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Abstract

A step-by-step synthesis/purification (CC, HILIC, HPLC) of poly(amidoamine) PAMAM dendrimers was per-
formed. MALDI-TOF MS in the linear and reflectron mode was used to analyze the purified samples and byproduct
samples of GO-GS5 generations of the dendrimers up to the mass of 35000 Da. DHB/fucose was found to give the best
resolution, causing the least fragmentation of the samples. The precise mass number for the ideally branched dendri-
mers and their “structural errors” was obtained. The profile of the structural errors was established.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Poly(amidoamine) (PAMAM) dendrimers are syn-
thetic polymers with unique structural and physical
characteristics. These dendrimers consist of an ethylene-
diamine (EDA) or ammonia initiator core, a repeating
monomer unit of polyamidoamine (-CH,CH,CONH-
CH,CH;N<) and a terminal amino group, which can be
subsequently used in the synthesis of further generations
of the dendrimer (Fig. 1).

Recent years have seen increased interest in charac-
terizing the structure of PAMAM dendrimers. Several
analytical techniques, including size exclusion chroma-
tography (SEC) [1,2], low angle laser light scattering
(LALLS) [2,3], infrared (IR) spectroscopy [4], capillary
electrophoresis (CE) [5-7], MS (chemical ionization and
fast-atom bombardment [8], laser desorption and elec-
trospray ionization [9] and MALDI-TOF [10]) and 'H,
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’H, *C NMR [1,4,8,11], were applied in these descrip-
tions. Unfortunately, the performance of all these tech-
niques declines with an increasing molecular weight.

This study focuses on the structural deviations in
PAMAM dendrimers by stepwise synthesis of the EDA
initiator-core PAMAM dendrimer with an amidoamine-
repeating unit up to generation 5, using different
chromatographic purification techniques, followed by
simultaneous investigation of the MALDI-TOF MS
spectra of the obtained fractions.

2. Experimental
2.1. Materials

The used matrixes 2,5-dihydroxybenzoic acid (DHB),
4-hydroxy-3-methoxycinnamic (ferulic acid), a-cyano-4-
hydroxycinnamic acid, 1,8,9-anthracenetriol (dithranol),
and D-(+)-fucose were obtained from Aldrich and used
without further purification. Substance P, insulin -
chain, bovine insulin and horse heart cytochrome C were
purchased from Sigma.
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Fig. 1. Schematic diagram of a polyamidoamine dendrimer. The compound is a second-generation dendrimer.

2.2. Preparation and chromatographic purification of
PAMAM dendrimers

The construction of an EDA-core PAMAM dendri-
mer consist of two consecutive steps: Michael addition
of primary amine (EDA in the very first step) to methyl
acrylate followed by amidation of the formed multiester
(tetraester at the very beginning) with EDA (Fig. 2)
[1,2,8].

The first six generations (generations 0-5) of EDA-
core polyamidoamine dendrimers were synthesized in
the stepwise process described in [6]. In order to obtain
less complicated MS spectra (minimize both the intra-
molecular defects, missing repeating units, intramolec-
ular loops) and intermolecular aggregates (dimers) as
well as lower generation dendrimers, different chroma-
tographic purification procedures of the multiester
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compounds G0.5-G4.5 were used. The generations —0.5,
0.5 and 1.5 were purified by column chromatography on
a silica gel; G2.5, G3.5, and G4.5 by column chromato-
graphy on Sephadex LH-20. In both cases, methanol or
its mixture with dichloromethane was used as the eluent.
The generation homogeneity of the synthesized dendri-
mers was followed by capillary zone electrophoresis
(CZE) [6,7] and by 'H and '3C NMR spectroscopy.
The first full generation dendrimer (G1) was purified
using hydrophilic interaction chromatography (HILIC)
and high-pressure liquid chromatography (HPLC).
HILIC. 10 x 150 mm glass column was filled with 55
mg Silasorb Diol (10 pm; Chemapol Prague, Czecho-
slovakia). 1 mg G1 was dissolved in 100 pl acetonitrile/
water (1:1) mixture and inserted into the column. Air
pressure (0.1 bar) was applied to the column, and the
first fraction was collected. The next fractions were
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Fig. 2. Diagram of the synthesis of EDA-core PAMAM dendrimers.
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Table 1
13C and '"H NMR chemical shifts in the first generations of EDA-core PAMAM dendrimers in the CDCl; solution

