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Abstract

Mixtures of diol and triol types of polypropyleneglycol (PPG) bearing two and three hydroxyl end groups were analyzed quantitatively by
matrix-assisted laser desorption/ionization (MALDI) and desorption ionization on porous silicon (DIOS) with the conventional dried droplet
method. The reproducibility of MALDI mass spectra depended on the factors regarding sample preparation such as the analyte/matrix ratio,
and the type of solvent and/or chemical matrix employed. For DIOS, the analyte concentration and the selection of solvents were important
for good reproducibility. Optimization of these factors allowed reliable quantification of the polymer mixtures. Under optimized conditions,
DIOS would be suitable than MALDI for this purpose.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction soft laser desorption methdd], a variety of polyethers has
been analyzed by MALDI-M§L2-22} e.g., Li and cowork-
Polyethers such as polyethyleneglycol (PEG), polypropy- ers reported characterization of complex polyetfi£®$and
leneglycol (PPG), and polytetrahydrofuran (PTHF) are Hercules and coworkers analyzed PTHF, a soft block in
currently used widely in industry as lubricants, stabiliz- a polyurethane, after chemical degradation of the urethane
ers, removers, antifoaming agents, or raw materials for bond by ethanolaming0].
polyurethane. Polyethers are usually obtained, as shown in  The quantitative analysis of polyether constituents is es-
Scheme 1 by the reaction between alkyleneoxide and an sential, since the polymer products are usually mixtures of
initiator with active hydrogen. While conventional analyti- various types and/or molecular weights of polyethers, of
cal methods such as IR and NMR provide general profiles of which the mixing ratio defines the properties of the prod-
the overall structures of polymers, it is necessary to obtain ucts. The determination of the mixing ratio of different types
the structural information more in detail to understand the of polymers using MALDI-MS is not eag3]. End group
physical properties of these polymers. ionization efficiency is the most important factor in deter-
Matrix-assisted laser desorption/ionization (MALDI) mining the relative intensities of peaks in the MALDI mass
[1-4] is a promising ionization method for the analysis of spectra of mixtures of nylon 6 and polybutyleneterephtha-
biopolymers and synthetic polymdEs-11]. Since Tanaka et  late[24]. Mixtures of polystyrene and polky¢methylstyrene)
al. reported the successful ionization of PEGs by their unique were quantitatively analyzed by hyphenated combination of
size-exclusion chromatography and MALDI-NIZb]. This
technique can be applied to a polymer mixture composed of
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RO + BH tor of the triol type PPG [number average molecular weight
ca. 3000, TPPG3000]is glycerin and that of the diol type PPG
[Mn ca. 2000, DPPG2000] is propyleneglycakCyano-4-
R g ) hydroxycinnamic acid (CHCA), was purchased from Aldrich
RO"+  HC—CH —~  RIOCHCH).0 (Milwaukee, WI, USA), and angiotensin | from Bachem AG
° (Bubendorf, Switzerland).

ROH + B

initiator catalyst

alkylenoxide
R y 2.2. Sample preparations
R(OCHzéH).,O' + BH —_— R(OCHZEH)HOH + B
Two different solvents, BHO/CHsCN (1/1, v/v) and
Scheme 1. Method of synthesizing polyethers. THF/CoHsOH (1/1, viv), containing Nal at 1 mg/mL were
used as solvents in the present experiments. Solutions of
Homogeneity of analyte/matrix crystalis animportantfac- pppG2000 (10 mg/mL) and TPPG3000 (10 mg/mL) were
tor for quantitative analysis by MALDI-MS. The quality of  prepared and they were mixed at varying ratios of 10/90,
the cocrystals depends on various factors of sample prepa5/75 50/50, 75/25, and 90/10 (v/v). These mixtures were
ration such as the selection of matrices and solvents, andgijjyted to achieve total PPG concentrations (TPC) of 5, 1,
the matrix/analyte ratio. Siuzdak and coworkers reported ag 5 and 0.1 mg/mL. CHCA and DHB were dissolved at
method, laser desorption/ionization on porous silicon, termed 1 mg/mL, except for the case of CHCA iny8/CHsCN,
DIOS [26]. Porous silicon is a UV-absorbing semiconduc-  for which saturated solution was prepared. Finally, the poly-
tor with a large surface area and is produced through elec-mer and matrix solutions were mixed at a 1/1 (v/v) ratio.
trochemical anodization or chemical etching of crystalline Each 0.1uL aliquot of the polymer solution was deposited
silicon. The applications reported to date cover a wide va- gn D|OS chips obtained from Mass Consortium (San Diego,
riety of compounds including peptides, natural products, ca, USA), and the polymer/matrix solutions (Quk) were

