracts significant interest in the areas of food
science, pharmaceutical chemistry, and organic synthesis
among other areas.” In drug discovery, pK, values are used
to predict drug—target interactions and drug solubility.” In
materials science, the pK, of polymers provides information
about their self-assembly and complexation properties. For
example, an understanding of the pK, value of nucleic acid—
polymer complexes is needed to prepare stable nucleic acids
for therapeutic use.” Additionally, inorganic ions such as
phosphorus or nitrogen species play an important role in
biological systems while proteins exhibit a pH-dependent
charge which determines their solubility, stability, and
separation properties.5
NMR spectroscopy is a valuable technique to measure pK,
as it offers the advantages of studying analytes using small
volumes with equipment that is available in most research
institutions.® Furthermore, we demonstrated how, when the
analyte can be observed by 'H NMR, pK, can be determined
using a combination of pH gradients and 2D chemical shift
imaging (CSI).” This allows for a “single shot” determination
of pK, in one NMR experiment, saving material and time.”””
However, a restriction on most NMR methods is that they
require the analyte to display chemical shifts which can be

© XXXX The Authors. Published by
American Chemical Society

7 ACS Publications

clearly observed to change as a function of pH, or else require
the concentration of analyte to be known.'® However, not all
systems of interest can be characterized in this manner. A
striking case is polymeric systems with molecular weights
above 20,000 g/mol that typically display very broad
resonances.’' Additionally, even for systems that have a
lower molecular weight, given enough complexity, the spectral
overlap will make the resolution of separate resonances
impractical. The ChEMBL database displays 1,913,280 small
molecules that are preclinical, of which approximately 20%
have a molecular weight over 600 g/mol and are therefore
likely to exhibit overalpping resonances on a standard 'H
NMR spectrum.'” Moreover, the BMRB (Biological Magnetic
Resonance) databank contains more than 15,000 entries
regarding peptides and proteins that can be investigated
using solution-state NMR, but for which 2D NMR experi-
ments and isotopic labeling would be needed in many cases to
assess their pH-dependent behavior."> Such “NMR restricted”
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molecules and ions are of great interest in a variety of fields and
would otherwise benefit from pK, determination by NMR.

Here, we present a more general NMR method that has the
capacity to encompass these restricted molecules, expanding
the range of molecules that can be probed by NMR, hence
providing avenues for exploring their pK,-associated activity
that was not previously possible while also enabling the
analysis of species whose toxicity, volatility, or limited
availability may preclude the use of conventional potentio-
metric titrations. The new method determines the pK, of
molecules with no or poorly observable NMR resonances by
measuring the quantity of protons transferred to a basic
indicator along pH gradients in S mm NMR tubes. We
demonstrate the measurement of the pK, values of a range of
small organic and inorganic molecules in excellent agreement
with the literature values. We apply our method on complex
systems to determine the effective pK, of poly(acrylic acid)
and estimate the isoelectronic point, pI, of wheat germ
agglutinin.

B EXPERIMENTAL SECTION

Materials. All chemicals were purchased from Fisher
Scientific or Sigma-Aldrich and used as received. Stock H,O
(18.2 MQ.cm) solution of the NMR indicators (Table 1) were

Table 1. Basic NMR pH Indicators Used in This Work

Indicator pK,o Oy/ppm o,/ppm pH range”
2-MI 7.96 7.270 6.958 9-7
2,6-lutidine 6.75 2.707 2.456 8—6
Acetate 4.76 2.083 1.906 5.5-3.5
Formate 3.75 8.266 8.441 4.5-2.5
1,2,4-triazole 2.45 9.193 8.352 3-1

“The pH range accessible when measuring the chemical shift of the
indicator. The uncertainty in the measurement of chemical shift
precludes accessing pH values beyond this range (Section S3).