Group No. BcC H 13C 'H 13C H 13C 'H 130 'H 130 'H 13C

of C  GO0.5 GO GO0.5 Gl GL.5 G2 G2.5
-C*HoN< 2 5217 247 5189 242 5115 255  51.03 246  50.84 255 50.84 247  50.44
NCH; 4 49.68 274 5049 2.67 50.03 2.77 49.84 2.67 49.84 276 49.84 2.68  49.60
C*H,CO 4 32.54 242 3427 236 3369 236 33.53 226 3337 236 3338 235 33.39
C*00 4 172.89 - - - - - - - - - - -
COOC*H; 4 51.46 3.65 - - - - - - - - - - -
C*ONH* 4 173.11 7.69 172.18 7.19 172.55 8.1 172.16 778 17237 7.80 172.20
NHC*H, 4 4226 327 3705 328 37.63 316 3723 327 3736 323 37.03
C*H,N< 4 4148 2.80  52.82 255 52,64 247 5218 259 5221 248  51.81
>NC*H, 8 49.15  2.77  50.37  2.69  49.62 281 49.84 2.69  49.50
C*H,CO 8 3254 244 3409 23 33.51 237 3367 230 3339
C*00 8 172.87 - - - - - - - -
COOC*H; 8 5149 3.72 - - - - - - -
C*ONH* 8 17290 7.89 172.05 7.05 17242 798 171.88
NHC*H, 8 4211 322 3691 328 3744 323 3694
C*H,N< 8 4137 275 52.63 255 5253 246 5192
>NC*H, 16 4897 2.76  50.16 2.67  49.32
C*H,CO 16 324 244 3391 229 3326
C00 16 17276 - - - -
COOC*H; 16 51.35  3.67 - - -
C*ONH* 16 172.82  7.89 171.80
NHC*H, 16 42.01 322  36.65
C*H,N< 16 4125 275 5235
>NC*H, 32 48.72
C*H,CO 32 32.14
C*00 32 172.45
COOC*H; 32 51.04

collected analogously, using 100 pl of the same eluent,
2 x 100 pl of distilled water, 2 x 100 pl of distilled water
acidified with acetic acid to pH = 3.39, and finally, with
2 x 100 pl of distilled water/acetic acid (pH = 2.98). The
resulting fractions were lyophilized and analyzed by
MALDI-TOF MS.

HPLC. HPLC analysis was carried out on the Shi-
madzu system: LC 10AT vp HPLC pump, SPD-10A VP
UV-VIS detector and SCL-10A VP system controller.
The date was collected and analyzed on a Shimadzu
ClassVP software. Samples of G1 (40 pl, ¢ = 8 mg/ml)
were analyzed in a Symmetry C;g column (4.6 x 250 nm,
5 pm), detection at 218 nm. The eluent system was (A)
0.1% trifluoroacetic acid in water, (B) acetonitrile. The
linear gradient 0-50% of B in 20 min was used (1 ml/
min). The different fractions were collected, lyophilized,
and analyzed by MALDI-TOF MS.

2.3. NMR spectrometry

The structure of lower generation dendrimers was
confirmed by 'H and '*C NMR high field (11.7 T)
spectroscopy on an AMX500 MHz Bruker instrument.
The samples were dissolved and measured in the CDCl;
solution. In the case of higher generations, a small
amount of CD;0OD was added to improve their solu-

bility (additional effects on the C-13 spectra do not ex-
ceed 0.2 ppm). 2D FT 'H-'3C COSY -correlation
diagrams were applied to resolve the overlapping of 'H
signals. The 'H and '3C NMR chemical shifts in the first
generations of EDA-core PAMAM dendrimers are
presented in Table 1. The assignments slightly differ
from those presented in [8].

2.4. MALDI-TOF mass spectrometry

A dendrimer solution was prepared by dissolving 1
mg of the purified dendrimer syrup in 1 ml of water.
Additionally, a 1:10 dilution of this solution was made.
The matrix solution was prepared by dissolving 10 mg
of matrix in 1 ml of the 1:1 mixture of the deionized
water and acetonitrile. The analytical sample was
prepared by mixing the dendrimer solution (1 pl) with
the matrix solution (1 pl) on a stainless steel probe tip,
and this mixture was allowed to dry at room temper-
ature.

