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Polyhexamethylene guanidine (PHMG) polymers used as an active ingredient in an antibacterial humidifier
disinfectant were reported to cause harm to the human health when inhaled, although physical contact with this
material was known to present low toxicity to humans. It is therefore necessary to develop an optimal analysis
method which enables detection and analysis of PHMG polymers. MALDI-TOF investigations of PHMG are
performed with a variety of matrices, and it is found that CHCA and 2,5-DHB are excellent matrices which
well reflects the polymer population even at high mass. For the provided PHMG sample, the number-average
(M,) and weight-average (My,) molecular masses were determined to be 744.8 and 810.7, respectively, when
the CHCA was used as a matrix. The rank of the matrices in terms of averaged molecular weight was CHCA
~2,5-DHB > 5-NSA > DHAP, THAP > ATT > IAA ~ super-DHB ~ HABA. In addition, PSD of the PHMG
oligomer ions exhibited a few unique fragmenation characteristics. The formation of a- and c-type fragments
was the major fragmentation pathway, and the 25-Da loss peaks generally accompanied a- and c-type
fragments.
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Introduction

Electrospray ionization (ESI)'” and matrix-assisted laser
desorption/ionization (MALDI)** mass spectrometry (MS)
have opened a route for analysis of non-volatile organic
molecules, including biopolymers and synthetic polymers.
In particular, MALDI-MS offers an easy, robust, versatile,
sensitive, and tolerant sample introduction tool for analysis
of peptides,®’ proteins,*® oligonucleotides,'® DNA," poly-
mers,'>'* small molecules,'>'® and so on. With the goal of
optimizing MALDI-MS analysis, extensive efforts have been
made to investigate matrix effect,''® matrix additives,"
sample-matrix preparation methods,”*** and its mechanism.?**

MALDI-TOF (time-of-flight) MS has become a standard
analysis tool for the structural analysis of synthetic poly-
mers. MALDI-TOF MS analysis of synthetic polymers
readily provides polymer characteristic information such as
the average molar mass (Mw), molar mass distribution (MMD),
repeat unit structure, copolymer sequence, and the end-
group.'? Since MALDI mass spectra of synthetic polymers
are sensitive to a variety of factors such as the matrix, mixing
ratios of matrix/polymer/cationization agent, and the sample
preparation method, careful selection of such experimental
factors is needed. For example, the matrices commonly used
in the analysis of polymers are a little different from those
used for peptides, and the optimal matrices for specific
polymers are well documented.?’?®

In 2011, a large number of casualties related to pulmonary
disease similar to acute interstitial pneumonia including at

least four adult deaths and affecting a total of 28 patients
were announced by the Korea Center for the Disease Control
and Prevention.”>** An epidemiological toxicology investi-
gation using rats led to the conclusion that the cause of this
lung injury was from the long-term exposure to active ingre-
dients (AI) of commercial disinfectants used in humidi-
fiers.’! The chemical disinfectants were put in the water-
tanks of humidifiers for the prevention of microbial, mold,
and algal growth.*® The patients likely inhaled droplets con-
taining the Als of the disinfectants, which were sprayed into
the air by the household humidifiers. The Als of the chemi-
cal disinfectants used in the household humidifiers were
identified as polyhexamethylene guanidine (PHMG: CAS
RN 89697-78-9) and oligo (2-(2-ethoxy)ethoxyethyl guani-
dinium chloride.’*" These macromolecules have been
reported to have high antibacterial activity, and are widely
used as disinfectants and biocides in water systems, topical
wounds, and the environment.’>** Their biocidal effects are
due to the ability to disrupt the cell membrane.’>*® Interest-
ingly, these materials were reported to present low toxicity
to humans,?” but as described above, when these molecules
are inhaled, they seem to cause harm. In general, hazardous
chemicals that could potentially cause damage upon inhala-
tion are required by the Korean law for hazardous chemicals
management to undergo acute inhalation toxicity tests. How-
ever, the modified use of PHMG and related materials as a
disinfectant for humidifiers was uncharted territory with
regard to regulation and enforcement. The manufacturers
sold the disinfectants without the submission of any data on
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inhalation toxicity or risk evaluation.*’

It is therefore necessary to develop an optimal analysis
tool that enables detection and analysis of the Als in com-
mercial disinfectants. The Als in humidifier disinfectants are
known to be of polymeric nature with a hexamethylene
guanidine repeat unit. As described above, MALDI-TOF
MS is a robust and sensitive tool for detection and analysis
of synthetic polymers. Thus we have attempted to examine a
variety of matrices with the aim of determining the optimum
matrices for simple detection and analysis of these hazard-
ous chemical disinfectant Als in commercial products.
Furthermore, to confirm the structure of PHMG oligomers,
post-source decay (PSD) was carried out for isolated PHMG
ions.