prepared and used throughout the study. Indicators used were
2-methylimidazole (2-MI), 1,2,4-triazole, formate, acetate, and
2,6-lutidine. Formate, acetate, and were included with sodium
as their cation. The analytes studied were boric acid, 4-
cyanophenol (4-CN), phosphoric acid (H;PO,), sodium
dihydrogen phosphate (NaH,PO,), glycine hydrochloride,
hydroxylammonium chloride (NH;OHCI), ammonium chlor-
ide (NH,CIl), benzoic acid, and glycolic acid. Stock solutions of
the analytes in H,O were prepared at 10 mM concentrations of
each except phosphoric acid, which was prepared at 60 mM to
explore the scope of the methodology. Polyacrylic acid (PAA,
Mw = 240 kDa) and lectin from Triticum vulgaris (also known
as wheat germ agglutinin (WGA)) were used as model analytes
for measuring effective pK, of polymers and pI of proteins,
respectively. The stock solution contained 0.2 mM of 2,2-
dimethyl-2-silapentane-S-sulfonate (DSS) which acted as a
chemical shift reference and 0.01% of either DMSO or 1,4-
dioxane which acted as an integral reference (choice was based
on which reference compound had least spectral overlap with
the analyte). The correction factors of dioxane and DMSO
were determined by performing a 2D CSI experiment in a
solution with a known concentration of base and a standard
concentration of the integral references (Section S6).
Limiting chemical shifts for the indicators (Table 1) were
obtained by measuring the chemical shift of the indicator in a
homogeneous solution containing HCI (0.01 M) with a

concentration gradient of the basic indicator (Section S7) with
the exception of the limiting chemical shifts of 2,6-lutidine and
which were obtained from our previous work.” k was assumed
equal to the concentration of HCI as it is a strong acid. All
experiments were performed in 5 mm Wilmad 528-PP NMR
tubes. To establish a pH gradient using bases that were solid at
room temperature, 4—5 mg of solid base was weighed into the
tube, and four 2 mm diameter glass beads were placed on top
of the base (Figure 1a). An aliquot of the analyte solution was
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Figure 1. (a) A concentration gradient of a basic indicator is
established in an NMR tube, allowing measurement of the quantity of
protons transferred from acid to base as a function of pH. (b) Plot of
1/x versus 107P for 60 mM H,PO, (left) and plot of pH (black
circle) and Cjgicueor (red diamond) versus height from tube base
(right). (c) Plot of 1/k versus 107PH for 10 mM boric acid (left) and
plot of pH and Cjicuor versus height from tube base (right).

drawn up in a 9” Pasteur pipet and gently layered on top of the
glass beads to a height of 40—50 mm from the base of the
NMR tube. However, when 2,6-lutidine (which is liquid at
room temperature) was used as a diffusant, an aqueous
solution (2 M, 30 uL) was pipetted on top of a S00 uL analyte
solution where it floated due to its lower density. The NMR
tubes were stored in the sample changer rack at 21-22 °C
until the optimum time for running NMR experiments.
Experiments were run within 20 min of the optimum time,
tyy at which the gradient was predicted to have developed
(Section SS).”

NMR. Experiments were performed at 298 + 0.5 K on a
Bruker Avance III 500 MHz spectrometer operating at 500.21
MHz for 'H. CSI experiments were performed using a gradient
phase encoding sequence based on that of Trigo-Mourifio et
al.'"* but incorporating double echo excitation sculpting for
water suppression (Bruker library zgesgp), with the ramped
gradient pulse included at the end of the water suppression
block. A balancing delay to compensate for this gradient pulse
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Table 2. Literature and Fitted Values of pK, and C,.