The MALDI mass spectra were recorded on two dif-
ferent time-of-flight MALDI mass spectrometers (both
original equipment built at the National Institute of
Chemical Physics and Biophysics, Estonia). In the case
of lower dendrimer generations, the instrument with a
reflectron mode and with a delayed extraction was used.
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For a higher dendrimer generations, the instrument with
linear delayed extraction MALDI technique was used.

In the reflectron mode, a 2.6 kV pulsed extraction and
a 14.6 kV total acceleration voltage were applied. The
delay was optimized separately for different mass ranges.
A double multichannel plate detector with a conversion
dynode was used for ion detection and a Tektronics
TDS 520 digitizing oscilloscope, for data accumulation.
An excimer laser pumped dye laser working at 340 nm
was used for desorption/ionization.

The other mass spectrometer that was used in linear
mode, was equipped with an ETP AF850H electron
multiplier with a conversion dynode as the detector and
an XeF excimer laser at the wavelength of 351 nm for
desorption. For mass calibration in different mass ran-
ges, standard compounds such as substance P, insulin -
chain, bovine insulin and horse heart cytochrome C,
were used.

Different standard MALDI matrixes such as 2,5-
dihydroxybenzoic acid, 4-hydroxy-3-methoxycinnamic
acid, o-cyano-4-hydroxycinnamic acid, dithranol and
DHB/fucose (1:1 mixture) were used.

3. Results and discussion
3.1. MALDI-TOF MS analysis of the synthetic fractions

Of all mass spectrometric methods MALDI-TOF MS
is most tolerant to impurities. It produces predomi-
nantly single charged ions, allowing for the determina-
tion of the direct mass number of oligomers, which can
produce true molecular weight distributions for the
narrow-distributed polymers. However, in polymers
with wide mass distributions or blends of polymers,
different mass dependent or oligomer-specific discrimi-
nation effects appear, and quantitative conclusions can
be drawn only by involving other analytical methods as
well [12].

Up to generation G1.5, the spectra near MALDI
threshold consist of sharp lines corresponding to ideally
branched and defective protonated dendrimers, their
fragmentation products, and weak lines corresponding
to Na and K adducts. Starting from G2.5, unresolved
background signals emerge. Already for G4.5, the spec-
tra line structure was lost. Still, the mean molecular
weight distribution was readily observed.

The full generations of PAMAM dendrimers have
numerous amino groups with good proton accepting
ability in the outer shell and can readily be ionized by
proton addition. In higher generations, the spectral lines
became weak and, as a result, excessive laser power was
needed. The best spectra for both a half and full gen-
erations signal were obtained when a 1:1 DHB/fucose
mixture, a well-known “cold” matrix, was used [13,14].
However, it also caused a background to emerge be-

ginning from G2, probably due to the trapping of the
sugar molecules inside the dendrimer framework.
MALDI mass spectra for all half and full generations
of the dendrimer up to G5 in the linear mode and up to
G2.5 in the reflectron mode gave direct information
about the possible “structural errors”. The full isotopic
resolution and superior mass accuracy of the reflectron
mode was used to confirm our assignments of the de-
fective dendrimer structures and prompt decay products.
For generations G4 and G5, we did not obtain a line
structure in the MS spectra (Fig. 3). Still, a general
molecular weight distribution was well observed. Un-
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Fig. 3. MALDI-TOF MS spectra for the first, third and fifth
PAMAM generations.
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fortunately, the MALDI-TOF method does not provide
for the straightforward quantification of the sample
investigated. Therefore we did not obtain the “real”
generation distribution. However, discrimination is gen-
erally against the higher mass, so it can lead only to
overestimation of the lower mass impurities. Despite the
above limitations we have matched all lines in the
spectra with the corresponding structures of structural
errors (Fig. 4).

Mass numbers exceeding the mass of an ideally
branched dendrimer by 422 and +38 are the corre-
sponding Na and K salts (ionization by Na and K are
due to random Na and K impurities in the samples). The
calculated mass numbers of the structural errors are in
very good agreement with those derived from the spectra
(Table 2).

