
Research Article

Received: 18 December 2010 Revised: 4 February 2011 Accepted: 6 February 2011 Published online in Wiley Online Library

Rapid Commun. Mass Spectrom. 2011, 25, 1152–1158

1152
Matrix‐assisted laser desorption/ionization mass spectrometric
analysis of aliphatic biodegradable photoluminescent polymers
using new ionic liquid matrices
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In this study, two novel ionic liquid matrices (ILMs), N,N‐diisopropylethylammonium 3‐oxocoumarate and
N,N‐diisopropylethylammonium dihydroxymonooxoacetophenoate, were tested for the structural elucidation of
recently developed aliphatic biodegradable polymers by matrix‐assisted laser desorption/ionization mass
spectrometry (MALDI‐MS). The polymers, formed by a condensation reaction of three components, citric acid,
octane diol, and an amino acid, are fluorescent, but the exact mechanism behind their luminescent properties has
not been fully elucidated. In the original studies, which introduced the polymer class (J. Yang et al., Proc. Natl.
Acad. Sci. USA 2009, 106, 10086–10091), a hyper‐conjugated cyclic structure was proposed as the source for the
photoluminescent behavior. With the use of the two new ILMs, we present evidence that supports the presence of
the proposed cyclization product. In addition, the new ILMs, when compared with a previously established ILM,
N,N‐diisopropylethylammonium α‐cyano‐3‐hydroxycinnimate, provided similar signal intensities and maintained
similar spectral profiles. This research also established that the new ILMs provided good spot‐to‐spot
reproducibility and high ionization efficiency compared with corresponding crystalline matrix preparations.
Many polymer features revealed through the use of the ILMs could not be observed with crystalline matrices.
Ultimately, the new ILMs highlighted the composition of the synthetic polymers, as well as the loss of water that
was expected for the formation of the proposed cyclic structure on the polymer backbone. Copyright © 2011 John
Wiley & Sons, Ltd.
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Matrix‐assisted laser desorption/ionization mass spectrome-
try (MALDI‐MS), in its application for characterizing organic
polymers, offers several benefits, including a large spectral
window, low incidence of multiply charged states, choice of a
wide range of viable matrices, and compatibility with a wide
selection of solvents.[1–5] However, a successful analysis relies
on the ability of the matrix to mix and co‐crystallize with the
polymer, as well as facilitate the desorption/ionization
process.
Several theories exist on the mechanism of ion generation

by MALDI.[6–15] The right choice in matrix is a critical step in
garnering a successful analysis. Typically, solutions of the
matrices are mixed with solutions of analytes, and the
mixture is allowed to crystallize on a MALDI target
plate.[16,17] Such a preparation has been shown to be widely
amenable to the MS analysis of a variety of small and large,
synthetically and biologically derived, molecules.[18–20]

An alternative to traditional crystalline matrices was
presented by Armstrong et al. in 2001.[21] By coupling
α‐cyano‐4‐hydroxycinnamic acid (CHCA) with a variety of
nitrogenous bases, a series of room temperature ionic liquids
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(RTILs), amenable for use as ionic liquid matrices (ILMs), was
produced. RTILs are molten salts at room temperature and
possess various interestingproperties includingnegligible vapor
pressure and versatile solubility.[22,23] ILMs for MALDI‐MS
can be created by combining the anionic forms of common
crystalline matrices with a cation that inhibits crystal
formation. ILMs have been noted for diminishing fragmen-
tation of ionized analytes (softer ionization) and imbuing
good shot‐to‐shot and spot‐to‐spot reproducibility due to
their self‐healing and solubilizing properties. The sensitivity
provided by ILMs has been shown to be equally as good
as that observed for traditional crystalline matrices.[23] In
general, ILMs have been demonstrated for use in analyzing
a wide variety of compounds including lipids, proteins,
polymers, and carbohydrates.[24–29]

Biodegradable polymers are an emerging class ofmaterials in
the medical and clinical fields.[30–32] For example, innovations
based on biodegradable polymers are used as replacement
ligaments.[33] These types of polymers also have vast potential
for bioimaging, drug delivery, and recreating biological niches,
including controlled cellular differentiation, an idea that is
becoming increasingly paramount to tissue engineering and
regenerative medicine.[34–36]