small organic molecules, and synthetic polymg#8-35]  gpotted onto a stainless sample target and then dried at room
In DIOS, analytes and cationizing agents are deposited ontemperature.

Therefore, DIOS is expected to be more suitable for quanti- ysing an optical microscope, SzX12 (Olympus, Tokyo,

tative analysis than MALDI, because itis unnecessary to take japan) at a magnifying power of 90.

the matrix factor into account.

In this report, the applicability of DIOS-MS for the quan- 2 3. Mass spectrometry

titative analysis of PPG mixtures is evaluated in comparison

with MALDI-MS. The various factors of the sample prepa-  Mass spectra were acquired in positive linear mode using

ration such as PPG concentration and solvent selection are iny \joyager-DE Pro Time-of-flight (TOF) mass spectrometer

vestigated to achieve reliable measurements of polymer mix- (applied Biosystems, Foster City, CA, USA) with a pulsed

tures by DIOS-MS. nitrogen laser (337 nm). Prior to sample analysis, an exter-
nal mass calibration was performed using a peptide standard
containing 1uM angiotensin | and 8M bovine insulin for

2. Experimental the MALDI-MS and DIOS-MS measurements. In all cases,
. mass spectra from 300 laser shots were accumulated. For
2.1. Materials DIOS, a thinner stainless stage was prepared in-house to off-

set the thickness of the chip, and the DIOS chip was taped
Tetrahydrofuran (THF), ethanol, acetonitrile, sodium io- gnto it.

dide, PPGs, 2,5-dihydroxybenzoic acid (DHB), and bovine
insulin were purchased from Wako Pure Chemicals (Osaka,

Japan). Structures of the PPGs are showfignl The initia- 3. Results and discussion
CH; Triol type PPG has three OH end groups, while diol type
HZC—O(CHI‘CHO)RH PPG has two OH end groupkig. 1). It is intriguing to an-
CH3 alyze mixtures of diol and triol type PPGs and to compare
HC—O0(CH,CHO) ,H HO(CH ":[?b) . the effects of DIOS—MS to those of MALDI-MS, since the
CHj SR ionization efficiency of the end group is an important factor
H,C—O(CH,CHO) H for quantitative analysis by MALDI-M$24].
Mixtures of DPPG2000 and TPPG3000 in a sodiated so-
Triol Type PPG Diol Type PPG lution of H,O/CH3CN or THF/GH5OH were analyzed by

MALDI-MS and DIOS-MS, giving they + NaJ* ions in the
Fig. 1. Structures of triol and diol type PPGs. mass spectrum. Typically, the DIOS mass spectra obtained
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= 100 !
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> Mass (m/z) 05 543 531 373 258 319 131
2 100 ©) 1.8E+4
2 01 2052 534 - 389 647 338
E 5:: .nl|“ ““lyu““l“Il“““lln“., ' o Data points were obtained in five replicate experiments.
1000 1800 2600 3400 4200 5000 TPC, total PPG concentration; —, intense molecular ions of PPGs were not
- Mass (m/z) 1.5E+4 obtained.
g 100 (d) ’
[l at i the di -
£ M”“mmm”“” “““““ . t_alllzatlon often occurs in the dried droplet samplt_e prepara
& Qoo0 1800 2600 3400 4200 5000 tion method, especially when the slowly evaporating water-
Z 00 Mass (m/z) (@) 20 rich solvents are us€@6,37] The heterogeneity of the an-
g 5 “ ] L “ alyte/matrix cocrystal impairs the reproducibility of mass
£ ‘..gmmm.m}]” s, spectra. In DIOS measurements, g values are unex-