Compound Fitted pK,,
Glycine.HCI 2.63 + 023
H,PO,” 2.36 + 0.01
NaH,PO,” 7.36 + 0.24
4-CN 7.92 + 0.03
Boric acid” 9.27 + 0.08
NH,0HCI” 5.76 + 023
NH,CI” 9.43 + 027
Benzoic acid 4.29 + 0.04
Glycolic acid 3.89 + 0.06

Literature pK, o

2.35%
2167
7.21%
7.95%
9.19**
5.942
9.24%¢
420"
3.89”

Canaiyte /mM* Indicator

9.28 + 1.50 1,2,4-triazole
57.71 + 1.30 1,2,4-triazole
89S + 4.10 2-MI1
10.60 + 0.25 2-MI
9.72 + 0.22 2-MI1
892 + 1.50 2,6-lutidine
9.80 + 3.40 2-MI1
9.60 + 0.24 Acetate
11.73 + 1.02 Formate

“Concentrations were 10 mM, except H;PO, (60 mM). “Compounds do not exhibit distinct 'H resonances in H,O due to fast exchange of NH

and OH protons.

and recovery delay (200 ps) were added to the last echo of the
water suppression block, while a spoil gradient pulse (1 ms, 25
G/cm) was inserted at the end of the relaxation period (2.0 s)
to destroy any remaining transverse magnetization (Section
S14). The signal acquisition time was 2.04 s with a sweep
width of 16 ppm. The encoding gradient pulse (172 ps,
smoothed square) was varied between —18.8 and 18.8 G/cm
in 64 steps. Here, 4 ms Gaussian 180° pulses were employed
for water suppression, while the hard 90° pulse was 10 us. Four
scans were acquired at each step, while 16 dummy scans were
acquired prior to signal acquisition, giving a total acquisition
time of 20 min. The vertical range of the experiment (cnst0,
Section S14) was set to 2.6 cm, and the spatial resolution can
thus be assumed equal to 0.41 mm, such that each 1D
spectrum in the data set arises from a 0.41 mm thick slice. All
spectra were referenced to DSS (0 ppm). NMR data were
processed using Bruker TopSpin 3.6.5. Ci,gicator and the pH of
each row of the CSI data set were determined experimentally
from the integrals and chemical shifts of the indicator
resonances, respectively, on each spectrum. C,, e Was
determined by linear fitting, as described below. Scripts for
the acquisition and processing of NMR data are provided in
Section S15—17, while a spreadsheet is supplied as additional
Supporting Information.

B RESULTS AND DISCUSSION

The pH at each position along the sample is determined from
the chemical shift of an indicator molecule, &, by eq 1:”

of 0SINT
2[71+\/T 0.11)
(1)

where 8y and & are the limiting chemical shifts of the
protonated and deprotonated species respectively, Az* is the
difference in the square of the charge of the indicator between
the protonated and deprotonated states (—1 and +1 for non-
nitrogenous and nitrogenous species in our work, respectively),
and 1 is the ionic strength (Section $2).">7'7 Basic indicators
used in this work are provided in Table 1; pK,, values were
obtained from literature sources.”"*"”

Assuming protonation of the indicators from H,O is
negligible due to their low basicity (Section SI11), the
concentration of protons transferred from the acidic analyte,
K, is formulated as

Oy.— O
pH:pKaO+logM+A
’ 6L_5obs

Ogps —0 _
obs L + 10 pH

Cindicator 5 5
H ™ YL

K =

(2)

P Canalyte
1+ 10P%PH (3)
where C,giator iS the concentration of basic indicator which

varies across the NMR tube and is measured at each position
across the sample through the use of an integral reference (see
Section S6), and C,yqy is the total concentration of acidic
analyte. C,,,. is taken to be homogeneous across the sample
and assumed to be the concentration of analyte in the solution.
The second term on the right of eq 2 is significant when
studying compounds with relatively low pK, values such as
phosphoric acid (Section S12). Equation 3 can be expressed in
linear form as eq 4 (Section S1):

107PH
K,C

1

< “)