Experimental Details

Materials. A PHMG sample was obtained from an anonym-
ous Korean company who sold a commercial humidifier
disinfectant. The humidifier disinfectant was recalled by the
company and is now no longer available on the market.
However, the polymer synthesis procedure and any infor-
mation with respect to the degree of polymerization were not
provided by the humidifier disinfectant manufacturer. For
MALDI-TOF MS analysis, the following matrices were
used: 2,5-dihydroxybenzoic acid (DHB, Aldrich), a-cyano-
hydroxycinnamic acid (CHCA, Aldrich), 5-nitrosalicylic
acid (NSA, Fluka), 2,4,6-trihydroxyacetophenone (THAP,
Fluka), super-DHB (Fluka),*®** 6-aza-2-thiothymine (ATT,
Fluka), 2,4-dihydroxyacetophenone (DHAP, Fluka), 1,5-di-
aminonapthalene (DAN, Aldrich), sinpinic acid (SA, Fluka),
2-(4-hydroxyphenylazo)-benzoic acid (HABA, Fluka), trans-
3-indoleacrylic acid (IAA, Sigma), 5-aminosalicylic acid
(ASA, Sigma), 5-formylsalicylic acid (FSA, Aldrich) and
1,8-dihydroxyanthracen-9(10H)-one (dithranol, Aldrich). All
the solvents used in the present study were of HPLC grade
(Fluka).

Sample Preparation. The solid PHMG sample was dis-
solved in distilled water at a concentration of 0.5 mg/mL.
The PHMG sample was purified and concentrated by solid
phase extraction using a spin-column (C-18, Ultra-Micro
SpinColumn, Harvard Apparatus, Holliston, MA, USA).
This procedure was crucial for getting good signal intensity
on the MALDI-TOF spectrum. The spin-column was pre-
wetted and equilibrated by eluting with 150 uL of Buffer B
(50% CH3CN/50% H>0/0.1% trifluoroacetic acid) at 5,000
rpm and 150 pL of Buffer A (98% H>0/2% CH3;CN/0.1%
trifluoroacetic acid) at 5,000 rpm three times each. The
PHMG sample solution (150 pL) was eluted for 15 min
through the spin-column at 5,000 rpm. The spin-column
loaded with the PHMG sample was then washed with Buffer
A (150 pL). Finally, the PHMG sample loaded within the
spin-column was eluted using Buffer B (150 pL) solution.
The eluted solution was evaporated to dryness using a
vacuum centrifuge. The dried-down PHMG samples were
resuspended in 10 pL of the saturated matrix solution (in
methanol). A 1 pL of the sample-matrix mixture was spotted

onto the sample plate.

Mass Spectrometry. MALDI-TOF mass spectra were ac-
quired using a Bruker Autoflex Speed Series mass spectro-
meter (Bruker Daltonics, Leipzig, Germany) equipped with
a 355 nm Nd:YAG laser. Mass spectra were acquired at 500
Hz in positive reflection mode and averaged over 1,000 laser
shots. PSD fragmentation of the precursor ions of interest
was carried out using the LIFT technique of the Bruker
MALDI-TOF mass spectrometer.*’ Precursor ions were iso-
lated with a 10 Da isolation widow. MALDI-TOF spectra
and PSD spectra were obtained after careful calibration.
MALDI-TOF calibration was done with the standard peptide
calibration kit using a manufacturer-supplied instrument
setting file.