¥ T 0
1000 1800 2600 Masswaz‘)m 4200 5000 pectedly high ¢s0=3.2-4.3). Siuzdak and coworkers have
recently reported that sample homogeneity is necessary for

Fig. 2. DIOS-MS spectra of PPG mixtures. (a) TPPG3000 10wi%, (b) the quantitative analysis of peptides and amino acids even
25wt%, (c) 50wt%, (d) 75wt%, and (e) 90wt% at TPC 1 mg/mL using by DIOS—MS, which is free from chemical matifg3]. In

THF/C;Hs0H as the solvent. the present experiments, the polymer and cationizing agents
) . 4 distributed uneven in the spot on the DIOS sample target.
using THF/GHsOH as asolventare shownfiig. 2 The N Homogeneity of sample/matrix crystals is greatly af-

adduct ions of DPPG2000 are observed at mass—to—chargqected by solvent kinds. When THFRBsOH was used
ratios (12) of 1317-3118, and those of TPPG3000Miz 54 the solvent, small needle-like crystals or homogeneous
2146—_4296. The mass of the repeating unit of PPG is 58 Da.ihin layer crystals for DHB or CHCA, respectively, were
The signals for DPPG2000 and TPPG3000 never overlap,formed as shown inFig. % and d. Theoso values
because the molecular weights of the initiators of the poly- (050=0.37—6.47) are smaller than those 0§@{CHsCN
mers are different: Mw 76 for the initiator propyleneglycol g, ent ¢5,=3.22-20.52). This result indicated that the
of DPPG and Mw 92 the initiator glycerin of TPPG. THF/C,HsOH solvent supported the homogeneous cocrystal

The P values defined by Eq1), wherelzooo andMsooo formation and thus improved the spot-to-spot reproducibil-
were the peak intensity and tin@z value, respectively, of a ity compared in the case with#/CHsCN. The calculated
Na" adduction of TPPG3000 arighooandMzooowere those P values of TPPG3000 were plotted against weight per-
of DPPG2000, were calculated to represent the relative ion oo inFigs. 4-6 where theP value was proportional to
intensities of DPPG2000 and TPPG3000 in the MALDl and weight percent of TPPG3000. With DHEig. 4), the
DIOS mass spectra. THevalues were calculated by taking 50 value at TPC 1 mg/mL was 2.28, and a linear curve fit
the seven largest Naadduct ions atn/z 1900, 1958, 2016, '
2074, 2132, 2190, and 2248 for DPPG2000 ami¥a8019,
3077,3135, 3193, 3251, 3309, and 3367 for TPPG3000. Peak
intensity represents the number of molecularions. Thu® the
value should correlate with the weight percent of TPPG3000.
The P values represent the average of the calculations from
five mass spectra generated from different sample spots. The
standard deviationss§g) of the P values at TPPG300050
wt% are shown ifmable 1

P >~ I3000M3000
>~ I3000M3000+ Y, 12000M2000

In MALDI analysis using HO/CH3CN, theosg values con-
stantly exceeded four, indicating low spot-to-spot repro-
ducibility. Microscopic observation disclosed that two dif-
ferent kinds of deposits, large needle-like crystals and thin
'aYer ones,_ Were m_termlngled in the DHB/PPG cocrys_tals Fig. 3. Micrographs of polymer/matrix cocrystals40) (a) DHB matrix
(Fig. 3a). Similarly, in the case of CHCA, two or more dif-  ysing HO/CH;CN, (b) CHCA matrix using HO/CHsCN, (c) DHB matrix
ferent kinds of crystals were formeHi@. 3b). Uneven crys- using THF/GHsOH, and (d) CHCA matrix using THFAE5OH.