Kk is measured using eq 3, and the pH is measured using eq 2.
Equation 4 forms a linear plot of ' versus 107" with a
gradient of 1/K,C,,,:. and intercept of 1/C,,,ee where K, is
of the “mixed” type (the dissociation constant is written in
terms of the concentration of the conjugate acid/base and
activity of H*, Section S1).”° Figure 1 showcases the scheme
used in the experiment and the pK, and C,,,. obtained for
boric acid and phosphoric acid. We note that pK, and C,yre
can also be obtained by nonlinear fitting of eq 3 (Section S10).

pK,o and C,., . were determined from the gradient and
intercept of a plot of 1/k versus 107" (Figure 1). The values
of pK, obtained by linear fitting are within 0.3 units of the
literature values (uncertainty values obtained are the 95%
confidence intervals of the least-squares regression line) across
a wide range of analytes (Table 2).'7% The indicators used
were chosen to be within 2 units of the expected pK, of the
analyte and give pH ranges that cover +1 units across the pK,
of the indicator. Obtaining data at pH values more than one
unit higher or lower than the pK, of the indicator introduces a
high degree of uncertainy (Section S3). All analytes studied
with their respective parameters and fitted values of pK, and
Cinalyte 2re listed in Table 2. pK, measurements obtained were
comparable in accuracy to standard methods.>*™*® To
highlight the potential of our method to determine the
acidities of polymeric systems, we determined a pK, of
poly(acrylic acid) (Mw 240 kDa, 10 mM COOH groups) with
sodium acetate as an indicator. Given that PAA has multiple
acidic sites, the pK, is a function of the degree of ionization of
the polymer;®” hence, a plot of ™' versus 107" deviates
slightly from linearity (Figure 2a). Our method returns a single
effective pK, of all sites of 4.83 + 0.02 with an R* of 0.94, in
good agreement with the literature value of 4.5 reported when

analyte analyte
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Figure 2. (a) Plot of 1/k versus 107°" for poly(acrylic acid) (10 mM
COOH groups) with sodium acetate as indicator. (b) Partial 'H
NMR spectra at different positions from the base of the NMR tube.
(c) Expansion of the acetate and PAA region is presented to highlight
the disappearance of the PAA resonances ().

the degree of ionization approaches zero, while the total
concentration of acidic groups (9.65 mM + 1.50) is also
recovered by our fitting (Figure 2a).”’

The results on PAA highlight the potential of our technique
for the determination of the effective pK, of 'H inactive
polymers which typically are hard to probe using NMR given
their short T, values and considerable peak broadening effects
(Section S9).* The resonances of PAA disappear as the
concentration of sodium acetate increases along a concen-
tration gradient (Figure 2b, c). Deprotonation of PAA will
increase the hydrodynamic radius®” which is expected to cause
a net migration of the polymer toward the diffusing base, in
analogy to the diffusion of polygalacturonate toward diffusing
calcium.” The higher concentration and partial protonation of
the PAA may lead to entanglement of the chains, causing
broadening of the PAA resonances beyond detection. We note
that the resonances of PAA also decrease up a concentration
gradient of NH;, while no loss of signal is observed along a
gradient of NaCl or in homogeneous solutions of PAA and
sodium acetate (Section S9). These results suggest that the
loss of the PAA resonances is related to the presence of a
concentration gradient of base rather than deprotonation alone
or diffusiophoresis.”” Our method does not depend on the
direct observation of the chemical shift of PAA and, as a result,
is advantageous in situations where the analyte agglomerates or
diffuses in solution after deprotonation has taken place. As we
are studying the reaction of acetate with protonated PAA
toward the top of the NMR-active region of the sample, our
method still returns accurate values of C,,,:c and an effective
pK..

