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Abstract

Design of cancer-targeting nanotherapeutics relies on a pair of two functionally orthogonal
molecules, one serving as a cancer cell-specific targeting ligand, and the other as a therapeutic
cytotoxic agent. The present study investigates the validity of an alternative simplified strategy
where a dual-acting molecule which bears both targeting and cytotoxic activity is conjugated to
the nanoparticle as cancer-targeting nanotherapeutics. Herein we demonstrate that methotrexate is
applicable for this dual-acting strategy due to its reasonable affinity to folic acid receptor (FAR) as
a tumor biomarker, and cytotoxic inhibitory activity of cytosolic dihydrofolate reductase. This
article describes design of new methotrexate-conjugated poly(amidoamine) (PAMAM)
dendrimers, each carrying multiple copies of methotrexate attached through a stable amide linker.
We evaluated their dual biological activities by performing surface plasmon resonance
spectroscopy, a cell-free enzyme assay and cell-based experiments in FAR-overexpressing cells.
This study identifies the combination of an optimal linker framework and multivalency as the two
key design elements that contribute to achieving potent dual activity.
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Introduction

Targeted delivery based on multifunctional nanoparticles (NPs) has continued to make
significant contributions in the discovery of novel diagnostic tools and effective therapeutics
applicable for several critical disease areas including cancers and inflammatory diseases [1-
8]. However the development of such multifunctional NPs faces several challenging issues
that are attributable primarily to the structural complexity associated with the NP design
such as targeting ligand density, drug payloads, and distribution of the NP size [9-13]. This
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study aims to validate a simplified strategy for identifying cancer-targeted therapeutics in a
design that involves functionalization of a NP with a dual-acting molecule, in lieu of two
single-acting molecules, that serves as both a targeting ligand and a cytotoxic agent (Figure
1). We believe that this dual-acting molecular strategy can be more effective for the control
of NP distribution and property than a conventional approach which otherwise relies on the
co-functionalization with two distinct single-acting molecules.

Multifunctional NPs have been extensively investigated for cancer-targeted therapeutic
delivery by targeting a range of tumor biomarkers that include folic acid receptor (FAR) [3,
14-17], a\B3 integrin [18-22], prostate-specific membrane antigen [23-24], riboflavin
receptor [5, 25-26], and epidermal growth factor receptor [6, 27-28]. In this delivery
strategy, each NP was functionalized by presenting a specific ligand molecule that binds
such a tumor biomarker, as well as by carrying multiple copies of a cytotoxic therapeutic
agent. Here, we evaluate our new design strategy by focusing on the FAR which is
frequently overexpressed on the surface of epithelial cells in breast, and ovarian cancers
[29]. As a membrane-bound receptor, FAR recognizes folic acid (FA) with a nanomolar
affinity (Kp = 0.4 nM) [30], and uptakes the FA ligand or its conjugate into the cytosol
through FAR-mediated endocytosis [2]. Thus FAR provides unique opportunities for tumor-
specific binding and cellular entry of those chemotherapeutics and imaging molecules
conjugated with the FA or to the FA-presenting NP (Figure 1) [1-2, 29, 31]. In search for a
small dual-acting molecule that displays the targeting activity for FAR, we have been
interested in methotrexate (MTX, Figure 2). As one of the antifolate molecules, MTX has
been used as an anticancer drug [3, 32]. Its therapeutic efficacy is attributed to its potent
activity to inhibit several metabolic enzymes including primarily dihydrofolate reductase
(DHFR; Kj = 1.2 nM), a cytosolic enzyme responsible for purine and thymidylate
biosynthesis (Table 1) [33]. In addition, its high structural homology to FA (Figure 2)
confers the ability to bind FAR though at a reduced affinity (Kp = ~20-100 nM) [30, 34—
35]. Otherwise both FA and MTX display similar physico-chemical properties as
summarized in Table 1. Like FA, MTX displays a hydrophilic property (negative logD,
large tPSA), in large part, due to its two carboxylic acids that are ionized at physiological
pH (pK, = 3.8, 4.8). Because of such properties, MTX is unable to cross the cell membrane
passively (low Caco?2 value [36]) unless uptaken in an active mechanism mediated by cell
surface proteins like FAR and reduced folate carrier [37].

Thus MTX provides both cytotoxicity and FAR targeting capability, the dual activity
required in the current delivery strategy. However MTX has a suboptimal affinity to FAR,
and may be intrinsically less efficient for FAR targeting than FA. Despite its lower FAR
affinity, we hypothesize that its targeting capability can be enhanced through the concept of
multivalent ligand design as applied in this study (Figure 1) [38—41]. Compared to a
monovalent ligand, the multivalent ligand is characterized to bind simultaneously to
multiple receptors on the surface, and displays collectively much tighter association
(avidity) than the affinity displayed by each individual ligand attached [39]. Recently, we
investigated such multivalent interactions by surface plasmon resonance (SPR) spectroscopy
for multivalent dendrimer NPs, each presenting multiple FA [42] or MTX [43-44]
molecules conjugated to a fifth generation (G5) poly(amidoamine) (PAMAM) dendrimer
scaffold. These SPR studies demonstrated that the FA-or MTX-presenting multivalent
conjugate binds to folate binding protein (FBP) immaobilized on the surface by three to five
orders of magnitude more tightly than free FA or MTX. Such notable multivalent effects
support that MTX could serve as an effective dual-acting agent for cancer-targeted
therapeutic and diagnostic applications.

