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Abstract

Nanoparticle (NP)-based targeted drug delivery involves cell-specific targeting followed by a
subsequent therapeutic action from the therapeutic carried by the NP system. NPs conjugated with
methotrexate (MTX), a potent inhibitor of dihydrofolate reductase (DHFR) localized in cytosol,
have been under investigation as a delivery system to target cancer cells to enhance the therapeutic
index of methotrexate which is otherwise non-selectively cytotoxic. Despite improved therapeutic
activity from MTX-conjugated NPs in vitro and in vivo, the therapeutic action of these conjugates
following cellular entry is poorly understood; in particular it is unclear whether the therapeutic
activity requires release of the MTX. This study investigates whether MTX must be released from
a nanoparticle in order to achieve the therapeutic activity. We report herein light-controlled release
of methotrexate from a dendrimer-based conjugate and provide evidence suggesting that MTX
still attached to the nanoconjugate system is fully able to inhibit the activity of its enzyme target
and the growth of cancer cells.

1. Introduction

One of primary objectives in targeted drug delivery is to enhance the therapeutic index of
drugs by facilitating their selective drug uptake into target cells1~7. Nanoscale particles
(NPs) functionalized with cancer cell targeting ligand(s) and drug(s) form nanoconjugates
designed to undergo cellular internalization via specific receptors?-3 8-10_ This strategy has
been successfully applied to the delivery of anti-cancer therapeutics such as methotrexate
(MTX)%11 cisplatin3, doxorubicin1213 and paclitaxel®: 8. The effectiveness of targeted
nanoconjugate depends on several factors, including the shape and size of NP, drug density
on the NP density, type of linker used to tether the drug molecule to the NP and, for certain
types of drugs, the extent of drug release from the NP# 14-17_ This study seeks to determine
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whether MTX must be released from dendrimer NP in order to be fully active. We use a
photochemical mechanism?3 to release the cytotoxic drug MTX from a dendrimer to inhibit
the cytoplasm enzyme dihydrofolate reductase (DHFR)18-19 (Figure 1). These studies
provide evidence that MTX release from a dendrimer NP is not essential to achieve
therapeutic activity.

Methotrexate, an anti-folate cytotoxic drug, functions by inhibiting dihydrofolate
reductase® 20 (K; = 0.0034 nM21), a cytosolic enzyme that catalyzes the reduction of
dihydrofolate to tetrahydrofolate for the de novo biosynthesis of thymidine in DNA
synthesis (see Figure 1b for a crystal structure of DHFR in complex with MTX?22). Although
MTX has efficient cytotoxic activity against cancer cells, it suffers from dose-limiting
systemic toxicity that results in a narrow therapeutic index23. Because of this, MTX has
been an attractive candidate for use in a variety of targeted therapeutic delivery systems.
While some systems have relied on the encapsulation of MTX for drug delivery?4-25 MTX
has been more commonly covalently attached to nanoscale carriers such as

dendrimers® 1. 26-29  dextran30, oligopeptide31, albumin protein32, and iron oxide
nanoparticles33 through either amide28-33 or ester bonds® 1127, These MTX
nanoconjugates are cytotoxic in vitro, and some tested in in vivo tumor models displayed
selective tumor targeting?’—29, prolonged systemic circulation?’-28: 30, and enhanced
therapeutic index?’. Despite the promising activity of these nanoconjugates, what happens to
their drug payload following cellular entry is poorly understood. In particular, it is not clear
to what extent MTX remains conjugated to the NP carrier system, and whether the release of
this drug plays a significant role in the therapeutic activity of the nanoconjugate.

