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HPLC analysis of PAMAM dendrimer based multifunctional devices
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Abstract

Comprehensive high-performance liquid chromatography (HPLC) analyses were performed on poly(amidoamine) (PAMAM) dendrimer
based multifunctional devices. The nanometer-size devices were synthesized by conjugating partially acetylated (Ac) poly(amidoamine)
dendrimers of generation 5 (G5) with fluorescein isothiocyanate (FITC), folic acid (FA) and methotrexate (MTX). The devices are intended
for targeted intracellular drug delivery to tumor cells through the folate receptor. Methods were developed for detection and separation of
various surface functionalized dendrimer conjugates and small molecules (FITC, FA, MTX) using a common gradient. Results indicate
that the HPLC technique can be used as a quality control tool for determining purity of the G5 carrier, its acetylated form, and mono-,
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i- and tri-functional nanodevices. More importantly, the chromatograms of these novel nanodevices, reported for the first tim
nformation on critical properties such as polydispersity, surface heterogeneity and solubility. The benchmark data can be used
he physicochemical properties of the conjugates to improve drug delivery to cancer cells.
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. Introduction

Dendrimers are spherical, well defined, highly branched
acromolecules with dense surface functional groups[1–3].
oly(amidoamine) (PAMAM) dendrimers are methodically
onstructed from an ethylenediamine (EDA) core through
epetitive alkylation and amidation steps in which each iter-
tion yields the next higher generation of the dendrimer[1].
ach alkylation leads to a half generation with multiple ter-
inal methyl ester groups and each amidation results in

he synthesis of complete generations with multiple termi-
al amine functionalities. The controlled synthesis results in
ell-defined structures with determined molecular masses,
hich increase as a function of the dendrimer generation.
he multivalency of the PAMAM dendrimers along with their
elatively monodisperse structure provides a unique platform
or a variety of therapeutic and imaging agents[3–8].

In our laboratory, we have developed dendrimer based
anodevices optimized to target complex therapeutics to spe-
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cific cancer cells. The device is based on PAMAM dendri
of generation 5 (G5) having hydrodynamic diameter of a
5.4 nm and theoretically bearing 128 terminal amine gro
with theoretical molar mass of 28,826 Da[9]. Folic acid (FA),
fluorescein isothiocyanate (FITC), and methotrexate (M
were covalently attached to the surface to provide targe
imaging, and intracellular drug delivery capabilities, resp
tively. A list of the mono-, bi-, and tri-functional nanodevic
is summarized inTable 1. Details of the procedures for sy
thesis of these devices are described elsewhere[10]. The
efficacy of targeted intracellular drug delivery capable
tracking uptake of the material has been described in d
by Quintana et al.[11a], Thomas et al.[11b] and Majoros e
al. [12].

In this article, our primary objective is to perfo
extensive high-performance liquid chromatography (HP
characterization of FITC, FA and MTX conjugated G5 d
drimers with various surface functionalities. HPLC is
widely accepted method for separation and purificatio
small molecules and is widely used in chemical laborato
Methods were developed to determine a common gra
that can be used to detect small functional molecules (F
E-mail address:majoros@umich.edu (I.J. Majoros).
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FA and FITC) and all the mono-, bi- and tri-functional con-
jugates. The use of a common gradient would allow us to
determine the purity of the conjugates (i.e. whether any small
molecular impurities are present), and would additionally tell
us about the stability of all compounds under the experimen-
tal conditions. Since elution of analytes occurs as a result
of counter-ion binding and surface interaction between the
conjugates and the stationary phase, a great deal of infor-
mation regarding the surface properties of conjugates can be
obtained. To the best of our knowledge, this is the first study
involving HPLC characterization to determine the purity
and stability of dendrimer-based complex multifunctional
devices.