Developing biodegradable polymers that intrinsically
emit in vivo detectable fluorescence without incorporating
additional (and often, toxic) organic dyestuffs or quantum
dots has been a challenge. Recently, a breakthrough was
Copyright © 2011 John Wiley & Sons, Ltd.
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made in the synthesis of the first aliphatic biodegradable
photoluminescent polymers (BPLPs).[37] A series of poly-
mers was created through the condensation of citric acid with
1,8‐octanediol, serving as the initial pre‐polymer (pre‐POC),
followed by condensation of the chosen amino acids to
make the final product. The molecular weights of the
polymers were characterized by MALDI‐MS using an ILM,
N,N‐diisopropylethylammonium α‐cyanocinnamate. A struc-
tural explanation for the luminescent properties was also
proposed. The rationale includes a tertiary condensation
reaction following addition of the amino acid. The carboxyl
group of the amino acid and the hydroxyl moiety of citric
acid join to cyclize the amino and carboxy groups of the
amino acid with citric acid, as shown in Fig. 1. The result is
speculated to be a hyperconjugated six‐membered ring,
which could support the observed fluorescence. Nuclear
magnetic resonance (NMR) data supports this assignment.[37]

Based on the choice of the amino acid, and presumably
differences in side chain, the excitation and emission
wavelengths can be tuned across a wide spectral range,
giving this class of BPLPs enormous potential for supporting
clinical and medical research. However, further structural
analyses on BPLPs are needed to support this proposed
fluorescence mechanism.
The aim of this study was to advance the MALDI‐MS anal-

ysis of a series of BPLPs composed from different amino acids.
Formation of the cyclic structure shown in Fig. 1, following
addition of the amino acid, would result in the loss of water. In
the search for an appropriate matrix which could differentiate
the features of the polymers arising from the addition of
different amino acids, and their subsequent cyclization, by
MALDI‐MS, we developed two new ionic liquid matrices,
N,N‐diisopropylethylammonium 3‐oxocoumarate and N,N‐
diisopropylethylammonium dihydroxymonooxoacetophenoate.
With these matrices, we were able to distinguish the
different features of the BPLPs, including evidence for the
loss of water. Such a finding provides support for the pre-
viously hypothesized fluorescence mechanism in BPLPs. In
addition, the new ILMs were integral to revealing these
features, providing more detailed spectra than those taken
with other crystalline and ILMs.
EXPERIMENTAL

3‐Hydroxycoumarin (3‐HC) (98%), 2,4,6‐trihydroxyacetophenone
(THAP) (97%),α‐cyano‐4‐hydroxycinnamic acid (CHCA) (99%),
N,N‐diisopropylethylamine(DIPEA) (>99.5%), and bradykinin
acetate (BK) were purchased from Sigma Aldrich (St. Louis,
MO, USA) and used without further purification. LC‐MS
Figure 1. Proposed reaction scheme for formation of A
hyperconjugated fluorescent cyclic moiety on the backbone
of BPLPs.
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grade methanol and HPLC grade tetrahydrofuran(THF)
were from Burdick & Jackson (Muskegon, MI, USA) and
Alfa Aesar (Ward Hill, MA, USA), respectively. The synthetic
polymers were synthesized as previously reported from
starting materials obtained commercially.[38] In this study,
pre‐POCandBPLPvariants incorporating cysteine (Cys), serine
(Ser), tyrosine (Tyr), methionine (Met), glycine (Gly), alanine
(Ala), leucine (Leu), phenylalanine (Phe), valine (Val), glutamic
acid (Glu), aspartic acid (Asp), glutamine (Gln), asparagine
(Asn), and tryptophan (Trp) were studied by MALDI‐MS. The
amino acid content for the BPLP variants was 9.1% relative to
pre‐POC.

Ionic liquids were prepared by combining methanolic
solutions of 3‐HC (2 g), THAP (2 g) or CHCA (2 g) with
DIPEA in methanol (~12mL) at 1:1 molar ratios. The paired
solutions were allowed to mix on a Yamato RE200 rotary
evaporator (Santa Clara, CA, USA) for 30min and subse-
quently evaporated under reduced pressure at 50°C for 1 h.
The dry ILMs were later suspended in methanol (1:2m/v)
and used as working solutions. From this preparation,
three ILMs were created: N,N‐diisopropylethylammonium
3‐oxocoumarate (3‐HC‐DIPEA);N,N‐diisopropylethylammonium
dihydroxymonooxoacetophenoate (THAP‐DIPEA); and
N, N‐diisopropylethylammonium α‐cyano‐3‐hydroxycinnamate
(CHCA‐DIPEA).

Polymer samples were received in chemical grade THF
at unknown concentrations and diluted systematically
with THF to optimize the MS signal using the CHCA‐
DIPEA ILM. The same dilutions were used for analysis
with the other ILMs. Preparations of BPLPs and ILMs for
MALDI‐MS analysis were made by mixing 10μL of the
diluted polymer solutions with 60 μL of ILM. Three 1 μL
aliquots of each preparation were spotted directly onto an
unmasked stainless steel plate and allowed to dry
(evaporation of methanol) for approximately 10min prior
to analysis. BK was used as an internal standard for
calibration of pre‐POC spectra. The pre‐POC spectra were
later used to calibrate all other spectra by confirming
coinciding peaks.