Recently, we reported the synthesis of G5-MTX,, conjugate, each MTX tethered through a
cyclooctyne-based linker by copper-free click chemistry [45]. We demonstrated that this
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G5-MTX,, conjugate was stable in serum and able to undergo internalization into FAR-
expressing cells to induce cytotoxicity [44]. In the present study, we were interested in
further defining the design aspects of the dendrimer-based multivalent MTX NP as an
approach to better understand the correlation between its linker length and dual activity.
Thus instead of using the cyclooctyne-based linker that provides a fixed length, we
introduced a new amide-based, oligo(ethyleneglycol) spacer that allows to vary the linker
length through a repeated elongation of its ethyleneglycol units. In addition, the linker
chemistry we used allows easier scale up as compared to the cyclooctyne-based strategy.
The present study investigates structural-activity correlation of the linker length, and
provides evidence that the avidity of the MTX conjugate is determined primarily by
multivalent effect independent of the linker structure while its cytotoxicity is highly
dependent on the linker length.

Results and Discussion

Design of G5 PAMAM dendrimer conjugated with MTX through an extended linker

Our earlier study [43] reported the design of G5 PAMAM dendrimer conjugated with a
variable number of MTX molecules attached on the neutral surface of the dendrimer as
represented by 1 Ac-G5-MTX,, (n = mean valency = 5) in Figure 3. In that series, each MTX
is tethered through an amide bond formed without any intervening spacer between the
carboxylic acid of the MTX (L)-glutamate and the primary amine located on the dendrimer
periphery. The SPR study performed for such no spacer series demonstrated enhancement of
their binding avidity to the folate receptor on the surface by 103 to 10*-fold over free MTX
as illustrated by 1 (Kp = 2.6x1078 M). Such remarkable multivalent effect [43] is also
consistent with the FAR-mediated cellular uptake of MTX-conjugated dendrimers in a KB
cancer cell which over-expresses a high level of FAR [42]. Despite such FAR-mediated
targeting, the no-spacer MTX conjugates were minimally active in inhibiting growth of KB
cells at up to low pM concentrations (<10% inhibition, see below).

We hypothesized that such weak cytotoxicity might be attributable to the amide linkage used
in the MTX conjugation. This amide linkage was selected because of its potential ability to
provide greater conjugate stability and longer duration in the plasma than the common ester-
based linkage which is easily hydrolysable chemically or enzymatically. But it might be too
stable for releasing a cytotoxic level of free MTX, or too short in the linker length for
inducing enzyme inhibition otherwise by a still tethered MTX molecule. In particular, the
MTX conjugated without any spacer is located in a sterically congested environment
because of its close proximity to the dendrimer periphery [43], and thus it might be unable to
get easy access to the catalytic site of DHFR as its target enzyme (cf. the crystal structure of
human DHFR [46] inhibited by a free methotrexate molecule in Figure 1) [27, 47].

In an approach to address the issue of MTX attachment, we redesigned the amide linker
framework primarily by extending its length (Figure 3). In this linker design, we introduced
two types of spacers (S1 and S2), each based on a non-rigid ethyleneglycol (EG) linear
chain but different in the length. As summarized in Table 2, Table S1 consists of a 15-atom
spacer (length ~~ 22 A at a fully extended conformation), but is 2-fold shorter than S2
composed of two repeating S1 units (extended length ~ 44 A). These EG-based spacers are
largely hydrophilic as predicted by their values of negative logP and large tPSA. Thus, each
MTX molecule tethered by such extended linker is expected to be more flexible in its
molecular motion, more exposed to water, and better able to inhibit the DHFR enzyme.
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Synthesis of G5-MTX conjugates

Scheme 1 describes synthesis of G5 PAMAM dendrimers 2—4, each presenting MTX
molecules attached through the extended spacer 1 or 2. First, G5 PAMAM dendrimer G5-
NH, (mean number of primary amines = 114) was fully derivatized with glutaric anhydride
to prepare glutaric acid (GA)-terminated dendrimer 5 G5-GA (M, = 42730 gmol ™1, PDI =
M/Mp, ~1.046) as described elsewhere [48-50]. Each GA branch was further modified to
extend the spacer length by covalent coupling with H,N(CH,CH,0),CH,CH,NH-GA
through an amide linkage which led to 6 G5-EG-GA. This modified dendrimer was fully
characterized by a number of standard analytical methods including gel permeation
chromatography (GPC) (M, = 81450 gmol~1; M, = 70000 gmol~1; PDI = 1.163), IH NMR
spectroscopy [51-52], and ultra performance liquid chromatography (UPLC) as illustrated in
Figure 4. In a next step for MTX conjugation with the surface-modified dendrimer 5 and 6,
MTX was preactivated by treatment with PyBOP and HOBT reagents, and subsequently
reacted with one molar equivalent of H,N(CH,CH,0),CH,CH,NH> in a one-pot reaction
process, yielding 7 MTX-C(=O)NHCH,CH,(OCH,CH5),NH> as a desired monoadduct.
This reaction also generated a diadduct, but due to lack of a terminal amino group, this
undesired product is able to react with the activated ester in the dendrimer conjugation step.
The amine-terminated MTX derivative 7 was then covalently attached to either dendrimer 5
or 6 by a method that involves preactivation of the carboxylic acid terminated on the
dendrimer surface to its N-hydroxysuccinimide. This sequential one-pot method allowed the
rapid synthesis of the conjugates 2—4. The number of MTX attached to each dendrimer was
controlled by varying the molar ratio of 7 to the carboxylic acid residues of the dendrimer.
Each of the resultant dendrimer conjugates was purified by dialysis using a membrane
tubing (MWCO 10 kDa), and fully characterized by analytical methods including 1H NMR
spectroscopy [51], UV-vis spectrometry [43], and analytical UPLC (purity =98%) (Figure
4). The number (n) of MTX tethered per dendrimer nanoparticle was determined on a mean
basis by the NMR integration method as its details are described in the experimental section
[43, 49-50].

