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This communication describes the synthesis and in vitro biological evaluation of novel generation 5
PAMAM dendrimers conjugated with riboflavin as a targeting ligand. Cell-based experiments demon-
strated that a dendrimer conjugated with riboflavin is able to undergo cellular binding and uptake in
KB cells, and when the dendrimer is also conjugated with methotrexate, the riboflavin dendrimer conju-
gate can potently inhibit cell growth.

� 2010 Elsevier Ltd. All rights reserved.
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Nanotechnology offers a wide range of unique opportunities for
the targeted delivery of various molecules to cancer cells through
nanoparticles (NP) coupled with ligands for cancer cell mem-
brane-molecules. This approach can deliver anticancer drugs, ther-
apeutic genes, and imaging molecules1–3 and aims to enhance the
therapeutic index of a drug or improve the ability of an imaging
agent to identify cancer. Recent studies have demonstrated the
utility of this approach with anticancer drugs including methotrex-
ate,4 doxorubicin,5 paclitaxel,6 and cisplatin7 as well as imaging
agents for detection based on fluorescence,2,8 magnetic resonance
imaging (MRI),9 and radioactive isotopes.10 The therapeutic or
imaging molecules are carried either covalently attached to the
particle or encapsulated within a NP. However, the number of
ligand molecules that have been demonstrated to actively mediate
cell-specific targeting with this approach are limited. Targeting
ligands which have been employed for cancer include small mole-
cules like folic acid (vitamin B9), a nanomolar affinity ligand to
folic acid receptor (FAR),9,11 RGD-containing peptides as the class
of ligands binding integrin receptors,12,13 Glu-based small peptides
and peptido mimetics that bind to prostate specific membrane
antigen,10 as well as a few protein-based ligands such as antibod-
ies,14 transferrin,15 and endogenous growth factor like EGF.14,16

The objective of this study is to evaluate riboflavin (RF) as a new
ll rights reserved.
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small molecule-based targeting ligand by demonstrating its
applicability in targeted uptake of an anticancer drug.

Riboflavin (vitamin B2; Fig. 1) belongs to a family of B vitamins
and is an essential molecule necessary for the biosynthesis of fla-
vin-based redox cofactors like FMN and FAD. It is taken up with
high efficiency by riboflavin binding proteins (RBP; MW = 27.5
�40 kDa, Kd � 1 nM) that are present as both soluble or mem-
brane-bound forms,17,18 referred to as either RF carrier protein19,20

or RF transporter.21 Prior studies based on RF conjugates composed
of RF linked to rhodamine dye,22 or albumin protein23 suggest that
such RF conjugates are taken up by cells after interacting with a RF
receptor.

We have been interested in exploring RF as a ligand for cancer
targeting for a number of reasons. As a small molecule, RF has
several functional groups that are amenable for covalent
OH

Riboflavin

Methotrexate (MTX): R = H
Methotrexate-Linker (1):
R = (CH2)C(=O)NH(CH)3NH2

Figure 1. Structure of riboflavin (RF), methotrexate (MTX), and its linker derivative
1.
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modifications. A crystal structure of RF in complex with chicken
RBP18 shows that in a bound state the ligand xylene domain of
the isoalloxazine unit is stacked between hydrophobic planes com-
prising a cleft of RF binding protein, while its D-ribose domain is
exposed to the aqueous medium and can be utilized as a tethering
site.22 This structural knowledge allows the rational design of a lin-
ker for ligand attachment. Enhancing the potential utility of RF as a
ligand is a recent report that RF carrier proteins are over-expressed
in certain human cell lines from breast,19 and prostate cancer,20

potentially making the proteins a tumor biomarker.
RF-targeted NP conjugates designed for this study are based on

a generation 5 (G5) polyamidoamine (PAMAM) dendrimer (diame-
ter 5.4 nm).24 Having a large number of primary amines (theoreti-
cally 128) present on its surface provides an approach to a variety
of ligand conjugation methods that result in NP conjugates that
have non-toxicity, non-immunogenicity, and display extended
duration of circulation.25–28 We approached the design of RF-G5
dendrimer conjugates to provide two key capabilities required
for targeted delivery: (1) the ligand conjugate maintains the ability
to bind to RF receptors on the cell surface and undergo cellular up-
take, (2) the conjugate retains biocompatibility and solubility
when used for cellular delivery of therapeutic or imaging agents.