2. Experimental

2.1. Materials

Ethylenediamine core PAMAM dendrimers of genera-
tion 5 were purchased from Dendritech (Midland, MI) in
methanol solution (14.17 wt%). Folic acid, fluorescein isoth-
iocyanate, and methotrexate were obtained from Aldrich (St.
Louis, MO). Water used in all of the experiments was purified
using a Milli-Q Plus 185 water purification system (Milli-
pore, Bedford, MA, USA). The resistivity of the distilled
d -
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Jupiter 5� C5 silica based HPLC column (250 mm× 4.6 mm,
300Å) was used for separation of analytes. Two Phenomenex
Widepore C5 guard columns (4 mm× 3 mm) were also
installed upstream of the HPLC column. The mobile phase
for elution of different generations of PAMAM dendrimers
was a linear gradient beginning with 90:10 water/acetonitrile
(ACN) at a flow rate of 1 mL/min, reaching 50:50 after
30 min. Trifluoroacetic acid (TFA) at 0.14 wt% concentration
in water as well as in ACN was used as counter-ion to make
the dendrimer-conjugate surfaces hydrophobic. The conju-
gates were dissolved in the mobile phase (90:10 water/ACN).
The injection volume in each case was 50�L with a sample
concentration of approximately 1 mg/mL and the detection
of eluted samples was performed at 210, 240 or 280 nm. The
analysis was performed using Beckman’s System GOLDTM

Nouveausoftware.

3. Results and discussion

Fig. 1 shows the HPLC chromatogram of EDA-core G5
amine terminated PAMAM dendrimer (G5.NH2). A linear
gradient starting 10% acetonitrile (90% water) and ending
50% ACN (50% water) in 30 min was selected. The method
was developed to ensure elution of all the dendrimer conju-
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e-ionized water was 18.2 M� cm−1. The details of the syn
hesis of the conjugates are described elsewhere[10]. A list
f the conjugates along with numbers of terminal group
ummarized inTable 1.

.2. Reversed phase high-performance liquid
hromatography (RP-HPLC)

A reversed phase ion-pairing high-performance liq
hromatography system consisting of a System GOLTM

26 solvent module, a Model 507 autosampler equipped
100�L loop, and a Model 166 UV detector (Beckman Co

er, Fullerton, CA) was used. A Phenomenex (Torrance,

able 1
ono-, bi- and tri-functional dendrimer conjugates, their terminal grou

ample Terminal groupsa Functionality

5.NH2 Amine (NH2) Platform
5.NH2.Ac NH2, acetamide (Ac) Platform (sur
5.NH2.Ac.FITC NH2, Ac Mono, imaging
5.NH2.Ac.FA NH2, Ac Mono, targetin
5.NH2.Ac.FITC.FA NH2, Ac Bi, imaging (F
5.Ac.FITC.OH Ac, hydroxy (OH) Mono, imagin
5.Ac.FA.OH Ac, OH Mono, targeti
5.Ac.FITC.FA.OH Ac, OH Bi, imaging (F
5.Ac.FITC.OH.MTX Ac, OH Bi, imaging (F
5.Ac.FA.OH.MTX Ac, OH Bi, targeting (
5.Ac.FITC.FA.OH.MTX Ac, OH Tri, imaging (F

therapeutic (M

bbreviations: FITC—fluorescein isothiocyanate, FA—folic acid, MTX—
a Except functional agents FITC, MTX and FA.
b Determined from concentration dependent UV measurements[15].
ates and small molecules (FA, FITC and MTX) from
tationary surface. In addition to detecting impurities,
ommon method would allow direct comparison among
hromatograms of different conjugates and various su
unctionalized dendrimers. A flatter gradient was delibera
hosen so as to expose the surface heterogeneity of all d
ithin a reasonable amount of time and subject to the co

ion that all the molecules elute within this time period.
The counter-ion (TFA) concentration used was 0.14

n both aqueous and ACN phases. At this concentratio
FA, the pH of the aqueous solution was∼2.25. The platform

or conjugation, G5.NH2 possesses terminal primary am
s well as tertiary amine groups. Reported titration da
AMAM dendrimers show two types of protonation eve

functionalities

Average number of molecules attachedb

NH2—110
odified) NH2—28, Ac—82
) NH2—24, Ac—82, FITC—4

NH2—23, Ac—82, FA—5
d targeting (FA) NH2—19, Ac—82, FITC—4, FA—5
C) Ac—82, FITC—4, OH—24

