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ABSTRACT: In MALDI TOF MS analysis, complicated mass spectra can usually be recorded for polymers with high affinities to
protons and alkali metal ions. For these polymers, protonated ions and sodium and potassium adducts can often be formed
concomitantly. By distributing these ions into three separate spectra of protonated ions, sodium adducts, and potassium adducts,
significantly simplified spectra can be acquired. Mass spectra consisting of only sodium or potassium adducts can often be obtained
by simply adding sodium salt and potassium salt, respectively. We report here a method to selectively generate protonated ions. A
polyethylene glycol (PEG) sample with amino end groups was selected as the model polymer and a-cyano-4-hydroxycinnamic acid
(CHCA) as the matrix. Octadecylamine (ODA) or a mixture of a tetrabutylammonium (TBA) salt and an ammonium salt was used
as the co-matrix to inhibit the release of sodium and potassium ions and their related adducts into the MALDI gas phase plume. By
depositing the polymer sample on top of a preloaded layer of CHCA with a co-matrix, the generation of Na and K" adducts is
suppressed, while [ODA + H]" and NH," released from the preloaded matrix layer can serve as protonation reagents to protonate
the polymer molecules via proton transfer reactions. It is clearly demonstrated that disentangling a complex mass spectrum filled
densely with various series of ions into three separate spectra, with each one consisting of only one type of ions, allows unambiguous
identification of mass peaks and greatly helps the interpretation of MS results.
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B INTRODUCTION note, protonated ions and sodium and potassium adducts of
the analytes can all be recorded concomitantly. Sodium/
potassium salts are even not required to be added intentionally
to the MALDI sample, because trace amounts of sodium/
potassium impurities ubiquitously present in the sample,
glassware, solvents, and reagents are usually sufficient to
generate strong signals of the alkali metal ion adducts.® The
MALDI MS spectra for these polymers can, therefore, still be

Matrix assisted laser desorption/ionization mass spectrometry
(MALDI MS) has not only revolutionized the analysis of
proteins and peptides”” but also provided a powerful and
versatile method for the characterization of synthetic
polymers.” ™ Synthetic polymers are macromolecules consist-
ing of various numbers of repeating units and can be complex
mixtures with molecular weight and end-group distributions.”
One attractive advantage of MALDI MS for polymer analysis is

that ions recorded are normally singly charged, which can Received: September 6, 2022
greatly simplify the interpretation of the MS results and Revised:  October 27, 2022
facilitate the reliable reckoning of monomer and end-group Accepted: November 1, 2022

masses.”® In spite of this, for some polymers with both high Published: November 9, 2022

proton affinity and high alkali metal ion affinity, such as the
polyethylene glycol (PEG) sample studied in this application
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very complicated and difficult to interpret depending on the
complexity of polymer distributions.

An ideal approach to tackle the complicated mass spectra
would be to distribute the ions into three separate mass
spectra, with each spectrum containing only protonated ions,
sodium adducts, or potassium adducts, respectively. For many
oxygen-containing polymers with high alkali metal ion affinity,
directly adding a suitable salt of either sodium or potassium in
the MALDI sample was found to be a convenient and effective
way to form exclusively sodium or potassium adducts of the
polymer.9 The high alkali metal ion affinity, on the other hand,
makes it difficult to generate protonated polymer ions
selectively without sodium/potassium adducts. Fortifying the
formation of protonated analyte ions by eliminating or
reducing sodium and potassium adducts is the subject of
many studies on MALDI applications, especially for bio-
molecules.'”™" We report here a method to selectively
generate protonated ions for polyglycol samples.