In a recent study,! we synthesized a nanoconjugate 1 (PAMAM-FA,-MTXs; Figure 1a),
comprised of folic acid (FA), a high affinity ligand for the folic acid receptor (FAR; K4 =
0.4 nM)34, and MTX, both attached to the surface of generation 5 polyamidoamine
dendrimer (G5 PAMAM)3®, This conjugate 1 was selectively internalized by KB cells
through FAR-mediated endocytosis and was shown to inhibit cell growth®. In a study
designed to determine the mechanism of drug action following cellular entry, we
investigated the chemical stability of the MTX ester linkage of 1 under conditions that
mimic the acidic environment of FAR-containing endosomes (pH ~ 5 — 6.5)36-37, Our
hypothesis was that acidic conditions would hydrolyze the ester linkage, thereby releasing
the drug from the dendrimer. Interestingly, however, this conjugate was almost completely
resistant to hydrolysis and failed to release MTX under either acidic or nonselective
esterase-mediated in vitro conditions. In addition, the intact conjugate was shown to inhibit
purified DHFR in a cell-free assay as effectively as free MTX38, The crystal structure (PDB
1u72)22 of hDHFR in complex with a methotrexate molecule at its active site (Figure 1b)
suggests that the tethered MTX molecule could inhibit the catalytic activity of DHFR if its
linker is sufficiently long and flexible enough to allow the interaction at the enzyme-
dendrimer interface.3° These observations suggested that dendrimer-conjugated MTX could
be active, but its exact role was not evaluated in the cytotoxic activity observed with drug
conjugates. To further characterize the activity of an ester-linked MTX conjugate following
cellular internalization, we used a strategy that provided consistent and precise control for
the release of the MTX payload. In this communication, we report the design and synthesis
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of a photo-releasable MTX-based nanoconjugate, demonstrate MTX release from the
conjugate through a light-controlled mechanism?3 and evaluate its cytotoxic activity in KB
cells following exposure to UV light.

2. Materials and methods

2.1 General synthetic methods

All solvents and reagents were purchased from commercial suppliers (Aldrich, Fluka, TCI),
and used without further purification including folic acid dihydrate (Sigma; purity 98%), and
methotrexate hydrate (TCI America; purity >98%). Reactions were run under nitrogen
atmosphere unless noted otherwise. Progress of reactions was monitored by thin layer
chromatography on Merck® TLC plates (250 um thick), and spots were detected by UV
illumination at 254 or 365 nm or by staining with phosphomolybdic acid reagent (20% wi/v
in ethanol) or ninhydrin solution (5% w/v in 3% acetic acid/ethanol). Reaction mixtures
were worked up as described specifically in each reaction including flash column
chromatography using silica gel (200-400 mesh). Characterization of reaction products was
routinely carried out by H NMR spectroscopy and mass spectrometry. For NMR (1H, 13C)
measurement, samples were dissolved in deuterated solvent (CDCl3, CD30D, D,O, DMSO-
dg), and NMR spectra were acquired with a Varian nuclear magnetic resonance spectrometer
at 400 MHz or 300 MHz for 1H NMR spectra, and at 100 MHz for 13C NMR spectra under
standard observation conditions. Mass spectrometric identification of compounds was
performed by electrospray ionization mass spectrometry (ESI-MS) with a Micromass
AutoSpec Ultima spectrometer. Molecular masses of PAMAM G5 dendrimer and its
conjugates were measured by matrix assisted laser desorption ionization-time of flight
(MALDI-TOF) with a Waters TOfsPec-2E spectrometer. The MALDI spectra were acquired
using a matrix solution of 2,5-dihydroxybenzoic acid (10 mg/ml in 50% aqueous
acetonitrile) in a linear mode with a high mass detector. The spectrometer was mass
calibrated with BSA in sinapinic acid, and data was acquired and processed using Mass
Lynx 3.5 software. UV-vis absorption spectra were recorded on a Perkin Elmer Lamda 20
spectrophotometer. Size exclusion chromatography (SEC) was used to measure absolute
molecular weights and polydispersity index (PDI) of PAMAM G5 dendrimer 6 by using an
Alliance Waters 2690 separation module (Waters Corporation, Milford, MA) equipped with
a Waters 2587 UV absorbance.

