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Abstract

Fragmentation of different generations of poly(amidoamine) dendrimers was explored in five common MALDI

matrices: 2,5-dihydroxybenzoic acid (DHB), 4-hydroxy-3-methoxycinnamic acid (FER), a-cyano-4-hydroxycinnamic
acid (ACH), 2,4,6-trihydroxyacetophenone (THAP), and 3-hydroxypicolinic acid (HPA). Of these, DHB was the softest

matrix and ACH produced significant fragment intensity already at MALDI threshold, FER and THAP being in

between. HPA was not a convenient matrix for dendrimers and produced a specific fragmentation pattern. Fragmen-

tation analysis was mainly concentrated on generation G1, which contains already all essential structural elements.

Dendrimers showed complicated fragmentation behavior with multiple fragmentation channels in our MALDI exper-

iments. The relative intensities of these channels depended selectively on choice of the matrix and showed dissimilar

dependence on the laser pulse energy. This was attributed to different fragmentation mechanisms, due to different pro-

tonation pathways, occurring in the same MALDI plume. The fragmentation pathways were proposed for all observed

fragmentation channels. All fragmentation sites of protonated ions were found to be directly attached to the proton-

ation sites and the fragmentation was surplus charge driven in this sense. No charge remote fragmentation channels

were detected. Cationized dendrimers showed higher stability than the protonated ions.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Polyamidoamine (PAMAM) dendrimers are syn-

thetic polymers characterized by a branched structure

with multiple amide bonds and amine surface and core.

Because of its spherical tree-like shape and a number of
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identical amino groups on the surface, the compounds

have unique chemical and physical characteristics, which

make them promising candidates for various applica-

tions [1–3]. Therefore, characterization of the fine struc-

ture of PAMAM dendrimers is an essential task in order

to disentangle the spectra of the complex dendrimer con-

jugates with biomolecules and bioactive compounds.

Several analytical techniques, including laser desorption,

electrospray ionization [4,5] and MALDI-TOF [6] mass

spectroscopy, were used to characterize dendrimers.
ed.
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However, there are several processes that are involved in

the formation of signals in these MS methods. To inter-

pret complex MALDI MS spectra, deeper understand-

ing of the fragmentation processes is needed. In a

previous article, we discussed signals in the MALDI

TOF MS spectra of PAMAM dendrimers that arouse

from the defects of the dendrimer [7]. In the present

study, we focus on the fragmentation process itself and

on the fragments that form in the course of laser induced

desorption during the MALDI mass spectra generation

process.
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Fig. 1. MALDI mass spectra of G1 with DHB as the matrix,

taken with different laser pulse energies: (a) near MALDI

threshold energy, (b) about 2· threshold energy, (c) about 3·
threshold energy. Capital letters indicate different fragmenta-

tion channels, see main text, M designates parent ion. Hatched

area shows charged PSD fragments, crosshatched area neutral

PSD fragments.
2. Experimental

2.1. Materials

Fragmentation of different generations of PAMAM

dendrimers was explored in five common MALDI

matrices: 2,5-dihydroxybenzoic acid (DHB), 4-hydroxy-

3-methoxycinnamic acid (FER), a-cyano-4-hydroxycin-
namic acid (ACH), 2,4,6-trihydroxyacetophenone (THAP),

and 3-hydroxypicolinic acid (HPA). All of these were

purchased from Aldrich and were used without further

purification. Samples of PAMAM dendrimers were pre-

pared and purified preliminarily according to [7,8].

2.2. Chromatographic purification

PAMAM dendrimers were purified additionally in

two ways. First, 1.5 g of the Silasorb Diol 10 lm (Chem-
apol, Prague, Czech Republic) was mixed with 4.5 ml of

water. The slurry was poured into a glass column of

200 mm ·B10 mm with a glass frit bottom, the adsor-

bent allowed for subsiding in the flow of water 0.5 ml/

min, and the final 120 mm high sediment column was

covered with a 2 mm layer of glass wool. Aliquots (1–

2 ml) of the sample solution (10 mg/ml) were applied

to the column, allowed to soak into the adsorbent and

the column was eluted with water of 0.5 ml/min. Frac-

tions of 0.5 ml were collected for subsequent MALDI-

TOF MS research. Second, HPLC purification was done

in a symmetry C18 column. The eluent system was (A)

0.1% trifluoroacetic acid in water and (B) acetonitrile.

The linear gradient 0–50% of B in 20 min was used

(1 ml/min). Different fractions were collected for subse-

quent analysis.