37

The fragmentation of an analytical sample can lower
the intensity, causing sharp lines to emerger due to a
prompt decay inside the ion source. These secondary
lines may interfere with the interpretation of the parent
lines from the primary structural error lines of dendri-
mers. These secondary lines can be excluded through
matrix and laser intensity dependencies and from the
possible mass numbers of the non-fragmented molecular
ions. To elucidate the fragmentation of PAMAM den-
drimers during the MALDI analysis in the linear mode
and to differentiate those from the parent lines of the
primary lines, the laser intensity was varied up to two-
fold from threshold for G1, G1.5 and G2 using differ-
ent matrixes. As a rule, with higher laser intensity
the lines were widened up to the loss of line structure
and a weakly structured background emerged. The
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Fig. 4. PAMAM dendrimer structures detected through MALDI-TOF MS.
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Fig. 4 (continued)
DHB/fucose matrix again provided the best signal and appearance of multiply charged ions in MALDI MS is
caused the least fragmentation of the dendrimer. Our ex- strongly suppressed; also, no ions at mass (M+2H)/2
periments also proved a-cyano-4-hydroxycinnamic acid appear). As no protonated ion with such mass can exist,
to be a “hot” matrix, causing most of the fragmentation, we identified the line as a dendrimer fragmentation
similar to the case of peptides and proteins [15,16]. DHB product, where the central C—C bond in the EDA-core is
and ferulic acid lie between these two in this respect. broken. The negatively charged part of the molecule is
In all spectra from G0.5 to G2 (Fig. 3), we observed a neutralized by a proton, leaving a positive ion with half
line exactly at half the dendrimer mass visible even at the the dendrimer mass (Fig. 5). The corresponding frag-
threshold intensity. The isotope structure of this line mentation of ethylenediamine derivatives is known also

indicates that it corresponds to a single charged ion (the from the MS spectra [17]. The half-mass line could be
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Table 2
Mass numbers determined for ideally branched and defective
PAMAM dendrimers from the MALDI MS spectra

Genera- Experimentally —Calculated

Number of

tion determined molecular compounds in
molecular mass mass Fig. 4
-0.5 405.11 405.22 1
319.08 319.18 2
202.05 202.11 (12M)*
0 517.35 517.39 3
403.26 403.31 4
457.28 457.32 5
258.13 258.19 arzmy*
0.5 1205.52 1205.68 6
1005.47 1005.56 7
801.41 801.46 8
602.27 602.34 (12M)*
2008.14 2008.38 9
1 1429.95 1430.02 10
1369.93 1369.95 11
1315.96 1315.94 12
1201.83 1201.86 13
913.67 913.63 14
714.51 714.51 (12M)*
2800.30 2800.66 15
2343.50 2343.06 16
1.5 2806.25 2806.61 17
2606.10 2606.49 18
2405.98 2406.37 19
1601.65 1601.93 20
1402.56 1402.80 anzmy*
2 3257.1 3257.2 21
3196.9 3197.1 22
3136.8 3137.0 23
3028.6 3028.9 24
2800.3 2800.6 25
1827.3 1827.4 26
1627.8 1628.1 (12M)*

CH o’”\/\ ,\/\\“OCH
CH3O~‘(\/ WOCH
o)

H+

(0] O
CH3OJK/\N—(§H /\)‘OCH_,’
2 -N
CH,0 _(\/ + H,C WOCHS
(0] (0]

Fig. 5. Dendrimer formation with a mass half of that of an
ideally branched dendrimer.

followed up to G3, with its intensity diminishing as
compared to total intensity, with the growth of the
dendrimer, especially in full generations.

3.2. PAMAM dendrimer structural errors profile

The structures of the structural errors of PAMAM
dendrimers were described and characterized in [1,2,8—
10,18]. The PAMAM structural errors can be divided
into two main groups: “errors” that occur in the course
of the synthesis and those from the destruction of the
dendrimer. We have performed a systematic MALDI
MS study of the purified PAMAM generations, sepa-
rated minor impurities, confirmed the presence of some
of the predicted “errors” and found some other deviated
compounds. The typical spectra for the assignment of
the structural error profile are presented in Fig. 6. The
purification, the MALDI MS approach was especially
fruitful for discovering minor higher molecular weight
dendrimers (e.g. dimers), which were detects only after a
special purification procedure that reduced the noise of

5
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c
i .]lL
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B e e s
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Fig. 6. MALDI-TOF MS spectra of G1. (a) G1 without puri-
fication; (b) purified by HILIC (defects 11 and 14 Fig. 4 are
separated); (c) purified by HPLC (defect no. 14 is separated, the
content of defects 12 and 13 is minimized); (d) the last fraction
of HPLC purification, containing mainly dimers 15 and 16 and
their “errors”.
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other structural units (Fig. 6d, Fig. 7, path c). The
amount of separated structural errors—rich fractions
was not sufficient for the NMR assignment of their
structure.