It has been widely recognized that the metal ion adducts are
most likely formed in the MALDI gas phase plume.'* To
eliminate the formation of the alkali metal ion adducts for a
polymer, therefore, a practical way is to inhibit the transfer of
Na® and K" and their related adduct ions into the gas phase
plume. In this application note, a PEG sample was selected as
the model polymer. a-Cyano-4-hydroxycinnamic acid
(CHCA) was used as the matrix, and octadecylamine
(ODA) or a tetrabutylammonium salt was used to suppress
the release of Na* and K* and their related adducts.'" The
introduction of co-matrixes has long been used to improve the
quality of MALDI measurements.'”'® By depositing the
polymer sample on top of a preloaded layer of CHCA with
a suitable co-matrix using a modified thin-layer method,"
selective formation of protonated ions can be obtained for the
polymer. The aim of this work is to develop a method that can
simplify MALDI MS analysis of complex polymer samples.
Evidently, by distributing various ions into three mass spectra
with each one containing only protonated ions and sodium or
potassium adducts, peak assignment can be greatly simplified
and be more reliable, especially in the analysis of a complex

polymer sample.

B EXPERIMENTAL SECTION

Chemicals. Three polymer samples were used in this study.
The samples of polyethylene glycol and polypropylene glycol
with amino end groups (PEG—NH, and PPG—NH,) were
obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands),
and the PEG with hydroxy end groups (PEG—OH), from
Polymer Laboratories BV (Heerlen, The Netherlands). a-
Cyano-4-hydroxycinnamic acid (CHCA) was purchased from
Fluka (Zwijndrecht, The Netherlands). Octadecylamine,
trihexylamine, ammonium fluoride, diammonium hydrogen
citrate, and tetrabutylammonium hexafluorophosphate were
obtained from Sigma-Aldrich.

Sample Preparation. Matrix solutions were freshly
prepared in THF or in a mixed solvent of water/acetonitrile
(1/1 v/v with 0.1% of trifluoracetic acid) at concentrations of
approximately 20 mg/mL. All of the sample solutions were also
freshly prepared at concentrations of about 1 mg/mL. Two
sample deposition methods were employed in this study,
namely, the dried-droplet and modified thin-layer methods.”"”
For the dried-droplet method, a sample solution and a matrix
solution were mixed in an Eppendorf tube. A 0.5 yL portion of
the mixed solution was pipetted onto a stainless steel MALDI
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plate and allowed to dry. For the modified thin-layer method, a
matrix solution and a co-matrix solution were first mixed; then,
0.5 uL of the mixed solution was deposited on the target plate
and allowed to dry. After that, a 0.5 uL aliquot of analyte
solution in chloroform or water was deposited on top of the
first layer and allowed to dry. Chloroform or water was chosen
as the solvents for the polymers using the modified thin-layer
method with the aim to minimize the embedment of analytes
in the matrix crystals."”

Mass Spectrometry. The MALDI TOF MS measure-
ments were performed with an Autoflex Speed (Bruker,
Bremen, Germany) instrument. The accelerating voltage was
held at 19 kV and the delay time at 130 ns for all experiments.
Mass spectra were acquired in the reflector positive ion mode
by summing spectra from 500 random laser shots at an
acquisition rate of 100 Hz.

B RESULTS AND DISCUSSION

A MALDI TOF mass spectrum of a PEG sample obtained by
using CHCA matrix and the conventional dried-droplet sample
deposition method is shown in Figure 1A. This PEG sample is
supposed to be NH,C;H¢—(OC,H,),—OC;H(NH,. PEGs are
known to be prone to form alkali metal ion adducts in MALDL
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Figure 1. MALDI TOF MS spectra of a PEG—NH, sample. (A) A
spectrum obtained with CHCA matrix using the dried-droplet sample
deposition method. “a—e” indicate five different series of ions with
repeating unit mass of 44 (C,H,O). The inset in red is a zoomed-in
picture of the spectrum. (B) A spectrum with only protonated ions, a
sample solution in water deposited on top of a preloaded layer of
CHCA with ODA as the co-matrix, CHCA/ODA (5/2 mol ratio).
“M1” represents NH,C;H¢—(OC,H,),—OC;HNH, and “M2”
NH,C;H¢—(OC,H,),—OH. The inset in red is a zoomed-in picture
of the spectrum.
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With the amino groups at both ends, it is expected that
protonated ions and sodium and potassium adducts will be
recorded for this polymer. Major peaks corresponding to
protonated ions and sodium and potassium adducts for
NH,C;H¢—(OC,H,),—OC;H{NH, can indeed be readily
identified. In addition, however, other unknown series of
peaks, also with the repeating unit mass of C,H,O which do
not match the given molecular formula, were also recorded.
The presence of the unknown impurity peaks in combination
with the concurrent formation of protonated ions and sodium
and potassium adducts for the polymer makes the resulting
mass spectrum rather complicated and difficult to interpret. As
Na® and K" are attached to the PEG backbone while H to the
amino end groups, the molecular information that can be
deduced for the polymer from the metal ion adducts and
protonated ions might be complementary. Therefore, it is
practically beneficial to develop MALDI methods that can
selectively form protonated ions and metal ion adducts
separately for the polymer. In this way, an otherwise
complicated MALDI TOF mass spectrum can greatly be
simplified by dispensing the polymer ion signals into three
separate spectra with solely protonated ions, sodium adducts,
and potassium adducts, respectively.