Surface plasmon resonance (SPR) spectroscopy

We performed SPR experiments for investigating the multivalent interaction of the MTX
conjugate with folate binding protein (FBP) by selecting the conjugate 4 G5-(S2)-MTX12 as
a representative conjugate. As a bioanalytical method well established for studying
interactions on biological surfaces on a real time basis, SPR spectroscopy is highly suitable
for the studies involving multivalent ligand-receptor interactions in targeted delivery [42—
44]. First, we immobilized FBP (bovine milk) as a model protein for the membrane-bound
FAR on the surface of a CM5 sensor chip following an EDC/NHS method as described [42].
This process led to the FBP immobilization at the surface density of 11 ng FBP/mm? (3.7 x
10713 mol/mm?). Then we performed the binding studies of monovalent control ligands
(FA, MTX) as illustrated by their select SPR sensorgrams in Figure 5. Given the monovalent
mode of receptor-ligand association, each sensorgram was analyzed by a curve fitting based
on 1:1 Langmuir model [42], and the equilibrium dissociation constants were determined
(Kp = koff ~ Kon) as summarized in Table 3. The results suggest that MTX binds to the FBP
with a Kp value of 1.7 x 107> M, an affinity ~5-fold lower than that of FA (Kp = 3.5 x 1076
M in this study; 5 x 1076 M [42]).

Finally, we studied the binding kinetics of conjugate 4 by acquiring a series of SPR
sensorgrams generated in a concentration-dependent manner (Figure 5c¢). Its sensorgams
indicate that the conjugate binds to the surface even at low uM concentrations, which is
highly notable because such binding activity could not be achieved by FA or MTX at the
same condition. A fully acetylated neutral dendrimer Ac-G5 was tested as a negative control
dendrimer because of its lack of conjugation with either MTX or FA (Figure 5d). Its
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injections which were made otherwise under comparable concentrations to 4 did not show
any meaningful level of dendrimer adsorption to the FBP surface, confirming the specificity
of the FBP surface. Each sensorgram acquired by 4 is characterized by slow dissociation
which is in contrast to the rapid dissociation displayed by FA and MTX. This kinetic feature
is consistent with those observations made in numerous other multivalent systems [42—44,
53-55], including the reference conjugate 1 Ac-G5-MT X5 we reported earlier[42]. The
dissociation phase of 4 suggests that it dissociates apparently in multiple phases, initially a
rapid off rate, and subsequently slower off rates. For example, ~23(+10)% of fractional
desorption (= RUp/RUA x 100(%)) was observed per initial 5s followed by 56(+8)% of
fractional desorption observed at the end of data collection time when the dissociation
appears still incomplete. Such mixed dissociations displayed by 4 might reflect, in part, the
preexisting distribution of the conjugate population with regards to MTX valency. While the
MTX valency of 4 G5-(S2)-MT X5 is assigned as 12 which is calculated on an average
basis, our recent studies suggest that it is composed of wide distribution of multivalent
dendrimer species (n = 8-15 making nearly 80% of total population) when simulated
according to Poissonian distribution [9, 56].

In order to determine the dissociation constant Kp of 4, we analyzed the SPR data on a
quantitative basis by using non-linear regression method as already established for the SPR
analysis [57]. This method enabled us to extract the estimates for its kinetic rate constants
(Kon Koff) and the Kp value as summarized in Table 3. The Kp value (18 nM) of 4 suggests
that its binding avidity is enhanced by a factor of 944 (multivalent binding enhancement = f3)
relative to free MTX molecule (Kp = 17 uM). This conjugate is comparable to the other
conjugate 1 Ac-G5-MTXs5 which shows the Kp value of 26 nM with the  value of 923. So,
the spacer appears to make almost no effect on the dissociation constants in the model
surface. The primary Kkinetic parameter that accounts for avidity enhancement for 4 is
attributable to its slower off rate (Ko = 5.9 x 104 s71). As already discussed earlier by
fractional desorption, this dissociation feature is in full agreement with other reports that
complete dissociation by a multivalent conjugate occurs very slowly because it requires
simultaneous dissociation of all the ligands tethered to a single multivalent species from
multiple receptor sites [39, 54-55]. In summary, the present SPR study demonstrated that
the multivalent PAMAM dendrimer conjugated with MTX through an extended spacer binds
to the surface FBP by almost three orders of magnitude more tightly than a free MTX
molecule. It supports the validity of our strategy to target FAR-overexpressing cancer cells
by using MTX-presenting multivalent dendrimers.

Dihydrofolate reductase (DHFR) assay

Based on the SPR study presented in Figure 5 and our previous studies showing the high-
avidity binding of SO-linked MTX-conjugates [43], the length of a MTX spacer to the
dendrimer does not serve the primary factor that determines binding avidity to the FAR
model surface. We were interested in investigating the effect of the spacer length on other
functional activity by MTX. While detailed studies are needed to understand the rate of
internalization, intracellular localization, as well as the mechanisms of action of the MTX
conjugates after cellular entry, we focused on a cell-free enzyme assay using human DHFR,
the primary cytosolic enzyme targeted by MTX [15, 43]. It is important to note that this
assay was performed in a PBS solution only for a short period of time (< 5 min) in which the
amide linkage should remain completely stable with the MTX molecule still tethered to the
dendrimer [43]. The DHFR assay [15, 43] showed that both 4 G5-(S2)-MTX;, and 3 G5-
(S2)-MT X4, each conjugated through the longer spacer S2 but with different MTX attached,
inhibited the enzyme activity, though less potently than free MTX (Figure 6). In contrast,
other two conjugates 1 G5-(S0)-MTXs and 2 G5-(S1)-MTX3 where each MTX is
conjugated with either a no spacer or shorter spacer, showed only weak or no inhibitory
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activity. The assay results suggest the existence of certain threshold in the spacer length for
the tethered MTX to bind into the catalytic pocket of DHFR (Figure 2b). The reason for the
observed higher DHFR inhibition by 3 G5-(S2)-MTX, as compared to the 4 G5-(S2)-
MTXy, (Figure 6) is not known. It is possible that as only one MTX moiety on the
dendrimer can bind to the DHFR active site, the higher surface density of MTX in the G5-
(S2)-MTX1, may result in mutual steric hindrance for active site occupation. The results of
the DHFR study emphasize that the spacer length is an important design factor that can
determine the functional activity associated with tethered MTX. Moreover, although
increased MTX surface density may facilitate FAR binding, it appears that DHFR inhibition
is more favored at lower MTX surface density (<4 per dendrimer). Although these S2-linked
conjugates showed significantly lower DHFR inhibition than free MTX, the conjugates may
induce a still sufficient level of cytotoxicity because of the 103- to 104-fold higher affinity of
MTX than folate for DHFR [58].