Ac—82, FA—5, OH—23
nd targeting (FA) Ac—82, FITC—4, FA—5, OH—19
nd therapeutic (MTX) Ac—82, FITC—4, OH—19, MTX—5

therapeutic (MTX) Ac—82, FA—5, OH—18, MTX—5
targeting (FA) and Ac—82, FITC—4, FA—5, OH—14, MTX—5

otrexate, Ac—acetamide, OH—glycidol; please seeFig. 6for chemical structure
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Fig. 1. Chromatograms of amine terminated (G5.NH2) and acetylated
(G5.NH2.Ac) dendrimer platforms.

for the amines. The terminal primary amines have a pK in the
range of 9–10, whereas the interior tertiary amines exhibit a
pK between 4 and 5. At the acidic pH of 2.25, which is well
below the two pK regimes, protonation of both primary and
tertiary amines is favored[13].

In contrast to the chromatograms of small molecules, the
peak for G5.NH2 is broad. Besides the main peak, two smaller
peaks can also be identified. The broadening of the main peak
as well as appearance of smaller peaks can be attributed to
the structural defects present during the synthesis of the den-
drimer[1]. Occurrences of undesirable side reactions during
the successive iterations of alkylation and amidation steps
result in macromolecular polydispersity[13]. Some of the
structural defects manifest themselves as shoulders or can
be embedded in the main peak. A detailed analysis of the
structural defects as well as their HPLC profiles can be found
elsewhere[13,14].

In sample G5.NH2.Ac, about 80% of the cationic amine
surface groups are modified to neutral acetamide groups after
reacting with acetic anhydride. However, because of the pres-
ence of significant primary as well as tertiary amine groups,
surface properties do not change appreciably at pH∼2.25
since all surface groups are still protonated. The only notice-
able change is the increase in molar absorption coefficient due
to the presence of large number of acetamide groups (Fig. 1).

Before discussing chromatograms of conjugated den-
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Fig. 2. MTX chromatograms at different concentrations. The inset shows the
calibration curve between area under the peak and amount of MTX injected.

shows a linear relationship between the amount of MTX
and the area under the peak (AMTX = 682,900NMTX , here
AMTX is the area under the chromatogram at 240 nm and
NMTX is the amount of MTX in nmol) implying negligible
intermolecular interaction. It is noteworthy to mention that
using the present method it was possible to detect very low
(∼1 nmol) amount of MTX. The calibration relation for FA
was found to be quadratic,AFA = 1, 060N2

FA + 9, 180NFA
(correlation coefficient,R2 = 0.9986). For FITC also, the area
under the peak is quadratic with respect to the amount of FITC
injected [AFITC = 107, 640N2

FITC + 187, 870NFITC, R2 =
0.9978]. The primary factor governing the elution of FA and
FITC from the hydrophobic column surface is the density
of FA-TFA and FITC-TFA complexes. Since, both FA and
FITC are sparingly soluble in the sample solution (90% water
and 10% ACN), it is not unlikely that attractive intermolec-
ular interactions between FA or FITC molecules may occur
especially at higher concentrations. However, further work is
required to validate this viewpoint. In the present work, the
individual elution profiles of the functional molecules were
obtained only to determine whether there were any unreacted
FA, MTX or FITC molecules present after extensive purifica-
tion of the mono-, bi- and tri-functional nanodevices. Since
the multifunctional devices did not exhibit peaks correspond-
ing to free FA or FITC, the complexities of the calibrations
due to the presence of quadratic terms were not investigated
f
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rimers, we briefly describe calibrations performed for
unctional molecules—FITC, FA and MTX. Each of the
olecules have high aromatic contents and are sparingl
ble in water. Considering their limited solubility, the solv
sed for dissolving all the small molecules was chose
e a mixture of 90% water and 10% ACN.Fig. 2 shows