HILIC separation that depends on the number of
amino groups in the outer layer of the dendrimer al-
lowed for the separation of the defects caused by in-
tramolecular cyclization from the mixture of the first
generation defective dendrimers (Fig. 4, compounds 11
and 14, Fig. 6a, lines 1370 and 914). The HPLC method
was suitable for the separation of some defects accord-
ing to their molar mass. The lowest molar mass defect in
the first generation is compound no. 14 (Fig. 4, Fig. 6a,
line 914), which could be completely separated from the
mixture. By using the HPLC, the content of “‘errors”

J. Peterson et al. | European Polymer Journal 39 (2003) 33-42

(Fig. 4, compounds 12 and 13, Fig. 6a, lines 1316 and
1202) also decreased markedly. Defective dendrimer no.
11 (Fig. 4, Fig. 6a, line 1370), having mass very close to
that of Gl itself, could not be separated by this chro-
matographic method. The HPLC method also allowed
the separation of the dendrimer “dimers” (Fig. 4, com-
pounds 15 and 16, Fig. 6d, lines 2801 and 2343), which
could not be clearly identified by MALDI MS before
chromatographic purification. The spectra in Fig. 6
convincingly prove that the defective dendrimers ob-
served in the mass spectra of various generations of
PAMAM dendrimers were formed in the course of the
side reactions during the synthesis rather than during the
fragmentation of an ideally branched dendrimer during
the analysis. In the silica gel purified fractions (GO.5),
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Fig. 7. Concurrent reactions in PAMAM dendrimer synthesis.
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lines corresponding to the dimeric structure (Fig. 4,
compound 9) exist. This structure may form compounds
GO0.5 and “error” 8 (according to Fig. 8). This type of
lines are also appears in higher generations. The quan-
tity of the “ordinary” dimers (according to Fig. 7, path
¢) is quite small and the corresponding line is nearly on
the level of noise. This kind of dimer (Fig. 4, compound
15) can only be formed in the synthesis of a full gener-
ation.

The primary side reactions in the Starburst PAMAM
dendrimer synthesis are those of the incomplete Michael
addition, resulting in unsymmetrical dendrimeric struc-
tures (Fig. 7, path a). These products are clearly seen in
the MALDI MS spectra of the PAMAM dendrimer
early generations (Fig. 4, compounds 2, 4, 7, 12, 13, 18,
19, 24, 25).

Additionally, the structural errors can form via in-
tramolecular cyclization during the formation of a the
full generation of the dendrimer (Fig. 7, path b; Fig. 4,
compounds 5, 8, 11, 14, 20, 22, 23, 26 detected by
MALDI MS). The presence of many identical ester
groups in the outer shell provides different cyclization
possibilities. As a result, a wide variety of different types
of cyclizized products is formed (e.g., Fig. 4, compounds
5 vs 11; compounds 22 vs 23, etc.).

One source of the structural errors is the retro-
Michael reaction (Fig. 7, path d). We have recently shown
that the Michael reaction is in equilibrium with its
“retro” version [19]. This equilibrium depends strongly
on temperature and is significant already in determining
the structural deviations at room temperature. The de-
tected compounds 2, 4, 12, 13, 24, 25 (Fig. 4) may arise
from both—the incomplete Michael reaction or the
retro-Michael reaction, which allows us to complement
the PAMAM dendrimer error formation scheme [18].

The results obtained from the MALDI-TOF spectra
together with the data published about the CZE analysis
of PAMAM dendrimers [5-7] and GC fragmentation
data of the early generations of these dendrimers [19] are
in good accordance with the chemical consideration of
the formation of structural errors of the PAMAM
dendrimer. A general conclusion, however, is that when
choosing ““cold” matrixes and working close to the
threshold intensities, the MALDI method conveys im-
portant structural information for the PAMAM den-
drimer lower generations and offers a tool for estimating
the mass distribution for higher generations of the
dendrimer.
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