For comparison, analyses of the polymers were also
performed with traditional crystalline matrices, THAP,
3‐HC, and CHCA. A series of volumetric mixtures was
investigated. Sample solutions of 100 μL (10mg/mL) of
each crystalline matrix component in THF were mixed
with 1, 5, 10, 15, 20, 30, 40, and 50 μL of each polymer
solution to determine conditions for optimal ion response.
In all cases, the mixture with 10 μL of polymer solution
provided the best signal quality. The data presented were
taken from 100 μL of matrix solution mixed with 10 μL of
polymer in a microcentrifuge tube, which had been vortex
mixed for 15 s. From this solution 2 μL was placed on a
MALDI plate and allowed to dry for 3min prior to
analysis.

A Bruker Autoflex I MALDI time‐of‐flight mass spectrom-
eter (Bruker‐Daltonics, Billerica, MA, USA) housing a ni-
trogen laser (337 nm) was used in the positive ionization
reflectron mode. The delayed extraction time was set at 20 ns.
Acceleration, lens, and reflector voltages of 19 kV, 8.3 kV and
20 kV were implemented, respectively. The low mass cut‐off
was placed at m/z 400. The detector voltage was set at
1.808 kV. Each spectrum was collected as an average from 200
laser shots.
wileyonlinelibrary.com/journal/rcmJohn Wiley & Sons, Ltd.
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Figure 2. MALDI‐MS spectra of pre‐POC in 3‐HC expanded over the region from m/z 1200 to 1900. Major
peaks are assigned as units containing varying amounts of citrate and diol.
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RESULTS AND DISCUSSION

A portion of a spectrum of pre‐POC analyzed with the
3‐HC‐DIPEA ILM is shown in Fig. 2. This spectrum affords
evidence for a citrate and diol poly‐condensation reaction.
This pattern was seen in the pre‐POC samples analyzed in all
three ILMs, as well in all the amino acid versions of BPLPs,
excluding Lys‐BPLP, as discussed later.
BPLP samples in CHCA‐DIPEA optimally respond to laser

fluencies equal to 30% of the maximum laser power (rating
set at 129μJ). This power setting is insufficient to elicit an
appreciable signal for 3‐HC‐DIPEA and THAP‐DIPEA.
Therefore, each ILM was evaluated for an optimal setting.
For 3‐HC‐DIPEA and THAP‐DIPEA these settings were 50%
and 60% attenuation, respectively, based on the resolution of
isotopic peaks and signal intensity. Each ILM gradually
produced an increasing ion current with an increase in
percent attenuation of the laser power, and then declined
after reaching a maximum. A maximum was reached at
approximately 62% maximum laser power for 3‐HC‐DIPEA,
74% for THAP‐DIPEA, and 47% for CHCA‐DIPEA.
A comparison of the three ILMs was performed with the

biopolymer Cys‐BPLP as a representative analyte (Fig. 3).
The performance of 3‐HC‐DIPEA and THAP‐DIPEA was
comparable with that of CHCA‐DIPEA. The polymer
characterization of Cys‐BPLP yielded similar results for all
three ILMs (Table 1). The extent to which high mass values
appeared in each spectrum was also similar although, in this
regard, 3‐HC‐DIPEA consistently revealed more lower‐
intensity high‐mass signals than THAP‐DIPEA throughout
this study.
When the 3‐HC‐DIPEA and THAP‐DIPEAwere compared

with the corresponding crystalline matrix preparations (HC
and THAP, respectively) the signals obtained with the ILMs
were more intense and a more significant distribution of
masses, especially in the higher mass range, was visible
wileyonlinelibrary.com/journal/rcm Copyright © 2011 John Wile
(Fig. 4). While this difference may be attributable to different
optimal matrix‐to‐sample ratios used for the crystalline
matrix versus the ILMs, a range of matrix‐to‐sample ratios
for the crystalline matrix preparation was surveyed, and the
best results obtained are presented. In addition, in order to
increase the data quality for the spectra captured following
crystalline matrix preparation, the laser was steadily rastered
across the spot, to minimize the exhaustion of the matrix at
one spot. Rastering was not necessary to obtain high‐quality
data for the ILM preparations. In some cases, spectral
features attributed to the incorporation of amino acids in the
polymers could be seen with the use of crystalline matrices
(data not shown). However, these signals had a very low
signal‐to‐noise ratio. This was not the case for samples
analyzed in conjunction with the ILMs, where clear
evidence for the incorporation of amino acids could be
seen in 15 of the 16 BPLP sample analyzed. The exception
was Lys‐BPLP, which did produce a robust spectral profile
and distribution of peaks, but signals for pre‐POC did not
align with the previous standardized spectra. This is
probably attributable to the contribution of the side‐chain
amine in Lys, which could extend and complicate the
variation of chain structures accessible during the polymer-
ization process.