2.3. MALDI measurements

All the spectra were taken with an original linear

MALDI mass spectrometer (built at the National Insti-

tute of Chemical Physics and Biophysics, Estonia) with

delayed extraction, equipped with an ETP AF850H elec-

tron multiplier for ion detection and a XeF excimer laser

on the wavelength of 351 nm for desorption/ionization.
This apparatus provided high sensitivity and extended

dynamic range for laser intensity dependent measure-

ments. We could analyze spectra with maximum ion

intensities varying over three orders of magnitude. In

addition, our mass spectrometer could be used as a sim-

ple post source decay (PSD) analyzer. The detector had

a 5 kV conversion dynode in front of the electron ampli-

fier. In the acceleration region of the conversion dynode,

charged fragments, formed in the field free flight region,

were accelerated more than the parent ions, arrived ear-

lier due to smaller mass, and formed a shoulder in front

of the line. Neutral fragments were not accelerated at all

in this region, they came later, and formed a hump be-

hind the line, see hatched areas in Figs. 1 and 3. This

analysis was not quantitative, but it gave useful qualita-

tive information of the internal energy of the parent and

prompt fragmentation ions.

For mass calibration in different mass ranges, such

standard compounds as substance P, insulin b-chain,

bovine insulin and horse heart cytochrome C were used.

2.4. Sample preparation for MALDI

The dendrimer solution for analysis was prepared by

dissolving 1 mg of purified dendrimer syrup in 1 ml

water. Additionally, different dilutions of this solution

were made. The matrix solution was prepared by dis-

solving 10 mg of matrix in 1 ml of 1:1 mixture of deion-

ized water and acetonitrile. An analytical sample was

prepared by mixing a dendrimer solution (1 ll) with
the matrix solution (1 ll) on a stainless steel probe tip,
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and this mixture was allowed to dry at room tempera-

ture. For half generation dendrimers, solutions were

made in methanol, to avoid hydrolysis.
3. Results and discussion

Our fragmentation analysis is mainly concentrated

on generation G1, which contains all essential structural

elements and is in the most convenient mass region for a

detailed MS analysis. Also, G1 can be chromatographi-

cally purified from higher and lower generations as well

as from ‘‘structural errors’’. Additionally, we measured

lower and higher generation, as well as half generation

dendrimers for comparison. These provided us addi-

tional information, especially about single branch frag-

ments that fell into the matrix mass region in the G1

spectra, complicating the interpretation.

3.1. Fragmentation dependence on the laser pulse energy

It was possible to obtain almost unfragmented mass

spectra when suitable matrices near MALDI threshold

were used. At higher laser intensities, significant frag-

mentation appeared, and some ‘‘hot’’ matrices produced

considerable fragmentation already at the threshold.

Furthermore, we observed the existence of several frag-

mentation channels that showed different dependencies

on the choice of the matrix and variation of the laser

pulse energy.
Fig. 2. The first generation PAMAM dendrimer with fragmentation
The softest matrix tested was the fucose/DHB mix-

ture [7], but for low generations DHB did not produce

appreciable fragmentation either. At the threshold, in

addition to the main component peak at 1430.02 Da,

the mass spectrum of G1 contained only structurally

defective dendrimers [7] that were present even after

chromatographic purification. However, there appeared

one line at exactly half mass of the dendrimer that we

attributed to a special fragmentation channel. At higher

laser intensities, two more strong fragmentation chan-

nels emerged, and at even higher laser intensities, exces-

sive fragmentation stepped in, manifested by many

broad bands and higher background, see Fig. 1. The

main fragmentation channels of G1 presented in Fig. 1

correspond to the proposed fragmentation sites in

Fig. 2. We can distinguish between five principally differ-

ent fragmentation channels (A, B, C, D and E in Fig. 2).

All of these channels assume a transfer of an electron to,

or a hydrogen atom from the protonation site, and are

surplus charge driven in this sense, see Fig. 3. Fragmen-

tation channels B and C depended strongly on laser

intensity, they could be suppressed with soft matrices

near the threshold, and at higher laser intensities, they

dominated the fragmentation pattern. Channel C 0 is an

analogue to channel C, only one layer further from the

core of the dendrimer, and appeared considerably

weaker.

Channel B implies a transfer of an electron from car-

bon to protonated nitrogen to form a charged alkyl

group that probably folds back to nitrogen, forming a
sites, observed in this work. � indicates the charged fragment.
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Fig. 3. Proposed mechanisms for observed fragmentation channels.
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three membered ring [9]. For channel C fragmentation,

the proton from nitrogen, together with an electron (for-

mally a hydrogen atom) has to be transferred to the

b-carbon from nitrogen. Comparing gas phase basicities

of different amines [10], we found that substituted ethy-

lenediamine core nitrogens are always more basic than

other amine nitrogens, making the core nitrogens of

the dendrimers preferable protonation sites. This would

explain why the fragmentations near the core dominated

and channel C 0 was weak.