First, we designed a fluorescently labeled PAMAM G5-RF conju-
gate 5 (Scheme 1) that presents a mean of six copies of RF and
approximately one fluorescein molecule on the surface of each
dendrimer. This conjugate was prepared by single coupling
reaction in which both RF and fluoresceinisothiocyanate (FITC)-
diaminobutane 429 were covalently linked by an EDC (1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrochloride) to G5
dendrimer where the surface amines have been converted to glu-
taric acid 3 (Scheme 1: MALDI-TOF mass spectrometry: m/
z = 40200 g mol�1; gel permeation chromatography: MW = 42,729,
polydispersity index = 1.046).30 This RF attachment is based on
the formation of an ester bond formed between a carboxylic acid
present on the dendrimer surface and one of the hydroxyl groups
from D-ribityl unit of RF. While the attachment of RF at its ribose
unit is not characterized, previous conjugation studies of RF noted
that reactions at D-ribose unit22,23,31 occur regioselectively at a pri-
mary hydroxyl group perhaps because it is more sterically favored
than secondary alcohols located adjacent to RF isoalloxazine unit.
Analysis of both UV/vis spectral data (FITC) and MALDI mass spec-
trometric data (5, m/z = 43,200 g mol�1) led to an estimate of mean
numbers of RF (6.3) and FITC (1.3) molecules present on the den-
drimer conjugate 5.32
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Scheme 1. Synthesis of PAMAM G5-RF-FITC nanoconjugate 5. Reagents and
conditions: (i) glutaric anhydride, Et3N, MeOH, rt, 3 days; (ii) riboflavin, FITC-
NH(CH2)4NH2 (4), EDC, DMAP, DMF, rt.
Second, we designed RF-targeted PAMAM G5 conjugates 7
(Scheme 2) that contain methotrexate (MTX), a cytotoxic drug car-
ried as the payload by the conjugate. MTX is a potent inhibitor of
dihydrofolate reductase (DHFR; Ki of 4.8 pM) that inhibits cell
growth.33 In order to attach MTX to an acid-terminated dendrimer
3, we synthesized a MTX-linker 1 that contains a primary amine lo-
cated at the terminus of a 7-atom linker tethered to c-glutamic
acid. (Fig. 1)34 We preferred to use this MTX c-isomer rather than
an a-isomer or a mixture of a-/c-isomers because MTX derivatives
modified at c-acid maintain cytotoxic activity compared to a
derivatives.35,36 Synthesis of the conjugate 7 from RF and 1 was
performed by an EDC-based method involving two coupling reac-
tions performed in a sequence (step i and ii). This sequential ap-
proach allows preparation of both conjugates 6 and 7, and allows
the sequential characterization of each conjugate by UV/vis and
MALDI mass spectral analysis (m/z, g mol�1: 6: 41,100; 7:
43,300).32 However, the coupling reactions could be performed in
one step as well that also led to the synthesis of a similar conjugate
(G5-RFn-MTXm: n = 4, m = 10).32 In both of the methods by control-
ling the molar ratio between RF and 1 to G5-CO2H 3, we were able
to prepare several different types of RF-conjugated dendrimers
with varied numbers of RF and MTX per dendrimer.

We used the fluorescence-labeled G5-RF6.3-FI1.3 5 (Scheme 1)
with flow cytometry to analyze the cellular binding and uptake (ta-
ken together, the specific cellular association) in KB cells, a sub-line
of the cervical carcinoma HeLa cells, that has shown uptake of RF
and other RF conjugates22,23 (Fig. 2a). This analysis showed that
the RF conjugate 5 bound to the cells in a dose- and time-depen-
dent manner, and that longer incubation times and higher conju-
gate concentrations led to greater cellular association. In separate
studies (not shown), we compared the cellular uptake of 5 in dif-
ferent human cancer cell lines. The human cancer cell lines KB,
IGROV-1 (ovarian), SCC15 (head and neck) and MCF 7 (breast) were
incubated in riboflavin-free medium for a week and the cellular
association of 5 (1 lM) was tested following a 2 h incubation;
the background-subtracted mean fluorescence was 12.3, 21.5,
37.6, and 4.9, respectively, in these cell lines. In a following study
to determine whether RF-mediated cellular uptake can be applied
for targeted drug delivery, we evaluated RF/MTX conjugate 7 (G5-
RF2.5-MTX3.9) to determine any effect on KB cell growth by using an
XTT assay (Fig. 2b).8 The MTX conjugate 7 potently inhibited the
cell growth at low nanomolar concentrations in a time- and
dose-dependent manner, with a maximal inhibition showing at
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Scheme 2. Synthesis of PAMAM G5-RFn-MTXm nanoconjugate 7. Reagents and
conditions: (i) EDC, 4-dimethylaminopyridine (DMAP), riboflavin, DMF, rt, 24 h; (ii)
1, EDC, DMAP, DMF, rt, 24 h.
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Figure 3. Cytotoxicity of G5-RF2.5-MTX3.9 (7, 30 nM) in KB cells tested under
various control conditions. (a) Effect on cell growth of PBS (control), G5-RF2.5-
MTX3.9 (7, 30 nM), RF (30 lM), and a mixture of 7 (30 nM) and RF (30 lM), (b) effect
on cell growth of PBS, G5-RF2.5-MTX3.9 (7, 30 nM), G5-RF2.5 (6, 30 lM), and a
mixture of 6 (30 lM) and 7 (30 nM). *The p value for each of the data set is <0.005
compared to PBS.
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Figure 2. (a) Dose-dependent binding and uptake of G5-RF6.3-FI1.3 5 in KB cells. The
cells were incubated with different concentrations (300 and 1000 nM per conjugate
basis) of RF dendrimer 5 for 1 or 4 h in HBSS buffer. The cells were then rinsed and
resuspended in PBS buffer, and fluorescence intensity was measured in a flow
cytometer; (b) dose-dependent cytotoxicity of G5-RF2.5-MTX3.9 7 and free MTX in
KB cells. Cells were treated with 7 for 1 or 4 h at four different concentrations (per
MTX basis) in a RF-free HBSS-BSA medium, washed and followed by incubation in a
conjugate-free growth medium for 3 days. The inhibition of cell growth induced
was quantified by an XTT assay, which is based on the conversion of XTT to
formazan by the active mitochondria of live cells.
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100 nM of the conjugate (equivalent to 400 nM MTX). Under sim-
ilar conditions, equivalent doses of free MTX showed higher cyto-
toxicity. The apparent IC50 values estimated from the dose
response curve (4 h incubation) gave values of 72 nM and 48 nM
for the 7 and free MTX, respectively.