Results and Discussion

Matrices. Figure 1 shows the MALDI-TOF mass spectra
of PHMG oligomers obtained with a variety of different
matrices; (a) CHCA, (b) 2,5-DHB, (c) 5-NSA, (d) THAP, (e)
super-DHB, (f) ATT, and (g) DHAP. For each matrix, UV
laser power was optimized in order to obtain a MALDI spec-
trum that showed a good intensity distribution, particularly
in the high m/z region. In these mass spectra, a large number
of peaks were observed in high abundance. In general,
MALDI-TOF mass spectra for synthetic polymers show a
molecular peak distribution with an identical mass differ-
ence between the peaks. However, the MALDI-TOF spectra
in Figure 1 did not show such a simple distribution. The
overall intensity distribution could not be described with a
single polymer profile, and the m/z intervals between the
neighboring peaks were irregular. These unusual peak distri-
bution characteristics are due to the fact that PHMG oligo-
mers can have a variety of iso-forms. PHMG polymers can
take a number of different molecular structures, the so-called
types A-G (see Scheme 1).3? Three of them, i.e., types A, B,
and C, have a linear form, and types D and F-G are in a
branched form and a cyclic form, respectively. The branched
and cyclic structures are known to be generated by an
intramolecular poly-condensation, and the contents of these
forms can be controlled kinetically by reducing the molar
quantity of hexamethylenediamine during the synthesis pro-
cedure 3>

Based on these molecular types of PHMG oligomers, a
large number of the mass peaks shown in Figure 1 could be
assigned and annotated. In our MALDI spectra, only three
linear types, ie., types A, B, and C, were observed. The
absence of the branched or cyclic structures, i.e., types D and
F-G, indicates that the polymer condensation ceased at a
relatively early stage of the polymer chain reactions. If the
polymer condensation reactions would have proceeded
further, more branched types would have formed and we
would have gotten much more complicated MALDI spectra.
The type A structure has one guanidine and one primary
amine as end-groups, type B has two primary amine groups,
and type C has two guanidine groups (see Scheme 1). In
Figure 1, a series of type A, B, and C peaks are denoted with
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Figure 1. MALDI-TOF mass spectra of PHMG oligomers
obtained with (a) CHCA, (b) 2,5-DHB, (c) 5-NSA, (d) THAP, (e)
super-DHB, (f) 6-aza-2-thiothymine, and (g) DHAP matrices.
Type A, B, and C peaks are denoted with filled (@) and empty
(O) circles and an asterisk (*), respectively.

a filled (@), empty (O) circle, and an asterisk (*), respec-
tively.

In Figure 1(a), the CHCA MALDI spectrum, a series of
type A peaks (@) show a well-shaped intensity distribution
in which (A4 +H)" with four repeat units is most abundant
and the abundance of the larger oligomers (An, n > 5) mono-
tonically decreases. It is also notable that only the protonated
form was observed and no alkali-adduct was found. The
peaks belonging to the type A PHMG oligomer (®) showed
a 141 Da interval between the neighboring peaks, confirm-
ing that these peaks represent a family of a certain polymer
type. In the case of type B oligomers (O), the overall
abundance was much lower than those of type A oligomers;
only one third the abundance of type A oligomers. The type
B oligomers also shared a 141 Da gap between the neigh-
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boring members of the type B oligomer family. Type B and
C oligomers showed monotonically decreasing oligomer di-
stributions, with the overall abundance of type C oligomers
generally being higher than that of type B oligomers.

The other MALDI spectra in Figure 1(b)-(g) showed
similarities to Figure 1(a) with regard to the abundance
pattern in two respects. First, for the type A oligomers, the
abundance was highest at n =4 and monotonically decreased
at n>5. Second, the type B and C oligomers showed a
monotonically-decreasing abundance pattern. On the other
hand, they also showed discrepancies compared with Figure
1(a) in two respects. The relative abundance of the type A,
B, and C oligomer peaks in Figure 1(b)-(g) was somewhat
different from that in Figure 1(a). As an extreme case, in
Figure 1(c), the absolute abundance of type C oligomers was
quite low compared with that of the other MALDI spectra.
Second, some spectra showed the oligomer peaks up to
n=9, e.g., Figures 1(a) and (b), while other spectra did only
up to below n <7, e.g., Figure 1(e). Among the large number
of matrices used for Figure 1, CHCA and 2,5-DHB were
excellent matrices in that they showed larger oligomers, e.g.,
up to n=9, while 5-NSA, THAP, super-DHB, and ATT
failed to show these large oligomers. This observation is some-
what in agreement with the previous MALDI-TOF analysis
for polyhexamethylene biguanide (PHMB) oligomers, in
which only short oligomers could be observed with the ATT
matrix.*!