To highlight the potential of our method for studying the
pH-dependent properties of proteins, simplifying the process
and time needed to study these properties using solution state
NMR, we used our method to estimate the isoelectric point of
wheat germ agglutinin (WGA, 3.8 mg/mL) using 2-MI as the
indicator (Figure 3). A pI value of 7.76 + 0.4 was obtained, in
good agreement with the observation of Rice and Etzler that
agglutinins extracted from commercial wheat germ focused

0.7

0.6

0.5

1/k (mM-)

0.4

0.3 + T
0 1

10°4/10° 2

Figure 3. Plot of 1/« versus 107P* for WGA with 2-methylimidazole
as an indicator.

within the pH range 7—9."' We note that the ionization state
of the whole protein is dependent on the acidity and basicity of
all titratable groups. Our method thus provides an effective pK,
of the whole molecule without the 2D NMR experiments and
isotopic labeling required to determine the pK, of individual
titratable groups.42 Cinalyte Was calculated as 2.38 + 0.24 mM.
Assuming a molecular weight of 21 kDa, the concentration of
protein is 180 M which would suggest 13 + 1 acidic sites per
protein. This value is consistent with the ca. 10 acidic residues
(glutamic acid or aspartic acid) reported in the sequences of
WGA isolectins.™

B CONCLUSION

We have shown how the pK, of any substance can be
determined in a single NMR experiment at a concentration of
acidic sites as low as 2 mM. With a standard NMR sample
volume of ca. 500 uL, our approach provides a substantial
saving in sample quantity and experimental time relative to
conventional workflows based on 2D heteronuclear NMR
experiments and manual adjustment of the sample pH.
Furthermore, by avoiding completely the requirement for
direct observation of the molecule of interest, we can analyze
any molecule or ion including those that do not exhibit
observable NMR resonances (NH;OH"), or else resonances
that are too broad (PAA) or not pH responsive (WGA) for
analysis based on the pH-dependence of their "H chemical
shifts. Knowledge of pK, of these large systems could be used
to inform the design of polymer—drug conjugates or liposomal
formulations.”* Our approach could potentially be extended to
study the degree of proton transfer between acidic and basic
partners at different volume fractions of organic solvent, greatly
accelerating the determination of the pK, of compounds with
insufficient solubility for direct analysis in water.”~*’

B ASSOCIATED CONTENT

Data Availability Statement
The data underlying this study are openly available at https://
research-portal.uea.ac.uk/en/datasets/

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03596.

Spreadsheet for analysis of data set (XLSX)

Derivation of eq 4; determination of pH, ionic strength
and spatial position; estimation of uncertainty; estima-
tion of uncertainty in k; determination of optimum time;
integral correction factors; determination of limiting
chemical shifts; spectra of NaH,PO,; spectra of PAA;
impact of protonation by H,O; plot of 1/k for all
analytes; pulse sequence; and automation scripts for data
processing (PDF)

https://doi.org/10.1021/acs.analchem.4c03596
Anal. Chem. XXXX, XXX, XXX-XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.4c03596/suppl_file/ac4c03596_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.4c03596/suppl_file/ac4c03596_si_002.pdf
https://research-portal.uea.ac.uk/en/datasets/
https://research-portal.uea.ac.uk/en/datasets/
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03596?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.4c03596/suppl_file/ac4c03596_si_001.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.4c03596/suppl_file/ac4c03596_si_002.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03596?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03596?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03596?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03596?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03596?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03596?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03596?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03596?fig=fig3&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.4c03596?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

Technical Note

B AUTHOR INFORMATION

Corresponding Authors

Haider Hussain — School of Chemistry, Pharmacy and
Pharmacology, University of East Anglia, Norwich NR4 7T],
United Kingdom; Email: Haider.Hussain@uea.ac.uk

Matthew Wallace — School of Chemistry, Pharmacy and
Pharmacology, University of East Anglia, Norwich NR4 7T],
United Kingdom; © orcid.org/0000-0002-5751-1827;
Email: matthew.wallace@uea.ac.uk

Author
Yaroslav Z. Khimyak — School of Chemistry, Pharmacy and
Pharmacology, University of East Anglia, Norwich NR4 7T],
United Kingdom; ® orcid.org/0000-0003-0424-4128

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.analchem.4c03596

Author Contributions
All authors have given approval to the final version of the
manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

MW. thanks UKRI for a Future Leaders Fellowship (MR/
T044020/1). H.H. thanks the UEA Faculty of Science for a
PhD studentship. We are grateful for use of the University of
East Anglia (UEA) Faculty of Science NMR facility.