Channel A revealed a different behavior. The charged

fragment at exactly half dendrimer mass appeared in all

mass spectra, and its abundance depended less on laser

intensity than abundance of B and C channel fragments.

While near threshold A was the dominating fragmenta-

tion channel, at higher laser energies, B and C channel

fragments dominated. However, channel A intensity

depended strongly on the choice of the matrix.

Fragmentation channels D and E produced charged

single branch fragments. These could be observed in

the mass region of the matrix induced lines in the spectra

of G1 as repeating lines with different matrices, and as

dominating lines with high analyte concentrations due

to the matrix suppression effect [11,12]. These channels

are easily visible in the spectra of higher generation den-

drimers, and become the main fragmentation channels
in generations 4 and 5 (see Fig. 7). These channels are

charge induced like the other three.

These results are in good compliance with both

MALDI [9] and electrospray [13] fragmentation analysis

of poly(polypropylene imine) dendrimer positive ions.

They report analogues to channels B and D as dominant

fragmentation pathways. There are three alkyl carbons

in every link in these dendrimers instead of two in PA-

MAM, and no fragmentations between carbons could

be detected (these would be analogues to channels A

and C).

However, collisional fragmentation of PAMAM den-

drimer negative ions gave a completely different pattern,

dominated by retro-Michael type reactions [14].

It is interesting to note that we did not observe any

fragmentations associated with amide or carbonyl

groups. These fragmentation channels dominate in pep-

tides [15] and in synthetic poly(amidoamine) hyper-

branched polymers [16], but in PAMAM dendrimers,

the amide nitrogens are not basic enough to attract pro-

tons, or close enough to protonation sites for a charge

induced fragmentation.

There were two more minor fragmentation channels

F and F0 forming ions that could be generated from the

corresponding defective parent structures as well. How-

ever, through different purification routes minimizing
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these defects, and comparison to fragmentation patterns

of half generation dendrimers, where these defective

structures are not possible, we could exclude these frag-

ments from the original sample. For these fragmenta-

tions to be energetically feasible in positive ion mode

MALDI, in addition to proton transfer, double hydro-

gen atom transfer is needed, and probably this does

not occur in the MALDI plume. We suggest that these

fragmentations correspond to retro-Michael reaction

that is known to take place in acidic solutions [17],

which did happen already in the preparation of the sam-

ple or maybe in the solid matrix.

3.2. Fragmentation dependence on the matrix

We obtained the MALDI mass spectra of G1 with all

the common matrices listed above. However, from the

point of view of fragmentation, the behavior of those

matrices was quite different. The softest matrix was the

mixture of DHB and fucose 1:1 [7] followed by DHB.

Fig. 4 shows the mass spectra of G1 in four other com-

mon matrices (THAP, FER, ACH and HPA). The spec-

tra were recorded with laser pulse energy that gave

similar intensity for the B and C channel fragmentation.

For ACH it was near threshold, for FER and THAP the

required energy was considerably higher. With HPA no

B and C fragmentations could be obtained, independent

of laser pulse energy.

B and C channel fragmentation follows well the ac-

cepted hierarchy of ‘‘cold’’ and ‘‘hot’’ matrices: near

the threshold, DHB and FER produced almost no frag-

mentation in these channels, while with ACH the frag-

mentation into these channels was always visible, and

the useful laser pulse energy range was much narrower
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Fig. 4. MALDI mass spectra of G1 with different matrices.

Capital letters indicate different fragmentation channels, M

designates parent ion.
for ACH. The behavior of THAP was somewhere in

between.

A well-known cold matrix HPA [18] was a special

case. This matrix is widely used for oligonucleotides

[19], but it is not a convenient matrix for dendrimers

similar for peptides. We were unable to get high resolu-

tion and low noise spectra of dendrimers using this

matrix. The spectrum appeared only at high laser inten-

sities, and then contained unidentified humps, and lines

were wider than with other matrices. However, even at

the highest laser intensities, no B or C channel fragmen-

tation was detected. On the other hand, channel A signal

was stronger than in the case of any other matrix, and its

intensity ratio to the parent ion was practically indepen-

dent of laser intensity.

Although THAP is not an acidic matrix, it still pro-

duced a strong protonated signal. In fact, it was the only

matrix that produced a measurable double protonated

signal (see Fig. 4) that is remarkable for such a small

molecule. At the same time, this matrix causes very little

channel A fragmentation, the corresponding line was al-

ways smaller than line corresponding to channel B. On

the other hand, ACH and FER gave dominant A chan-

nel fragmentation at all laser pulse energies, despite one

being a hot and the other a cold matrix.

Both protonated and cationized dendrimer ions

could be obtained in all matrices, their ratio depending

on sample preparation procedures and laser spot locali-

zation on the sample, on analogy to peptides containing

basic residues. However, fragmentation behavior of pro-

tonated and cationized ions was completely different.