1. Selective Formation of Protonated lons for
Polyglycols with Amino End Groups. As ions recorded
in a MALDI spectrum are generally singly charged, it was
initially anticipated that only protonated ions would be
observed if the polymer molecules are completely protonated.
In contrast, however, strong signals of Na* and K* adducts
could still be observed even when the PEG—NH, sample was
dissolved in an acidic solution with 1% trifluoroacetic acid
(TFA). Under acidic conditions, both amino groups in the
NH,C;H,0—(C,H,0),—C;H(NH, molecules must be proto-
nated prior to laser desorption. The observation of the Na* and
K* adducts must be due to the extremely strong affinity of PEG
to the metal ions. In this section, we report two approaches
that can selectively form protonated ions for polymers without
Na® and K" adducts.

In the first approach, octadecylamine (C;3sH;,NH,, ODA)
was used as a co-matrix to prohibit the formation of the alkali
metal ion adducts. In a previous article,'® we reported that
amines can completely suppress the matrix ions including the
Na" and K" adducts. Hence, if the PEG sample is deposited on
top of a preloaded and dried spot of CHCA mixed with ODA,
no Na* or K" adducts for the polymer can be formed because
the metal ions and their adducts are not available in the gas
phase plume. The details for depositing the PEG sample on
top of a preloaded spot of CHCA and ODA are given in the
Experimental Section, and the MALDI TOF MS spectrum is
shown in Figure 1B. As expected, no Na* and K" adducts are
observed for the polymer, and the ions recorded are only the
protonated ones which can be assigned as [NH,C;H,O—
(C,H,0),—C,HNNH, + H]* and [NH,C,H,0—(C,H,0),—H
+ HJ". Since the protonated matrix ions which usually serve as
the protonation reagents in the gas phase plume were also
completely suppressed by ODA, protonation of the PEG
molecules was most likely via a proton transfer reaction from
[ODA + HJ*.

[ODA + H]'NH,(PEG)NH,

< ODA + [NH,(PEG)NH, + HJ* (1)
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Interestingly, when the experiment was repeated with
trihexylamine ((C¢H,3);N, THA, a tertiary amine) instead of
ODA (a primary amine), no protonated ions of PEG could be
detected. Similar to ODA, THA can also effectively suppress
the formation of matrix ions.'® However, to protonate the PEG
molecules, protons should be transferred from the protonated
tertiary amine of [THA + H]* to the primary amine of
NH,C,H,0—(C,H,0),—C3;HsNH,, which is thermodynami-
cally unfavorable. The failure of using [THA + H]" to generate
protonated ions of the PEG molecules supports the
assumption that the protonated PEG ions shown in Figure
1B were formed by proton transfer from [ODA + H]*. Based
on the discussions above, the functions of ODA are twofold:
(1) to inhibit the release of alkali metal ions and their adducts
into the gas phase plume and (2) to protonate analyte
molecules via proton transfer from [ODA + H]".

It should be noted here that, to effectively suppress the
formation of alkali metal ion adducts, the PEG sample should
be placed on top of a preloaded and dried spot of CHCA with
ODA. Care must be taken to prevent the redissolving of the
matrix from the preloaded spot by the PEG solution applied. If
the PEG sample is mixed and co-crystallized with CHCA and
ODA, ODA can not suppress the metal ion adducts of the
polymer and clear Na* and K" adduct signals can again be
observed. Most likely, the metal ion adducts of the polymer are
formed during the MALDI desorption process and ODA
cannot effectively suppress the release of these adducts.