In summary, the DHFR enzyme assay shows potent inhibitory activity by the conjugates in
which the MTX was linked through the long S2 linker. This DHFR assay provided us with a
piece of information to understand the mode(s) of action by the S2-linked conjugates.
However such simple mode of action could become more complex in vitro and in vivo than
the cell-free condition. For example, it is possible that a fraction of MTX is released from
the conjugate in circulation and in cytosolic compartments because its amide linkage is
slowly cleavable by esterases and proteases in these milieu, and by low pH [59].

In vitro cell-based binding

Cytotoxicity

After multivalent tight binding by MTX conjugate 4 was observed in the SPR study, we
were interested in determining if its high avidity can be translated to its FAR-targeting
ability on the cell surface. We utilized two fluorescently-labeled dendrimer conjugates ‘G5-
(S2)-MTX12-AF3” and ‘G5-(S2)-MTX4-Fl,” in which each fluorescent dye Alexa Fluor 488
(AF) or fluorescein isothiocytanate (FITC, FI) was covalently linked as described in
Methods. For these binding studies, we used 3 different cell lines, the KB epithelial and
RAW?264.7 macrophage cell lines which express high FAR and the B16-F10 melanoma cell
line which express low FAR [4, 44]. As shown in Figure 7, each of the conjugates bound to
the FAR-expressing KB and RAW264.7 cells in a dose-dependent manner, whereas in the
low-FAR B16-F10 cells, it showed ~5-fold lower maximal binding at 300 nM. Control
conjugates that lack the MTX moiety failed to bind to the FAR-expressing KB cells, and the
binding was inhibited by pre-incubation with 50-fold excess free FA (Figure 8). In summary
we observed significantly reduced binding in FAR-negative B16-F10 cells relative to the
FAR-positive cells, the failure of binding of the MTX-lacking control conjugates, and the
reversal of binding of the MTX conjugates by free FA. All of these results suggest that the
G5-(S2)-MT X1, conjugates bind to the cells specifically through the interaction of the MTX
with FAR on the cell surface.

We then tested the cytotoxicity of all MTX conjugates linked through the three different
linkers S0, S1 and S2 by an XTT assay. As shown in Figure 9, 4 G5-(S2)-MTX4, induced a
dose-dependent cytotoxicity whereas the SO- and S1-linked conjugates 1 and 2 failed to
induce any significant cytotoxicity whether the dose was expressed on either conjugate
(Figure 9A) or MTX (Figure 9B) concentrations. Negative controls—those dendrimers
without MTX conjugated [5, 31, 44]—did not show any cytotoxicity to KB cells when
tested under an identical assay condition (not shown). These include acetylated PAMAM
dendrimers [31], 5 G5-GA [5] and other dendrimers conjugated with FA or nontoxic small
molecules alone [5, 31, 44]. The absence of any cellular activity of the surface-neutralized
dendrimer platform is also evident from the observations that the control dendrimers G5-AF
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and G5-F1I failed to bind to KB cells (Figure 8) and the SO- and S1-linked conjugates failed
to show any cytotoxicity (Figure 9). However, evaluating the inhibitory capacity based on
MTX-concentration may be less relevant due to the expected stability of the amide linked
MTX and the possible lack of DHFR active site binding by all MTX presented by a
dendrimer molecule. In this experiment, we also tested the cytotoxicity of G5-(S2)-FI-
MTX4, which showed a modest induction of cytotoxicity. The reduced cytotoxic potential of
the G5-(S2)-FI-MTX, compared to G5-(S2)-MT X1 is possibly due to its lower avidity in
the FAR binding, as we have observed previously [44].

As presented here, free MTX shows activities in vitro more potent than its dendrimer
conjugates in the DHFR inhibition assay (Figure 6) and the cytotoxicity assay (Figure 9).
Despite the fact that free MTX has a lower affinity for FAR than the multivalent G5-(S2)-
MTX415 (Figure 5), MTX can enter cells also through the reduced folate carrier (RFC) [60],
ubiquitously present in all cell types, and perhaps via some passive diffusion across the
membrane. However, the larger dendrimer conjugates are not internalized into the cells
through either of these pathways [44], thus providing specificity of the conjugate for cells
which express FAR, as demonstrated in Figure 7. Therefore, despite the observed higher
DHFR inhibition and in vitro cytotoxicity of free MTX, we expect that its conjugate will
have higher efficacy in vivo for targeting and killing FAR-expressing cancer cells than
normal healthy cells. Moreover, the increase in in vivo efficacy of the conjugate will be
further complemented by its longer blood half-life as compared to MTX [1]. We believe that
the combination of the high avidity multivalent binding, tumor specificity and extended
duration of circulation will make the G5-(S2)-MTX1, a preferred cancer nanotherapeutic
agent over free MTX.

In summary, the cell-based studies provide evidence that the MTX molecule tethered to a
dendrimer through the S2 linker plays a dual role: i) the targeting ligand that enables binding
and uptake by a FAR-overexpressing cell; ii) the therapeutic agent that inhibits cell growth.
Level of such dual activity could be tunable in principle by the combination of such design
factors as MTX valency, and spacer length.