In a study to understand the possible mode(s) of action associ-
ated with the cytotoxicity of G5-RF2.5-MTX3.9 7, we performed a
series of control experiments in KB cells under a 4 h incubation
condition with PBS only, RF (30 lM, Fig. 3a), or G5-RF2.5 6
(30 lM, Fig. 3b). This showed that either RF or 6 (a RF conjugate
containing no MTX) did not show any growth inhibitory effect in
KB cells even at a concentration three orders of magnitude higher
than 30 nM where �50% inhibition of cell growth was achieved
with the MTX conjugate 7. We evaluated if this cytotoxicity can
be competitively inhibited by co-incubation of 7 (30 nM) and
either free RF or RF conjugate 6. Free RF caused virtually no appar-
ent effect on cell growth of 7 (Fig. 3a, fourth entry) but 6 reversed
the cytotoxicity of 7 almost completely (�50–90% cell growth;
Fig. 3b, fourth entry). This result suggested that only the conju-
gated RF had adequate avidity to inhibit the binding of 7, and is
in a close agreement with a previous observation made with 125I-
labeled RF-conjugated albumin in KB cells, where the cellular asso-
ciation of radio-labeled RF-albumin conjugate was not inhibited by
free RF but only by unlabeled RF-albumin conjugate.23 Therefore,
these results suggest that cellular association mediated by RF den-
drimer conjugate 6, is due to a multivalent interaction between the
RF conjugate and multiple RF receptors on the cell surface with
greater avidity than a monovalent interaction.
We also examined if the MTX moiety of the conjugate 7 could
play a role in cellular uptake and consequently cytotoxicity in this
assay condition. Our studies used a G5-MTX7.5 conjugate as a con-
trol molecule that had MTX alone on the dendrimers. It failed to
show any significant cytotoxicity in KB cells up to 30 nM in FA-free
medium, otherwise under identical conditions of the assay (data
not shown). This suggests that the cytotoxicity induced by 7 is a
consequence of the internalization of the MTX conjugate through
the RF receptor. Overall the results obtained from fluorescence
binding and cytotoxicity studies suggest that G5-RF2.5-MTX3.9 7
undergoes cellular uptake mediated by RF receptors on the cell
surface, and subsequently causes cell growth inhibition by block-
ing the catalytic activity of DHFR enzyme in cytosol. These are
the first studies examining RF-dendrimer conjugates, and therefore
this activity is particularly novel.

In summary, we have synthesized a class of RF-targeted NP
conjugates based on a generation 5 PAMAM dendrimer using
sequential and one-step synthetic methods, and studied the bio-
logical activities of these conjugates in vitro in KB cells. Our stud-
ies suggest that a monofunctional dendrimer conjugate presenting
RF is taken into the cells through a RF-receptor mediated mecha-
nism, and can deliver MTX to induce specific and potent cytotox-
icity. This opens the potential for RF-conjugated dendrimers to
be employed to target malignant cells over-expressing the RF
receptor,19,20 to deliver imaging agents and various cancer thera-
peutics to these cells.
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