To avoid redissolving of the preloaded layer of matrix, water
was used as the solvent for the PEG sample in Figure 1B.
However, water is usually not a good solvent for synthetic
polymers. Considering the commonly used MALDI matrixes,
CHCA is not soluble in chloroform. Therefore, suppressants of
Na®/K" adducts, preferably insoluble in chloroform, should be
potentially useful for MALDI MS analysis of synthetic
polymers using the two-layer sample deposition method.
Inspired by the successful applications of MALDI MS for the
analysis of oligonucleotides,'”” ammonium salts which are
usually not soluble in organic solvents were used to promote
the formation of protonated ions and suppress that of alkali
metal ion adducts of the PEG molecules. For oligonucleotide
analysis, the introduction of an extra amount of ammonium
salts can transform the sodium or potassium salts of
oligonucleotides into their corresponding ammonium salts,
and these ammonium salts will release ammonia and leave a
proton on the molecule during MALDI ionization. Among the
various ammonium salts tested, ammonium fluoride and
diammonium hydrogen citrate (DAC) were found to be the
most effective ones for oligonucleotides.'” Indeed, by using
these two ammonium salts as co-matrixes, the signals of alkali
metal ion adducts for the PEG sample decreased significantly
but could not be suppressed completely. Further, we also tried
the combination of ammonium salts and fucose as co-matrixes,
which was found to be more efficient for oligonucleotides,13
but still failed to suppress the Na* and K" adducts entirely. The
reason for the incomplete suppression is most likely because
the ammonium salts and fucose cannot fully inhibit the
formation of [CHCA + Na/K]* which will transfer Na*/K" ion
to PEG. In fact, clear peaks of [CHCA + Na/K]* were
observed in the mass spectrum of CHCA with ammonium salts
and fucose as co-matrixes.

In order to generate protonated ions exclusively, [CHCA +
Na/K]* must be completely suppressed. It has been reported
that tetrabutylammonium (TBA) salts are extremely effective

https://doi.org/10.1021/jasms.2c00250
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Figure 2. MALDI TOF MS spectra of a PPG—NH, sample. (A) A
spectrum with only protonated ions, a sample solution in chloroform
deposited on top of a preloaded layer of CHCA with diammonium
hydrogen citrate (DAC) and [N(C,H,),]PF; as co-matrixes, CHCA/
DAC/TBAPF, (100/50/1 mol ratio). (B) A spectrum with strong
signals of protonated ions and sodium and potassium adducts, using
CHCA matrix and the dried-droplet sample deposition method.

in suppressing all kinds of matrix ions.lS’ZOFigure 2A shows

a MALDI spectrum of a polypropylene (PPG,
NH,(C;H0),C;HcNH,) sample by depositing a PPG
solution in chloroform on top of a preloaded layer of CHCA
with DAC and tetrabutylammonium PFg (TBAPF). In this
way, the matrix ions can be completely suppressed by TBA
while NH," can serve as a protonation reagent, leading to the
selective generation of protonated ions for the PPG molecules.
Similar results were also obtained when DAC was replaced
with ammonium fluoride. In contrast, strong signals of
protonated ions and sodium and potassium adducts are all
recorded when CHCA was used alone (Figure 2B).

2. Disentangle a Complex MALDI Spectrum into
Three Simplified Ones. Figure 3A shows a MALDI TOF MS
spectrum of a PEG mixture. The spectrum looks very
complicated and congested, as it contains numerous species
of ions with a repeating unit mass of 44 (CH,CH,0O). These
ions can either be protonated ones or sodium or potassium
adducts, and they are densely packed in a very narrow
repeating unit mass region of PEG. It is, therefore, a
challenging task to correctly assign all of these peaks.