B REFERENCES

(1) Patel, P.; Ibrahim, N. M.; Cheng, K. Trends Pharmacol. Sci. 2021,
42 (6), 448—460.

(2) Manallack, D. T. Perspect. Medicin. Chem. 2007, 1, 25—38.

(3) Manallack, D. T.; Prankerd, R. J; Yuriev, E.; Oprea, T. I;
Chalmers, D. K. Chem. Soc. Rev. 2013, 42 (2), 485—496.

(4) Santa Chalarca, C. F; Dalal, R. J; Chapa, A.; Hanson, M. G;
Reineke, T. M. ACS Macro Lett. 2022, 11 (4), 588—594.

(5) Guckeisen, T.; Hosseinpour, S.; Peukert, W. Langmuir 2019, 35
(14), 5004—5012.

(6) Bezengon, J.; Wittwer, M. B.; Cutting, B.; Smiesko, M.; Wagner,
B.; Kansy, M.; Ernst, B. J. Pharm. Biomed. Anal. 2014, 93, 147—155.

(7) Wallace, M.; Adams, D. J; Iggo, J. A. Anal. Chem. 2018, 90 (6),
4160—4166.

(8) Wallace, M.; Abiama, N.; Chipembere, M. Anal. Chem. 2023, 95
(42), 15628—15635.

(9) Schenck, G.; Baj, K; Iggo, J. A.; Wallace, M. Anal. Chem. 2022,
94 (23), 8115—8119.

(10) Emenike, B. U.; Dhami, S. S. J. Org. Chem. 2020, 85 (7), 4896—
4900.

(11) Novoa-Carballal, R;; Martin-Pastor, M.; Fernandez-Megia, E.
ACS Macro Lett. 2021, 10 (12), 1474—1479.

(12) Zdrazil, B.; Felix, E.; Hunter, F.; Manners, E. J; Blackshaw, J.;
Corbett, S.; de Veij, M.; Ioannidis, H.; Lopez, D. M.; Mosquera, J. F;
Magarinos, M. P.; Bosc, N.; Arcila, R.; Kiziloren, T.; Gaulton, A,;
Bento, A P.; Adasme, M. F; Monecke, P.; Landrum, G. A; Leach, A. R
Nucleic Acids Res. 2024, 52, D1180.

(13) Hoch, J. C; Baskaran, K.; Burr, H; Chin, J.; Eghbalnia, H. R;
Fujiwara, T.; Gryk, M. R; Iwata, T.; Kojima, C.; Kurisu, G.; Maziuk,
D.; Miyanoiri, Y.; Wedell, J. R; Wilburn, C.; Yao, H.; Yokochi, M.
Nucleic Acids Res. 2023, 51 (D1), D368—D376.

(14) Trigo-Mourifio, P.; Metle, C.; Koos, M. R;; Luy, B; Gil, R. R.
Chemistry 2013, 19 (22), 7013—7019.

(15) Wallace, M.; Holroyd, J.; Kuraite, A.; Hussain, H. Anal. Chem.
2022, 94 (31), 10976—10983.

(16) Ackerman, J. J.; Soto, G. E.; Spees, W. M.; Zhu, Z.; Evelhoch, J.
L. Magn. Reson. Med. 1996, 36 (5), 674—683.

(17) Reijenga, J.; Van Hoof, A; Van Loon, A; Teunissen, B.
Analytical chemistry insights 2013, 8, ACL.S12304.

(18) Wallace, M.; Lam, K.; Kuraite, A.; Khimyak, Y. Z. Anal. Chem.
2020, 92 (19), 12789—12794.