Matrices other than those used for Figure 1 were also
examined, but the acquired MALDI spectra were not very
informative with respect to the PHMG oligomer distribution.
Figure 2 shows MALDI spectra obtained with (a) 1,5-DAN,
(b) SA, (c) HABA, (d) IAA, and (e) dithranol. For these
matrices, a good oligomer distribution could not be obtained.
Instead, abundant noise peaks appeared in the low m/z
region, particularly, m/z 460-530, and interfered with the
oligomer peaks. These peaks were presumably from either
matrix itself or fragments of PHMG oligomers. In addition,
the peaks arising from oligomers were of low abundance and
showed only a short series of oligomers (3 <n <5).

In the selection of a matrix for MALDI analysis, homo-
geneous co-crystallization of sample and matrix is crucial.
Heterogeneous sample preparation often forces one to search
for the MALDI signal sweet spots or does not provide any
signal at all. Due to the diverse chemical properties of syn-
thetic polymers, it is often troublesome to find a suitable
matrix for MALDI mass spectrometric analysis for polymers.
Previously, Hanton and Owens provided some guidelines for
matrix selection based on polymer and matrix solubility
data.*” They recommended matching the matrix polarity
with the polymer under examination. In this respect, our
MALDI-TOF results are consistent with their guidelines.
The hydrophilic nature of PHMG allowed the hydrophilic
matrices such as 2,5-DHB and CHCA to give excellent
MALDI signals, whereas hydrophobic matrices such as IAA
and dithranol provided poor results.?’

PHMG Oligomer Characteristics. From the MALDI
spectra shown in Figure 1, the number-average molecular
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Scheme 1. Molecular structures of type A-G PHMG. (Scheme reproduced from Wei et al., 2009, with permission from Elsevier, copyright

Table 1. A summary of the number-average (M,) and the weight-
average (My) molecular masses, and the polydispersities, determin-
ed from the PHMG MALDI-TOF mass spectra shown in Figure 1

2009).
3 4 5
A
I
—_t B
x10% : C
25+ |
{ a
1.5— l; @)
0.5+ . o o o o
3 4 A
X104 3 B

Absorbance

~
oOw>

x10*
1.2—
0.8
0.4—

(d)

x10*
1.5
1.0
0.5

(e)

B —
800 1,000

m/z
Figure 2. MALDI-TOF mass spectra of PHMG oligomers
obtained with (a) 1,5-DAN, (b) SA, (c) HABA, (d) IAA, and (e)
dithranol matrices. Type A, B, and C peaks are denoted with filled
(@) and empty (O) circles and an asterisk (), respectively.
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mass (M, Eq. (1)), the weight-average molecular mass (M,
Eq. (2)), and the polydispersity (pd, Mw/M,) were deter-
mined for each matrix using the software ‘Polytools™’, and

Matrix M, My pd
CHCA 744.8 810.7 1.089
2,5-DHB 736.0 781.9 1.062
5-NSA 672.7 686.6 1.021
DHAP 621.2 637.1 1.026
THAP 611.3 633.7 1.037
ATT 559.4 575.1 1.028
IAA 532.9 549.6 1.031
super-DHB 529.0 561.0 1.060
HABA 525.6 542.2 1.032

the results are summarized in Table 1.

2. MN,
Mn:'Z—N (1
> MN,
= i N (2)

The number-average molecular weight values ranged from
525.6 to 744.8 and the weight-average molecular weight
values were in the range of 542.2-810.7, depending on the
matrix used for MALDI-TOF analysis. The average mole-
cular weight values were rather low. This indicates that the
PHMG sample obtained from an anonymous Korean com-
pany who used this sample for a commercial humidifier
disinfectant consisted of a series of short PHMG oligomers.

Returning to the data in Table 1, in terms of M,, the CHCA
matrix exhibited weight values higher than the HABA matrix
by 219.2 Da, which corresponds to approximately two
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Figure 3. PSD mass spectra of type A PHMG polymers obtained
by the LIFT technique: (a) n=5, (b) n=7, and (c) n=8. Note that the
symbol —% indicates the loss of a 25 Da neutral species.
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Scheme 2. New nomenclature for the PHMG fragments introduced
in the present study in order to identify the fragments in the PSD
spectra shown in Figures 3-5.

monomer units (2 X 141 Da). From Table 1, it appears that
CHCA and 2,5-DHB are the best matrices that well reflect
the populations of the high mass polymers. The rank of the
matrices in terms of averaged molecular weights given in
Table 1 is in good agreement with that visually determined
from Figure 1: CHCA ~2,5-DHB > 5-NSA > DHAP, THAP
> ATT > IAA ~ super-DHB ~ HABA.