he chromatograms for MTX obtained at different conc
rations. Since all the chromatograms superimpose onto
ther, it can be inferred from this plot that the elution t

s independent of concentration at least for the range inv
ated here. The calibration curve shown in the inset ofFig. 2
urther.
Conjugation of FA to the acetylated dendrimer thro

mide linkage (sample: G5.NH2.Ac.FA) causes new absor
ion maximum around 280 nm due to the presence of FA
ty. Because of the presence of aromatic rings, the hydro
icity of the conjugate increases. However, FA molecules
ossess hydrophilic carboxyl (–COOH) and hydroxyl (–O

unctionalities. Therefore, the surface properties and elu
ime do not change appreciably with conjugation of five (a
ge) moieties present per dendrimer (Fig. 3). The importan
spect is that free FA peak was not observed confirmin
urity of the mono-functional conjugate.
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Fig. 3. Elution profiles of FA and FITC conjugated dendrimers.

Due to the presence of four aromatic rings, FITC is the
most hydrophobic among the small functional molecules.
Conjugation with FITC therefore increases the elution time
significantly. This is evident fromFig. 3 where G5.NH2.
Ac.FITC eluted later as compared to G5.NH2.Ac.FA. The fact
that the elution time of bi-functional G5.NH2.Ac.FITC.FA is
intermediate between the elution times of G5.NH2.Ac.FA and
G5.NH2.Ac.FITC also supports this notion.

It is evident fromFig. 3 (as well as fromFigs. 4 and 5)
that the FITC conjugated G5.NH2.Ac.FITC and G5.NH2.Ac.
FITC.FA devices exhibit broader elution profiles as opposed
to the samples that do not contain any FITC molecules. This
is due to the fact that FITC is most hydrophobic among
the functional molecules. Out of total number of 110 termi-
nal groups of G5.NH2.Ac, the functional molecules (FITC,
FA, MTX) were attached to only three to five sites. Hence,
it can be assumed that in terms of numbers and positions,
the functional molecules are statistically distributed. How-
ever, in terms of attractions towards the stationary phase, the
mismatch in properties between the host platform and the
functional molecule is highest for FITC. Therefore, a nan-

F ono-
f

Fig. 5. Chromatograms of MTX conjugated bi- and tri-functional nano-
devices.

odevice bearing five FITC molecules is expected to elute
much later as opposed to another conjugate having two or
three FITC molecules. Hence, statistical distributions of num-
ber of FITC molecules would result in broader eluograms as
opposed to the distributions of less hydrophobic FA and MTX
moieties.

Modification of the remaining amino groups of FA and
FITC conjugated dendrimers to hydroxyl end groups by react-
ing with glycidol is performed to neutralize the terminal
amine groups. This is necessary from drug delivery perspec-
tive since dendrimers with terminal amino groups can be cyto-
toxic as cationic amine groups can bind non-specifically with
cell surfaces[5]. Also, to optimize drug-delivery, MTX con-
jugation through ester-linkage requires hydroxyl end groups
[10]. From physico-chemical point of view, glycidol termi-
nated dendrimers are more soluble especially at lower pH.
Therefore, G5.Ac.FA.OH and G5.Ac.FITC.OH elute faster
from the hydrophobic surface of the stationary phase com-
pared to their un-hydroxylated counterparts (Fig. 4). Since
hydroxyl termination was performed by reacting with excess
glycidol [10], all the amines are expected to be converted
to hydroxyl groups. Hence, the breadths of the peaks are
expected to remain same which is also found experimentally
as displayed inFig. 4.