As demonstrated in the previous section, protonated ions
can selectively be generated by depositing a sample on a
preloaded layer of CHCA with appropriate co-matrixes.
Compared with the selective formation of protonated ions,
the selective formation of metal ion adducts for the PEG
sample is much more straightforward. Even if the sample is
pre-protonated, the protonated ions can completely be
suppressed by sodium or potassium adducts via simply adding
a certain amount of a suitable sodium or potassium salt and
using the convenient dried-droplet sample deposition method.

The sorted MALDI mass spectra for the same PEG mixture
with only protonated ions and sodium and potassium adducts
are shown in Figure 3B, C, and D, respectively. Compared to
Figure 3A, these spectra are greatly simplified and much easier
to interpret because only one type of ions is present in each of
these spectra. In Figure 3C and D, three series of PEG with
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Figure 3. MALDI TOF MS spectra of a mixture of PEG—NH, and
PEG—OH. (A) A spectrum of all ion species. The CHCA matrix was
deposited using the dried-droplet sample deposition method. “a—h”
indicate eight different series of ions with repeating unit mass of 44
(C,H,0). (B) A spectrum with only protonated ions, a sample
solution in chloroform deposited on top of a preloaded layer of
CHCA with DAC and TBAPF as co-matrixes, CHCA/DAC/TBA
(100/50/1 mol ratio). (C) A spectrum with only sodium adducts,
CHCA matrix with NaTFAc as the co-matrix (CHCA/NaTFAc 200/
1 mol ratio). (D) A spectrum with only potassium adducts, CHCA
matrix with KTFAc as the co-matrix (CHCA/KTFAc 200/1 mol
ratio). “M1” represents NH,C,;H,—(OC,H,),—OC;HNH,, “M2”
NH,C,H,—(0OC,H,),—OH, and “M3” HO—(C,H,0),—H.

different end groups can readily be identified. In contrast, only
two series were observed in Figure 3B because H(OC,H,),OH
contains no amino end group and cannot be protonated by the
proton transfer reactions of our method. Correlating the
corresponding mass peaks in each spectrum allows unambig-
uous assignment of the ion peaks. For example, the mass peaks
at m/z of 1409.9, 1431.9, and 1447.9 in Figure 3B, C, and D
are respectively protonated ions and sodium and potassium
adducts for molecules with the same formula of NH,C;H—
(OC,H,),0—OC;HNH,. Interestingly, the mass of the end
groups of M1 is 132 Da, which is equal to three PEG repeat
units. Therefore, the mass peaks just discussed above could
also theoretically be for cyclic PEG with the formula of

https://doi.org/10.1021/jasms.2c00250
J. Am. Soc. Mass Spectrom. 2022, 33, 2333-2337


https://pubs.acs.org/doi/10.1021/jasms.2c00250?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.2c00250?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.2c00250?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.2c00250?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.2c00250?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.2c00250?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.2c00250?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.2c00250?fig=fig3&ref=pdf
pubs.acs.org/jasms?ref=pdf
https://doi.org/10.1021/jasms.2c00250?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Society for Mass Spectrometry

pubs.acs.org/jasms

Application Note

(OC,Hy)s,- As cyclic PEG has no amino end groups and
cannot be protonated with our method, the prominent peaks
of [M1 + H]" clearly indicate the presence of M1. Apparently,
the sorted spectra will make the peak assignment not only
much easier to perform but also more reliable as well.

In conclusion, for PEG samples, various ion peaks can be
packed densely within a small repeating unit mass region of 44
Da (OC,H,), which makes the MALDI mass spectrum difficult
to interpret. Disentangling these ions into three separate
spectra with each spectrum containing only protonated ions
and sodium and potassium adducts, respectively, can greatly
simplify the interpretation of the MS results and allow
unambiguous identification of the mass peaks. Selective
formation of sodium or potassium adducts can simply be
achieved by using the dried-droplet sample deposition method
with NaTFA or KTFA as the co-matrix, while the selective
formation of protonated ions can be achieved by carefully
depositing the polymer sample on top of a preloaded layer of
CHCA with ODA or a mixture of an ammonium salt and a
tetrabutylammonium salt as the co-matrixes. In the latter case,
the formation of sodium and potassium adducts can be
inhibited by the co-matrix, while the protonated ions can be
formed by proton transfer reactions from [ODA + H]" or
NH,".
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