Conclusion

The present study describes and validates the new proof of concept strategy for cancer-
targeted delivery. As a dual-acting therapeutic agent, MTX was conjugated to a fifth
generation PAMAM dendrimer as the multivalent scaffold carrier. Each MTX was attached
to the terminal branch of the dendrimer through an EG-based extended spacer which was
developed to provide stability and to optimize the enzyme inhibitory activity. Our SPR and
cell-based experiments suggest that the multivalent MTX conjugate targets FARS via
multivalent binding effect by the FAR-overexpressing cell, and subsequently inhibits the
cell growth after cellular internalization. These results also suggest that a tether length of
<2.2 nm (spacer 1 at a fully extended conformation; Table 2) between the MTX and
dendrimer might be insufficient for DHFR binding and induction of cytotoxicity, but a
length of 4.4 nm (spacer 2) could be sufficient. We believe that this FAR-targeted dual-
acting strategy is potentially applicable in a similar design for other MTX-like antifolate
drug molecules[61] by replacing MTX with the antifolate like pemetrexed and raltitrexed as
the dual-acting agent. The synthetic strategy described here is designed to allow easier scale
up as compared to the cyclooctyne- and click chemistry-based multivalent G5-MTX,,
conjugates we developed recently [44]. This advantage is a crucial determining factor for
development of this nanotherapeutic for clinical applications. Future efforts will focus on
enhancing the scope and in vivo applications of this strategy in cancer and other related
diseases.
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Materials and Methods

Materials

Methods

All solvents and reagents were purchased from commercial suppliers, and used without
further purification unless specified. Such materials and reagents include folate binding
protein (bovine milk; Sigma-Aldrich), methotrexate hydrate (TCI; purity >98.0%),
fluorescein 5(6)-isothiocyanate (Sigma-Aldrich; purity ~90%), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC; Sigma-Aldrich), benzotriazol-1-
yloxy-tripyrrolidino-phosphonium hexafluorophosphate (PyBOP; Bachem), and Alexa Fluor
488 hydrazide (Molecular Probes®). Generation 5 (G5) poly(amidoamine) (PAMAM)
dendrimer was purchased as a 17.5 % (wt/wt) methanol solution (Dendritech, Inc., Midland,
M1), and was purified by dialysis prior to use as described elsewhere (M, = 26550 gmol~1;
M,, = 26270 gmol~1; polydispersity index, PDI = 1.010) [51]. The average number of
primary amines per dendrimer particle was determined by the potentiometric titration
method as reported earlier [10, 51]. The number of primary amines determined for this G5
dendrimer was 114 on a mean basis. G5 dendrimer modified with glutaric acid G5-GA 5
[48], and the dendrimer conjugated with MTX through the SO linker G5-(S0)-MTX5 1 [43]
were prepared as described elsewhere. 1: UPLC analysis: t, = 8.21 min; purity: 99 %. UV/
vis (PBS, pH 7.4): 380, 310, 263 nm.

Characterization of G5 PAMAM dendrimer and its conjugates was carried out by standard
analytical methods as described earlier [5, 25, 48-51]. 1H NMR spectra were acquired with
a Varian nuclear magnetic resonance spectrometer at 500 MHz under a standard observation
condition [51]. Molecular weights of the dendrimer polymers were measured by matrix
assisted laser desorption ionization-time of flight (MALDI TOF) with a Waters TOfsPec-2E
spectrometer as described elsewhere [48]. UV-vis absorption spectra were recorded on a
Perkin Elmer Lambda 20 spectrophotometer. Purity of the dendrimer conjugate was
assessed by the reversed phase analytical UPLC analysis which was carried out on a Waters
Acquity Peptide Mapping System equipped with a Waters photodiode array detector [25,
48]. Gel permeation chromatography was performed to determine molecular weights (M,y,
M,,) and polydispersity index (PDI = M,/Mn) of PAMAM G5 dendrimer by using an
Alliance Waters 2695 separation module equipped with a Wyatt HELEOS Multi Angle
Laser Light Scattering (MALLS) detector, and an Optilab rEX differential refractometer
(Wyatt Technology Corporation) [25, 48].

Synthesis of 6 G5-EG (Scheme 1)

To the dendrimer 5 G5-(GA)19g (MW = 40,200 g/mol [48]; 1.0 g, 25 umol) suspended in
anhydrous DMF (100 mL) was added N-hydroxysuccinimide (NHS, 515 mg), 4-
dimethylaminopyridine (DMAP, 546 mg), and then 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC, 618 mg, 1.2 mol eq to dendrimer glutaric acid). The
mixture was stirred at rt for 24 hr. Meantime, the ethylene glycol (EG)-based spacer,
H,N(CH,CH»0),CH,CH,;NHC(=0)(CH2)3COoH (HoN-EG-GA) was prepared in a
separate flask as follows. To the DMF (50 mL) solution containing triethylamine (1.88 mL,
13.5 mmol) was added 3,6-dioxaoctane-1,8-diamine (HoN-EG-NH>; 1.0 g, 6.7 mmol), and
then glutaric anhydride (0.785 g, 6.9 mmol) as the solution in DMF (5 mL). The reaction
mixture was stirred for 12 h at rt while a thick oily residue was precipitated. To this HyoN-
EG-GA solution was then mixed with the preactivated G5-GA dendrimer solution prepared
above at a molar ratio of [H,N-EG-NH3]/[G5-GA] ~ 270. The final reaction mixture was
stirred at rt for additional 12 hr prior to the addition of glutaric anhydride (0.4 g) to cap
unreacted primary amine molecules left in the reaction mixture. After stirring additionally
for 12 hr, the reaction was terminated by adding water (20 mL), and the mixture was
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concentrated in vacuo. The solution was diluted with 50 mL of PBS (pH 7.4), and loaded
into membrane dialysis tubings (MWCO 10 kDa). It was dialyzed against PBS (2 x 4L), and
deionized water (3 x 4L) over 3 days. The aqueous content was freeze-dried to afford 6 G5-
EG as beige solid (1.23 g). The dendrimer was characterized by standard analytical methods.
UPLC analysis: t, = 8.52 min; purity =95 %. 1H NMR (500 MHz, D,0): 5 3.7 (s), 3.6 (s),
3.4-3.3 (m), 2.85 (broad s), 2.7 (broad s), 2.45 (broad s), 2.25 (m), 1.85 (m) ppm where s
refers to singlet. GPC: M,, =81450 gmol~1; Mn = 70000 gmol~1; PDI = 1.163. Average
number (n = 97) of EG-GA branches present in the dendrimer G5-(EG)n was estimated by
the NMR integration method where CH, signals (5 1.8 ppm) in preexisting GA residues (n =
108) were compared to CH,O signals (8 3.7-3.8 ppm) in newly attached EG residues.