The different varieties of BPLP could be distinguished by
the amino acid incorporated into each synthesis with the
use of both 3‐HC‐DIPEA (Fig. 5) and THAP‐DIPEA (Fig. 6).
Figure 5 shows that an amino acid is probably present in
the BPLP and, secondly, that an additional loss of water
occurs concurrently with the addition of that amino acid.
For several of the BPLPs, the signal associated with loss of
water is observed at higher intensity than that for the
hydrated amino acid residue. This is most noticeable in the
spectra of Trp‐BPLP (Fig. 5(D)) and Tyr‐BPLP (Fig. 5(E)),
taken in 3‐HC‐DIPEA. The application of THAP‐DIPEA
to the BPLP family demonstrated similar results making
y & Sons, Ltd. Rapid Commun. Mass Spectrom. 2011, 25, 1152–1158



Figure 3. MALDI‐MS spectra of Cys‐BPLP taken in ILMs (A) CHCA‐DIPEA, (B) 3‐HC‐DIPEA, and
(C) THAP‐DIPEA.

Table 1. Number average molecular weights (Mn), weight average molecular weights (Mw),
and polydispersities (Mw/Mn) of pre‐POC from analyses using three ILMs

Mn Mw PD

3‐HC‐DIPEA 1510 1710 1.13
THAP‐DIPEA 1710 2030 1.19
CHCA‐ DIPEA 1460 1670 1.14

Figure 4. MALDI‐MS spectra of pre‐POC taken in (A) 3‐HC‐DIPEA, (B) a dry preparation of 3‐HC,
(C) THAP‐DIPEA, and (D) a dry preparation of THAP.

Analysis of aliphatic biodegradable photoluminescent polymers
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Figure 5. MALDI‐MS spectra, expanded over the region from m/z 1225 to 1450, of BPLPs incorporating
(A) valine, (B) leucine, (C) methionine, (D) tryptophan, and (E) tyrosine, collected using the ILM 3‐HC‐DIPEA.

Figure 6. MALDI‐MS spectra, expanded over the region from m/z 1225 to 1450, of BPLPs incorporating
(A) alanine, (B) glutamic acid, and (C) tyrosine. collected using the ILM THAP‐DIPEA.
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it possible to distinguish the members of the BPLPs by
the amino acid incorporated during synthesis (Fig. 6).
A similar incorporation of amino acid is observed, along with
a loss of water; however, some signal intensities were
diminished relative to that obtained for 3‐HC‐DIPEA. An
exception is seen for Glu‐BPLP (Fig. 6(B)), where an overlap
of Glu‐BPLP signals was observed with pre‐POC signals
(signal envelope at m/z 1378–1380). Other BPLP variants, not
shown, also demonstrated the presence of an amino acid as a
part of the polymer molecule when both 3‐HC‐DIPEA and
THAP‐DIPEA ILMs were used.
wileyonlinelibrary.com/journal/rcm Copyright © 2011 John Wile
While a loss in water, as shown in these spectra, is not
definitive evidence, these findings do not contradict the
proposal for a condensed six‐membered ring formed between
the residual hydroxyl group on citrate and the free carboxylic
acid group on the amino acid during synthesis, as shown in
Fig. 1.[37] Addition of the amino acid to terminal groups on the
citrate during synthesis may provide some ambiguities, and
maybe the reason why only some of the amino acids cyclize.
This evidence is one more step in understanding the
interesting chemistry which produces the extraordinary
fluorescent properties of the aliphatic BPLP polymer class.
y & Sons, Ltd. Rapid Commun. Mass Spectrom. 2011, 25, 1152–1158
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CONCLUSIONS

This study introduced two new ILMs, 3‐HC DIPEA and
THAP‐DIPEA, as viable alternatives for characterizing fluor-
escent aliphatic BPLPs. Their performance was comparable
with that of the CHCA‐DIPEA ILM, reported previously, and
they may find additional uses in future applications. In all
cases, the ILMs showed enhanced spectral intensity and
characterization data quality compared with crystalline
matrix preparations. In addition, evidence was outlined to
support the potential for a cyclization product involving the
citrate backbone and amino acid terminus to yield the
structure put forward by the original authors as the source
of fluorescence in this polymer class.
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