Post-source Decay (PSD) MS/MS. As described above,
PHMG polymers can take a number of different molecular
structures, i.e., the types A-G. So, in order to clearly identify
the PHMG polymers, it is necessary to understand the
fragmentation pattern of the PHMG polymers since in some
cases the measured m/z values of polymeric species them-
selves are not sufficient to confirm the identity of the observed
polymers.*# Post-source decay (PSD) was therefore carried
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Figure 5. PSD mass spectra of type C PHMG polymers obtained
by the LIFT technique: (a) n=5, (b) n=6 and (c) n=7. Note that the
symbol —* indicates the loss of a 25 Da neutral species.

out using the LIFT technique for some polymeric species
shown in Figure 1(a).*

Figure 3 shows the resulting PSD spectra obtained for the
type A polymer species of (M,+H)", n =5 (a), 7 (b), and 8
(c). In Figure 3, in order to facilitate a comparison between
the PSD spectra, each spectrum is shown in the same m/z
region. In addition, new nomenclature for the PHMG frag-
ments was devised to identify the fragments and is shown in
Scheme 2. Examination of the three PSD spectra in Figure 3
reveals three fragmentation characteristics. First, a- and c-
type fragments were major fragments in all three spectra.
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Specifically, in Figure 3(a) for My+H)", n=35, g;and ¢;, i =
3-5 were observed; n=7(b), @; and ¢;, i =4-7;n= 8, a; and ¢;,
i = 4-8. Second, the 25-Da loss peaks denoted with —%
always accompanied the a- and c-type fragments. This 25-
Da loss is speculated to be associated with the loss of CN
(26 Da) from the guanidine unit and the concomitant H
atom transfer (+1 Da) to the detected fragment. Further
detailed study seems to be needed to clearly understand the
origin of this 25-Da loss. Third, somehow only the frag-
ments with the left-side guanidine end group were observed
and no fragment with the right-side primary amine end
group was detected.

For the type B and C PHMG polymers, some of the frag-
mentation characteristics that were observed from the PSD
spectrum of the type A polymers were also identified (see
Figures 4 and 5).** For these types of PHMG, a- and c-type
fragments were still major fragments, but the abundance of
a-type fragments was always lower than that of the nearby c-
type fragments. The 25-Da loss peaks also appeared for the
type B and C polymers, but the neutral loss peaks arose only
from the c-type fragments, not from the a-type fragments.
These shared fragmentation features among the PHMG
polymers are clearly good indicators for uniquely differ-
entiating them from other polymers.

Conclusions

MALDI-TOF studies of a PHMG sample revealed that
CHCA and 2,5-DHB, which are the two most widely used
MALDI matrices, are also good matrices for the molecular
mass analysis of PHMG samples. In particular, for the PHMG
sample that was used as a commercial humidifier disinfec-
tant by an anonymous Korean company, the number-average
(M,) and weight-average (M) molecular masses were deter-
mined to be 744.8 and 810.7, respectively, when its mole-
cular mass distribution was determined using the CHCA
matrix. In a previous report, a PHMG sample caused lung
injury in rats when they were exposed to the long-term
inhalation of sprayed PHMG polymers.’' The rank of the
matrices in terms of the averaged molecular weights was
CHCA ~2,5-DHB > 5-NSA > DHAP, THAP > ATT > IAA
~ super-DHB ~ HABA. In addition, PSD of the PHMG
oligomer ions exhibited a few unique fragmentation charac-
teristics. The formation of a- and c-type fragments was the
major fragmentation pathway, and the 25-Da loss peaks
generally accompanied a- and c-type fragments. In future
work, more detailed MS/MS studies, particularly, ESI-MS/
MS experiments, will be executed in order to understand the
origin of the ubiquitous 25 Da loss peaks. In addition, a
methodology for quantitative MALDI-TOF analysis of the
PHMG sample will be developed in the near future, which is
expected to be very important in regulating the use of
PHMG.
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