7 MTX-EG-NH»

Preparation of 7 was performed in an one-pot process adapted from the amide coupling
method of FA with ethylenediamine [62]. To a solution of methotrexate hydrate (24 mg, 51
umol) in anhydrous DMF (2 mL) was added was added HOBt (7.8 mg, 51 umol), DIPEA
(18 pL, 10 umol), and then PyBOP (29 mg, 56 pmol). The mixture was stirred for 2 h at rt,
and then 3,6-dioxaoctane-1,8-diamine (7.5 pL, 51 umol) was added to the mixture. The final
mixture was stirred for 4 h, and used for in situ conjugation with the dendrimer without
further treatment. MS (ESI): m/z (relative intensity, %) = 567.3 (40) [M-NHa]*.

Representative synthesis of G5-(S2)-MTX, 4 (n = 12)

To the dendrimer 6 G5-(EG)g7 (100 mg, 1.3 umol) suspended in anhydrous DMF (10 mL)
was added N,N-diisopropylethylamine (DIPEA; 0.07 mL, 0.4 mmol), HOBt (31 mg, 0.2
mmol), and PyBOP (104 mg, 0.2 mmol). The mixture was stirred at rt for 24 hr prior to the
mixing with 7 (51 umol) dissolved in DMF (2 mL) as prepared above at a molar ratio of [7]/
[6] ~ 39. The final reaction mixture was stirred at rt overnight, and concentrated in vacuo.
The crude dendrimer solution was diluted with 10 mL of PBS (pH 7.4), loaded into a
membrane dialysis tubing (MWCO 10 kDa), and dialyzed against PBS (2 x 4L), and
deionized water (3 x 4L) over 3 days. Free-drying of the aqueous content afforded 4 G5-
(S2)-MTX5 as pale yellow fluffy solid (101 mg). The dendrimer was characterized by
standard analytical methods. UPLC analysis: t, = 8.73 min; purity =98 %. MALDI TOF
mass spectrometry: m/z = 81300 gmol~L. UV/vis (PBS, pH 7.4): 380, 312, 260 nm. 1H
NMR (500 MHz, D,0): 5 8.7-8.6 (br), 8.5-8.2 (br), 8.1 (s), 7.8-7.4 (br, m), 6.9-6.8 (br),
6.7-6.4 (br, m), 6.3-6.2 (br), 3.7-3.6 (two s), 3.5-3.2 (m), 2.9-2.8 (br s), 2.7 (5), 2.5-2.3 (br
s), 2.3-2.2 (br s), 1.9 (br s) ppm. The number (n ~ 12) of MTX covalently attached to the
dendrimer was estimated on a mean basis by 1H NMR integration method. It compares the
value of CHj signals (8 1.8 ppm) in the preexisting GA residues (n = 108) relative to the
value of each aromatic proton signal in MTX residues attached [25].

Other analogous conjugate 3 G5-(S2)-MTX,4 was prepared in a similar manner otherwise
using a lower molar ratio of [7]/[6] while adjusting the amounts of other reagents
accordingly. UPLC analysis: t; = 8.68 min; purity 98 %. MALDI TOF mass spectrometry:
m/z = 79000 gmol~1. UV/vis (PBS, pH 7.4): 380, 312, 260 nm. Another conjugate 2 was
prepared in the similar method except that 5 G5-GA[48] replaced 6 G5-EG as the
dendrimer. UPLC analysis: t, = 9.85 min; purity 99 %. UV/vis (PBS, pH 7.4): 380, 310, 260
nm. MALDI TOF mass spectrometry: m/z = 46000 gmol 1.

Fluorescent labeling of 4 G5-(S2)-MTX;2 with Alexa Fluor 488

To a mixture of G5-(S2)-MTX12 4 (15 mg, 0.19 pmol) and HOBt (2 mg, 13 pmol) in
anhydrous DMF (5 mL) was added N,N-diisopropylethylamine (14 pL, 80 umol), and
PyBOP (7.0 mg, 13 umol). After stirring for 20 min, Alexa Fluor 488 hydrazide (18.7 umol,
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1.4 pmol) dissolved in 1 mL of DMF was added to the reaction mixture. The mixture was
stirred overnight at rt, and concentrated in vacuo. The residue was dissolved in with 2 mL of
PBS solution (pH 7.4), and dialyzed in a membrane dialysis tubing (MWCO 10 kDa) against
PBS, and deionized water in the dark. Freeze-drying of the dialyzed solution afforded G5-
(S2)-MTX,-AF3 as pale red fluffy solid (12 mg). Its purity was assessed by analytical
UPLC analysis: t; = 8.84 min; purity =298 %. UV/vis (PBS, pH 7.4): 510, 375, 310, 260 nm.
The number (n = 3) of Alexa Fluor dye molecules covalently attached to dendrimer was
determined on a mean basis by the UV-vis spectroscopy. This method is based on
quantitative analysis of its absorption at 494 nm to a standard calibration value prepared by
AF 488.