@)
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Fig. 4. The plots o values vs. weight percents of TPPG3000 obtained from MALDI-MS measurements with DHB matrix using,HJBK at TPC
5mg/mL (a), TPC 1 mg/mL (b), TPC 0.5 mg/ml (c), and TPC 0.1 mg/mL (d).

(y=0.882X%+6.5535, wherey representedP values andx

larger g50=3.23). The linearity of the approximated curve

represented weight percents of TPPG3000) having a coef-and the spot-to-spot reproducibility were slightly impaired at

ficient of variation R%) of 0.9982 was obtained. At TPC
5mg/mL, theR? value was 0.9987y(= 0.926% + 6.0669),
and theosg value was 3.33. Also with CHCAH(g. 5), good
linear curve fits were obtained at TPC 1 mg/mL, Rfevalue
was 0.9997 {(=0.970k+1.0609) and thersg value was
small @50 =1.84). At TPC 5 mg/mL, th&? value was 0.9990
(y=0.935%+ 3.7933), while thersg value became slightly

P value
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low PPG concentrations as 0.1 and 0.5 mg/mL for either ma-
trix. This was probably due to uneven distribution, at a submi-
croscopic level, of crystals at low PPG concentrations. These
results indicated that optimization of the matrix/analyte ra-
tios and the selection of both matrix molecules and the sol-
vent allows good qualitative analysis of PPG mixtures by
MALDI-MS.

, y = 0.9701x + 1.0609
R? = 0.9997
10

0 " s i " s s s L L
0 10 20 30 40 50 60 70 80 90 100
weight percent of TPPG3000 / wt%

y = 0.879x + 5.2743

20 R? = 0.9980

00 10 20 30 40 50 60 70 80 90 100
weight percent of TPPG3000 / wt%

Fig. 5. The plots oP values vs. weight percents of TPPG3000 obtained from MALDI-MS measurements with CHCA matrix usingoHslBKCat TPC
5mg/mL (a), TPC 1 mg/mL (b), TPC 0.5 mg/ml (c), and TPC 0.1 mg/mL (d).
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Fig. 6. The plots ofP values vs. weight percents of TPPG3000 obtained from DIOS-MS measurements usingA§®HCat TPC 10 mg/mL (a), TPC
5mg/mL (b), TPC 1 mg/ml (c), TPC 0.5mg/mL (d), and TPC 0.1 mg/mL (e).

In the DIOS-MS measurement, at TPC 0.1 mg/mL, the 4. Conclusion
ion intensities were too weak to give adequate reproducibil-
ity (o50=3.38). At concentrations over 5 mg/mL, the linear- Mixtures of different kinds of PPGs were analyzed
ity of the approximated curve was not optimal, and #ag by MALDI-MS and DIOS-MS using the dried droplet
values became larger{p=3.00 at TPC 5 mg/mlgso=2.44 method. The reproducibility of MALDI mass spectra was
at TPC 10 mg/mL). High polymer concentrations might ex- dependent on the analyte/matrix ratio, and the type of solvent
ceed the ionization ability of the DIOS chip. On the other and/or chemical matrix. In DIOS measurements, the analyte
hand, excellent linear curve fits were obtained at TPC 1 and concentration and solvent selection were important for good
0.5 mg/mL withR? values of 0.9992y(= 0.979X + 2.8168) quantitative estimation. Optimization of these factors allows
and 0.9988 {(=0.981X%+2.2688), respectively. More in- reliable quantitative measurements of polymer mixtures.
terestingly, theosg values 650=0.37 at TPC 1 mg/mL, DIOS-MS would be superior to MALDI-MS for this
os50=1.31 at TPC 0.5 mg/mL) were much smaller than those purpose.
obtained by MALDI-MS. This result indicated that DIOS
was more suitable for quantitative analysis than MALDI.
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