While protonated ions fragmented strongly at higher

laser intensities, cationized ions showed almost no frag-

mentation (see Fig. 5). The lower fragmentation inten-

sity could be seen in both: lack of cationized fragment

ions, and in high stability of cationized parent ions.

The PSD shoulders, heavily present in protonated par-

ent and fragment ion lines, are very weak or missing in

cationized parent ion lines. Only the channel A fragment

at half parent mass had a small cationized companion.

3.3. Post source decay

Broadening of the original mass lines and those cor-

responding to the fragmentation channels mentioned

deserves further attention. The charged fragments that

were formed within the time interval between the laser

pulse and the ion extraction pulse (530 ns in these exper-

iments) were accelerated like parent ions, and they

formed sharp lines in the mass spectrum. This process

is called ‘‘prompt fragmentation’’ in the context of the

present work. However, shoulders in front of the lines

and humps behind them (see Figs. 1 and 5) witness the

fragmentation occurring during the flight between the

ion source and the ion detector entrance. This fragmen-

tation happens due to the internal energy of the ions and
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depends on the stability of a particular structure, and on

the processes through which ions were formed and con-

ditioned. More fragmentation means more internal

energy or lower stability of the ion. We can conclude

that cationized dendrimer ions are more stable than

the protonated ones, similar to peptides [15]. The B

and C fragments are prone to further fragmentation, dif-

ferent from A channel fragments. A more detailed study

of the PSD of protonated and cationized dendrimers will

be published separately.

3.4. Other generations

A detailed analysis of fragmentation channels is pos-

sible for generations up to G3 (see Fig. 6 for G2). The

fragmentation channels observed were similar in all gen-

erations. However, there appeared also small differences.

For example, in G2 channel B was weak and the line

corresponding to channel C was wide due to strong

PSD. At higher laser intensities, the spectra reveal strong

background and low parent ion intensities, manifesting

of extensive fragmentation via many overlapping chan-

nels. Channels D and E, producing single charged

dendrimer branches (that were buried into matrix back-

ground in G1), were easily detected in G2. Intensities of

these channels are again matrix dependent, channel D

being the strongest in ferulic acid, and channel E gaining

prominence at higher laser intensities. The fragmenta-

tion observed in G1.5 and G2.5 was similar to full gen-

erations. In higher generations, the fragmentation

channels associated with protonation of core nitrogens

were getting less prominent, probably due to many more
amine nitrogens available, and dendrimer outer layers

hampering the access of the proton donors to the core.

On the other hand, fragmentation channels analogous

to D and E appeared in the outer dendrimer layers, pro-

ducing the same fragments as in the case of lower

generations.

For generations 4 and 5, a detailed fragmentation

analysis was not possible due to low resolution, but we

can follow the fragmentation pattern in the lower mass

region, the prominent fragment masses corresponding

to a single branch (1/4 M) and the second layer single

branch (1/8 M) mass regions (see Fig. 7 for G4.5).

DHB/fucose matrix produced the least fragmentation,

but caused a shift of the mass distribution in the parent

ion range to higher masses. This is a general observation

for generations 4 and 5, probably due to fucose adducts

inside the dendrimer shell that cannot escape in the time

scale of the MALDI experiment. Fragmentation in the

case of FER produced a significant fragmentation into

single branch charged fragments already at MALDI

threshold (compare to channel D, G2 in Fig. 6). How-

ever, the extent of fragmentation is overestimated here

due to the higher sensitivity of the ion detector to lower

mass ions. The extent of fragmentation depends on the

analyte concentration. Lower concentrations produced

less fragmentation, e.g. for G4 to G5 analyte-matrix

weight ratio 1:20 was still too high. For smaller analytes,

higher concentrations were tolerated, e.g. for G1 the

analyte-matrix weight ratio, from which an enhanced

fragmentation appeared, was around 1:5. We must keep

in mind, however, that for the dried droplet preparation

method used in this work, analyte concentration is not

well defined.
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3.5. Conclusions

PAMAM dendrimers showed a complicated frag-

mentation behavior in the MALDI experiments, with

multiple fragmentation channels that depend on the

matrices and on the laser pulse energy. All fragmenta-

tion sites of protonated ions were found to be directly at-

tached to the protonation sites and the fragmentation is

surplus charge driven in this sense. No charge remote

fragmentation channels were detected.

Cationized dendrimers showed higher stability than

the protonated ions we could not detect any fragmenta-

tion channels for cationized ions under the conditions

where the protonated parent ion signal was comparable

to the cationized parent ion signal. Different fragmenta-

tion mechanisms, probably due to different protonation

pathways, were found to occur in the same MALDI

plume, emphasizing the need for detailed studies of the

MALDI mechanism in order to interpret all the features

of the obtained spectra.
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