Surface plasmon resonance (SPR) spectroscopy

SPR experiments were run in Biacore® X (Pharmacia Biosensor AB, Uppsala, Sweden).
Folate binding protein (FBP, bovine milk) was immobilized onto a CM5 biosensor chip
(flow cell 1) coated with a carboxymethylated dextran layer on the gold surface following a
standard amide coupling protocol [26, 42-43]. The protein immobilization process resulted
in 11000 response unit (RU) equivalent to 11 ng FBP/mm2. SPR sensorgrams for FBP
binding were acquired by injection of each dendrimer or the ligand molecule dissolved in
HBS-EP buffer at a flow rate of 20 uL/min (FA, MTX) or 30 uL/min (dendrimers). After
each run, the surface of the chip was fully regenerated by injection of 10 pL of 10 mM
glycine-HCI (pH 2.5). For the analysis of binding kinetics, a pair of sensorgrams from flow
cell 1 (FBP immobilized) and flow cell 2 (reference surface without protein immobilized)
was processed to subtract the contribution from non-specific adsorption: ARU = RUq (flow
cell 1) - RU, (flow cell 2). Kinetic binding parameters, Ko, and Kqr, Were extracted by
fitting each binding curve separately using non-linear regression analysis as described [57].
The dissociation constant (Kp = kot + ko) determined for each dendrimer conjugate refers
to a mean value obtained from multiple independent measurements as specified in the Table
3.

Dihydrofolate reductase (DHFR) assay

Cell Culture

The DHFR assay was performed using a kit from Sigma according to the protocol provided,
and in a UV-compatible 96-well plate format [43]. Typically, the assay was initiated by
adding recombinant human DHFR (1.1 pug/mL) diluted in the assay buffer to a mixture of
NADPH (60 uM) and dihydrofolate (DHF; 50 uM) which were premixed with MTX or its
conjugate at a variable concentration. The kinetics of the DHF reduction was monitored by
following NADPH conversion to NADP by spectrophotometry at 340 nm. Enzyme activity
was assessed as reduction rate which was determined from the slope of the linear fitting at
the initial phase of reaction kinetics (0-5 min).

The cells were cultured as a monolayer in FA-deficient RPMI 1640 medium supplemented
with 10% fetal bovine serum (FBS). The 10% FBS still contains FA at the concentration
equivalent to the human serum concentration (~20 nM). The FR-negative B16-F10 cells
were grown in DMEM medium under otherwise similar conditions. All the cells were
cultured at 37 °C and under 5% CO, atmosphere in the presence of 100 U/ml penicillin, and
100 mg/ml streptomycin.

Flow cytometry

Flow cytometric experiments and analysis were performed as previously described [44, 63].
Cells were plated in 24-well plates and treated with the dye labeled conjugate at different
concentrations at 37°C and for 2 hr as specified in Figure 7. Competitive displacement
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experiments with FA were performed by pre-incubating with free FA (50 uM) for 30 min
prior to the incubation with the conjugate (Figure 8). Then the cells were washed to remove
unbound conjugate molecules, and the fluorescence intensity was quantified by using an
Accuri flow cytometer (BD Accuri Cytometers, Ann Arbor, MI). The mean FL1-
fluorescence of 10,000 cells was determined on a population gated for viable cells. The data
were analyzed according to the Accuri software.

In vitro cytotoxicity assay

Cells were seeded in a 96-well microtiter plate (3000 cells/well) in the medium containing
dialyzed serum. Two days after plating, the cells were treated with MTX or its dendrimer
conjugate in the tissue culture medium for the time period as indicated in Figure 9. A
colorimetric assay based on XTT (sodium 3-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-
bis(4-methoxy-6-nitro) benzene sulfonic acid hydrate) assay [64] (Roche Molecular
Biochemicals, Indianapolis, IN) was performed following the vendor’s protocol. After
incubation with the XTT labeling mixture, each microtiter plate was read on an ELISA
reader (Synergy HT, BioTek) for absorption at 492 nm with the reference value at 690 nm
[31].
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(a) Folic acid-mediated cell targeting
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Figure 1.

(a) Schematic for the folic acid receptor (FAR)-targeted drug delivery by a PAMAM
dendrimer conjugate G5-FA-(Drug)m,. The conjugate presents a multivalent array of FA as
a targeting ligand and carries cytotoxic drug molecules as payloads including methotrexate
(MTX), paclitaxel, and doxorubicin; (b) Schematic for the FAR-targeted MTX delivery by a
dendrimer conjugate G5-MTX,, where MTX plays the dual-acting role as a targeting ligand
as well as a cytotoxic agent. The figure is not drawn to scale.
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Figure 2.

(a) Structure of folic acid (FA), and methotrexate (MTX); (b) A crystal structure of a
methotrexate molecule in complex with human dihydrofolate reductase (hDHFR) at its
active site (PDB code 1u72 [46]). Please note that the two carboxylic acids (a, ) of the
MTX L-glutamate residue are exposed out near the entrance to the catalytic pocket, while a
pteridine group is bound deep in the pocket. The structural image of the enzyme-inhibitor
complex was generated by PyMOL™ (version 1.3).
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Figure 3.

Structures of methotrexate (MTX)-conjugated dendrimers 1-4. Each conjugate is derived
from a fifth generation (G5) PAMAM dendrimer, and presents multiple copies of MTX,
each tethered by an amide linkage but through the spacer of variable length as illustrated by
no spacer (1), spacer 1 (2), and spacer 2 (3,4). The spacer 1 (S1) is made of one glutaryl-
diethyleneglycol unit, while the spacer 2 (S2) is made of two such units (S2 = 2 x S1).
Length of each spacer refers to a theoretical value calculated at either a fully extended
conformation or a minimized energy conformation (for details, see Table 2). Excess
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functional groups that cover the surface of each dendrimer conjugate are not shown for
clarity, but include NHAc (1), and CO,H (2 to 4).
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Figure 4.