(19) Satchell, J. F.; Smith, B. J. Phys. Chem. Chem. Phys. 2002, 4
(18), 4314—4318.

(20) Irving, H. M.; Miles, M. G; Pettit, L. D. Anal. Chim. Acta 1967,
38, 475—488.

(21) Pandit, N. Introduction to the Pharmaceutical Sciences;
Lippincott Williams & Wilkins, 2006.

(22) Lide, D. CRC Handbook of Chemistry and Physics, 81st ed.;
CRC Press: New York, 2000; 4—99.

(23) Kim, S.-I; Kim, E.-H.; Um, L.-H. Bull. Korean Chem. Soc. 2010,
31 (3), 689—693.

(24) Kasture, A.; Wadodkar, S. Pharmaceutical Chemistry-I; Pragati
Books Pvt. Ltd., 2015. 5

(25) Guranda, D. T.; Ushakov, G. A.; Yolkin, P. G.; Svedas, V. K. J.
Mol. Catal. B Enzym. 2012, 74 (1-2), 48—53.

(26) Farrow, J; Ritchie, 1; Mangano, P. Hydrometallurgy 1987, 18
(1), 21-38.

(27) Bulemela, E.; Trevani, L.; Tremaine, P. R. J. Soln. Chem. 2005,
34, 769—788.

(28) Cook, M. J.; Katritzky, A. R; Linda, P.; Tack, R. D. J. Chem.
Soc., Perkin trans. II 1973, No. 7, 1080—1086.

(29) Zhang, L.; He, L.; Hong, C.-B.; Qin, S.; Tao, G.-H. Green Chem.
2015, 17 (12), 5154—5163.

(30) Um, L-H.; Kim, M.-Y.; Cho, H.-J.; Dust, J. M.; Buncel, E. Can.
J. Chem. 2015, 93 (10), 1109—1114.

(31) Gal, J. Y.; Persin, M.; Castelas, B. Can. J. Chem. 1983, 61 (6),
1189—-1193.

(32) King, E. J. J. Am. Chem. Soc. 1951, 73 (1), 155—159.

(33) Simmons, J. R; Murza, A,; Lumsden, M. D.; Kenward, C;
Marsault, E.; Rainey, J. K. Int. J. Mol. Sci. 2019, 20 (15), 3658.

(34) Gocker, S. J. Med. Phys. 1995, 22 (8), 1355.

(35) Garau, A; Picci, G.; Bencini, A; Caltagirone, C.; Conti, L.;
Lippolis, V.; Paoli, P.; Romano, G. M.; Rossi, P.; Scorciapino, M. A.
Dalton Trans 2022, S1 (22), 8733—8742.

(36) Cardellini, F.; Tiecco, M.; Germani, R.; Cardinali, G.; Corte, L.;
Roscini, L.; Spreti, N. RSC Adv. 2014, 4 (99), 55990—56002.

(37) Swift, T.; Swanson, L.; Geoghegan, M.; Rimmer, S. Soft Matter
2016, 12 (9), 2542—2549.

(38) Foster, M. P.; McElroy, C. A.; Amero, C. D. Biochem 2007, 46
(2), 331-340.

(39) Kogon, R.; Faux, D.; Assifaoui, A.; Bodart, P. Carbohydr. Polym.
2023, 314, 120922.

(40) Shim, S. Chem. Rev. 2022, 122 (7), 6986—7009.

(41) Rice, R. H.; Etzler, M. E. Biochem 1975, 14 (18), 4093—4099.

(42) Platzer, G.; Okon, M.; McIntosh, L. P. J. Biomol. NMR 2014, 60
(2), 109—129.

(43) Smith, J. J.; Raikhel, N. V. Plant Mol. Biol. 1989, 13 (5), 601—
603.

(44) Michaels, A.;; Morelos, O. J. Ind. Eng. Chem. 1955, 47 (9),
1801—1809.