The elution profiles of MTX conjugated bi-functional
devices (G5.Ac.FITC.OH.MTX and G5.Ac.FA.OH.MTX)
a an
b ating
s ifi-
c tors,
i sent
[ al
c lls.
T dis-
t e
c

C.
F ad
ig. 4. Comparison between amine and hydroxyl terminated m
unctional (FITC, FA) nano-devices.
re shown inFig. 5. Purities of the bi-functional devices c
e estimated from this plot. Since the purpose of conjug
imultaneously with FA and MTX is to deliver drugs spec
ally to the cancer cells by targeting through folate recep
t is important that no free targeting moiety or drug is pre
10]. The free drug may non-specifically bind with norm
ells in addition to cancer cells thereby killing healthy ce
he peaks corresponding to free MTX or FA cannot be

inguished inFig. 5, thereby confirming the purity of th
onjugate.

The eluogram of the tri-functional device G5.Ac.FIT
A.OH.MTX exhibits a shoulder in addition to the bro
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Fig. 6. Structure of tri-functional dendrimer conjugate (G5.Ac.FITC.FA.OH.MTX). The central circle represents EDA-core generation 5 PAMAM dendrimer.
Subscripts outside braces indicate approximate average number of small molecules covalently attached to the dendrimer surface.

main peak (Fig. 5). The presence of the shoulder can be
explained in terms of the distribution of functional molecules
on the dendrimer surface. Both FA and FITC were reacted
with the surface modified dendrimer before conjugating with
MTX to form the tri-functional device. The average num-
bers of FA and FITC molecules attached to the dendrimers
are five and four, respectively, the distribution of which can
be considered statistical following Gaussian, binomial or
other mathematical forms. It is possible that the dendrimer
molecules bearing less number of FA moieties had more FITC
and the macromolecules having more FA functionalities had
reacted with less number of FITC, thereby exhibiting bimodal
type distribution. This seems to be a reasonable explana-
tion for the presence of the shoulder. InFig. 5, the elution
time of the shoulder is almost equal to the elution time of
G5.Ac.FA.OH.MTX thereby suggesting dominance of FA
moieties with less number of attached FITC. On the other
hand, the peak elution time of G5.Ac.FITC.FA.OH.MTX is
similar to the peak elution time of G5.Ac.FITC.OH.MTX
implying the predominance of FITC moieties over FA in the
main peak.

The surface characteristics of the multifunctional device
can be inferred fromFig. 5. MTX conjugation results in
delayed elution in case of G5.Ac.FA.OH, whereas earlier elu-
tion in case of G5.Ac.FITC.OH suggests that MTX is more
hydrophobic than FA but less hydrophobic as compared with
F ITC
c ical

structures of MTX and FA (Fig. 6) reveal that MTX has one
extra methyl group attached to the central ‘N’ atom and FA
has one –OH group instead of –NH2 attached to the pterin
rings. Both the absence of the methyl group and the substi-
tution of –OH in place of –NH2 make FA more hydrophilic
as compared to MTX.

The stability of MTX conjugated nanodevices are of con-
cern since ester linkage is vulnerable depending on the struc-
ture of the compound and pH of the medium. Hence, it is
important to investigate the stability of the ester bond of the bi
and tri-functional devices in comparable physiological con-
ditions which is beyond the scope of the present work. Here,

F om
t ter
a

ITC. The second observation is readily obvious since F
ontains four aromatic rings. A closer look at the chem
ig. 7. Eluogram of G5.Ac.FA.OH.MTX after 59 days of incubation at ro
emperature (22◦C) and in HPLC mobile phase (0.14% TFA in 90% wa
nd 10% ACN).
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we analyze the long-term stability of G5.Ac.FA.OH.MTX
by aging the sample at room temperature and in the eluent
mixture (90% water and 10% ACN) for 59 days. The chro-
matogram shows an insignificant MTX peak at 10.8 mL. In
Fig. 7, we have amplified the ordinate to highlight the MTX
peak. The amount of free MTX was estimated using the cal-
ibration fromFig. 2. The percentage of free MTX was found
to be less than 1% of total MTX confirming the stability of
this compound at a pH of 2.25.
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