(2) IH NMR spectra of 5 G5-GA, 6 G5-EG, 4 G5-(S2)-MTX12; (b) UV/vis spectra of 4 G5-
(S2)-MTX15, each measured at 1.6, and 3.2 pM concentration in PBS (pH 7.4); (c) An array
of UPLC traces, each for 5 G5-GA, 6 G5-EG, and 4 G5-(S2)-MTX15.
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(c) 4 G5-(S2)-MTX4, (Kp = 1.8 x 108 M)
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Surface plasmon resonance (SPR) experiments measuring the binding (association, and
dissociation) kinetics of FA, MTX, and dendrimers to bovine folate binding protein (bFBP)
immobilized to the surface of a CM5 biosensor chip. (a, b) SPR sensorgrams for monovalent
ligands FA, and MTX, respectively, each injected at low mM to high uM concentrations as
indicated. (c) SPR sensorgrams for 4 G5-(S2)-MTXj,, injected at a range of low pM
concentrations. Fractional desorption (= RUp + RUp) is defined as the response unit of
desorption (RUp) relative to the total adsorption (RUp), and varies as a function of time. (d)
SPR sensorgrams for Ac-G5, the dendrimer tested as a negative control which has no MTX

tethered.
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Figure 6.

Dose-dependent inhibition of recombinant DHFR by G5-MTX, conjugates and MTX. The
inhibition of DHFR activity by different concentrations of G5-MTX, or MTX was
determined as described in Methods. The enzyme activity is expressed as percent controls
obtained in the absence of the drug or conjugates. G5-MTX, conjugates: G5-(S0)-MTX5
(1), G5-(S1)-MTX3 (2), G5-(S2)-MTX4 (3), G5-(S2)-MTX1, (4). Each data point represents
a Mean + SE of three different experiments.
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Figure 7.

Binding of G5-(S2)-MTX1,-AF3 (a) and G5-(S2)-MTX,-Fl, (b) in the high FAR-expressing
KB and RAW264.7, and in the low FAR-expressing B16-F10 cells. Cells were treated with
each conjugate for 2 hr and rinsed, and the mean fluorescence of gated live cells was
quantified as given in Methods. The data represent background-subtracted Mean + SE of
multiple cell samples from 2-5 independent experiments, each obtained by acquiring the
mean fluorescence of 10,000 cells. Abbreviations for fluorescent dyes: AF = Alexa fluor
488; FI = fluorescein isothiocyanate (FITC).
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Figure 8.

Demonstration of FAR-specificity of G5-(S2)-MTX1,-AF3 (a) and G5-(S2)-MTXy-Fl, (b)
for binding to FAR-expressing KB cells. Cells were incubated with 100 nM of each MTX-
conjugate and its respective control conjugate (G5-AF or G5-FI) that lacks MTX for 2 hr,
and the FL1 fluorescence was determined as given in Methods. Some cells were also pre-
incubated with 5 uM free FA for 30 min prior to incubation with 100 nM of the targeted
conjugate (middle panels). To correct the difference in the mean number of fluorescent dye
molecules attached to each conjugate particle such as G5-(S2)-MTX1,-AF vs. G5-AF
control, the fluorescence intensity was normalized by measuring the fluorescence of
standard solutions of the conjugates in a spectrofluorimeter. The height of each bar

Curr Pharm Des. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Thomas et al.

Page 25

represents a background-subtracted Mean + SE fluorescence of 3 — 4 cell samples, each
derived from the analysis of 10,000 cells.
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Cytotoxicity of G5-MTX,, conjugates in KB cells. Cells were incubated for 3 days with the
indicated conjugates or free MTX, and the cytotoxicity was determined by XTT assay as
given in Methods. The data represent the Mean + SE of 8-12 cell samples from two
independent experiments. The X-axis values for each conjugate are expressed as conjugate-
based (a) or MTX-based (b) concentrations.
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Scheme 1.

Synthesis of MTX-conjugated G5 PAMAM dendrimers 2-4, each MTX molecule tethered
to the dendrimer through an EG-based spacer. Reagents and conditions: i) Glutaric
anhydride, EtsN, MeOH, rt; ii) EDC, NHS, DMAP, DMF, rt; iii)
H,N(CH,CH»0),CH,CH,;NHC(=0)(CH,)3COoH, Et3N, rt, DMF; iv) (a) PyBOP, HOBt,
DIPEA, DMF; (b) HoN(CH,CH»0),CH,CHyNHo; v) () EDC, NHS, DMAP, DMF, 1t; (b)
7, Et3N, rt; vi) (a) PyBOP, HOBt, DIPEA, DMF; (b) 7, rt.
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Table 3

Rate constants and equilibrium dissociation constants Kp for the binding of folic acid (FA), methotrexate
(MTX), 1 G5-(S0)-MTX5 [43], and 4 G5-(S2)-MT X4, to the folate binding protein (FBP) immobilized on the
surface of a CM5 biosensor chip as determined by surface plasmon resonance (SPR) spectroscopy.

kon (M71s71) Kot (57%) aKp, (M) b[_’)
FA | - - 3.5x107 -
MTX | - - 1.7x1075 1
1 d3 4 (+2.5) x 10* | 98.7 (+2.5) x 104 | 92.6 (+1.0) x 108 | 923
(1859
4 1.3 x 10° 59 (3.1)x 10 | 1.8(x1.7)x 108 | 944
(799

a. .o . . . R

Dissociation constant KD (= koff + kon) represents a mean value calculated by averaging the data obtained from seven different injection
concentrations, each duplicated per concentration. The number within parentheses refers to the standard error of the mean (SEM), and unless noted
specifically, the standard error for the Kp or kon value is within 2-fold variation.

b[i = Multivalent binding enhancement = KDMTx + KDG5'MTx

CThe value within parentheses refers to the valency (n)-corrected value (=  + n) where n = 5 (conjugate 1) or n = 12 (conjugate 4).

dData cited [43]
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