(45) Rosés, M.; Bosch, E. J. Chromatogr. A 2002, 982 (1), 1-30.

(46) Avdeef, A; Box, K. J.; Comer, J. E. A.; Gilges, M.; Hadley, M;
Hibbert, C.; Patterson, W.; Tam, K. Y. J. Pharm. Biomed. Anal. 1999,
20 (4), 631—641.

(47) Mchedlov-Petrossyan, N. O.; Mayorga, R. S. J. Chem. Soc,
Faraday Trans. 1992, 88 (20), 3025—3032.

https://doi.org/10.1021/acs.analchem.4c03596
Anal. Chem. XXXX, XXX, XXX-XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haider+Hussain"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:Haider.Hussain@uea.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+Wallace"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5751-1827
mailto:matthew.wallace@uea.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yaroslav+Z.+Khimyak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0424-4128
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03596?ref=pdf
https://doi.org/10.1016/j.tips.2021.03.002
https://doi.org/10.1016/j.tips.2021.03.002
https://doi.org/10.1177/1177391X0700100003
https://doi.org/10.1039/C2CS35348B
https://doi.org/10.1021/acsmacrolett.2c00015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.9b00311?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.9b00311?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jpba.2013.12.014
https://doi.org/10.1021/acs.analchem.8b00181?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.8b00181?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c02771?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c02771?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c00200?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c00200?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c00062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c00062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.1c00628?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/nar/gkad1004
https://doi.org/10.1093/nar/gkac1050
https://doi.org/10.1002/chem.201300254
https://doi.org/10.1021/acs.analchem.2c01166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c01166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/mrm.1910360505
https://doi.org/10.4137/ACI.S12304
https://doi.org/10.1021/acs.analchem.0c02594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c02594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/B203118C
https://doi.org/10.1039/B203118C
https://doi.org/10.1016/S0003-2670(01)80616-4
https://doi.org/10.1016/S0003-2670(01)80616-4
https://doi.org/10.5012/bkcs.2010.31.03.689
https://doi.org/10.5012/bkcs.2010.31.03.689
https://doi.org/10.1016/j.molcatb.2011.08.013
https://doi.org/10.1016/j.molcatb.2011.08.013
https://doi.org/10.1016/0304-386X(87)90014-4
https://doi.org/10.1016/0304-386X(87)90014-4
https://doi.org/10.1007/s10953-005-5113-x
https://doi.org/10.1007/s10953-005-5113-x
https://doi.org/10.1039/p29730001080
https://doi.org/10.1039/p29730001080
https://doi.org/10.1039/C5GC01913C
https://doi.org/10.1039/C5GC01913C
https://doi.org/10.1139/cjc-2015-0073
https://doi.org/10.1139/cjc-2015-0073
https://doi.org/10.1139/v83-212
https://doi.org/10.1139/v83-212
https://doi.org/10.1021/ja01145a056?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/ijms20153658
https://doi.org/10.1118/1.597558
https://doi.org/10.1039/D2DT00738J
https://doi.org/10.1039/C4RA10628H
https://doi.org/10.1039/C5SM02693H
https://doi.org/10.1039/C5SM02693H
https://doi.org/10.1021/bi0621314?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi0621314?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.carbpol.2023.120922
https://doi.org/10.1016/j.carbpol.2023.120922
https://doi.org/10.1021/acs.chemrev.1c00571?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00689a027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10858-014-9862-y
https://doi.org/10.1007/s10858-014-9862-y
https://doi.org/10.1007/BF00027321
https://doi.org/10.1007/BF00027321
https://doi.org/10.1021/ie50549a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie50549a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0021-9673(02)01444-9
https://doi.org/10.1016/S0731-7085(98)00235-0
https://doi.org/10.1016/S0731-7085(98)00235-0
https://doi.org/10.1039/FT9928803025
https://doi.org/10.1039/FT9928803025
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.4c03596?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