2.2 Synthesis of 3

The ortho-nitrobenzyl linker 3 was synthesized starting from 4-formyl-2-methyoxyphenol
(vanillin) as pale yellow solid13. R (5% MeOH/CHClIs3) = 0.37. 1H NMR (300 MHz,
CDClg): 6 =7.73 (s, 1H), 7.33 (s, 1H), 4.98 (s, 2H), 4.55 (s, 2H), 4.00 (s, 3H), 3.45-3.40 (m,
2H), 3.29-3.25 (m, 2H), 1.40 (s, 9H) ppm; 13C NMR (100MHz, CDCls): § = 167.97, 154.52,
145.61, 139.52, 134.34, 112.18, 111.43, 69.21, 62.37, 56.38, 56.36, 40.36, 39.68, 28.24,
24.76 ppm; MS (ESI): m/z (relative intensity, %) = 422.2 (100) [M+Na]*, 821.3 (20) [2M
+Na]*, 322.1 (13) [M+Na-Boc]*; HRMS (ESI) calcd for C17H25N30gNa 422.1539, found
422.1533.
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2.3 Synthesis of 4

To a cold solution of ortho-nitrobenzyl linker 3 (0.4 g, 1.0 mmol) and triethylamine (0.29
mL, 2.1 mmol) in CHClI3 in ice bath was added methanesulfonyl chloride (0.082 mL, 1.1
mmol). After stirring for 1.5 h at 0°C, the solution was evaporated in vacuo, yielding pale
beige solid (Rf = 0.5 in 10% MeOH/CHCI53). It was dissolved in 4 mL of DMF, and used for
the next step immediately. To a separate round bottomed flask containing DMF (25 mL) was
added methotrexate hydrate (0.544 g, 1.1 mmol) and cesium carbonate (0.651 g, 2.0 mmol)
grounded as fine powder. To this stirred mixture was added the DMF solution that contained
the mesylate prepared previously, and sodium iodide (0.15 g, 1.0 mmol). The final mixture
was stirred at rt for 27 h under nitrogen atmosphere in the dark, and evaporated in vacuo
yielding pale yellow residue. It was dissolved in a small volume (~5 mL) of 5% MeOH/
CHClIs3, and loaded onto a silica column. The reaction mixture was purified by eluting with 3
to 5% MeOH/CHCI3 where the desired product was eluted with an R¢ value of 0.53 (1%
AcOH in 20% MeOH/CHCI3). After evaporation of the desired fractions, solid was
obtained, rinsed with MeCN and dried in vacuo yielding 4 as yellow solid (193 mg,

23%). 1H NMR (400 MHz, DMSO-dg): & = 8.49 (s, 1H), 7.67 (m, 2H), 7.63 (s, 1H), 7.15 (s,
1H), 6.76 (m, 2H), 5.39 (s, 2H), 4.72 (s, 2H), 4.54 (s, 2H), 4.43 (br m, 1H), 3.83 (s, 3H),
3.15 (s, 3H), 3.10 (br, 2H), 2.94 (br, 2H), 2.24 (br, 2H), 1.80 (br, 2H), 1.29 (s, 9H) ppm; MS
(ESI): vz (relative intensity, %) = 836.4 (100) [M+H]*, 736.4 (19) [M+H-Boc]*, 1672.7 (2)
[2M+H]*; HRMS (ESI) calcd for C37H46N11012 836.3327, found 836.3325.

2.4 Synthesis of 5

To N-Boc protected methotrexate-linker 4 (31 mg, 37.1 umol) was added a mixture of
CHCI3 (1.0 mL) and TFA (0.5 mL). The mixture was stirred at rt for 15 min, and evaporated
to dryness in vacuo yielding pale yellow oil. The product was used immediately without
further treatment for the coupling reaction with dendrimer 6. 1H NMR (300 MHz, DMSO-
dg): 6 =8.70 (d, 1H), 7.80 (m, 1H), 7.68-7.67 (m, 2H), 7.20 (m, 1H), 6.80 (t, 2H), 5.40-5.35
(m, 2H), 4.85 (d, 2H), 4.62 (br s, 3H), 3.94 (s, 3H), 3.36 (t, 2H), 3.24 (d, 3H), 2.87 (t, 2H),
2.68 (m, 2H), 2.20-2.10 (m, 2H) ppm; MS (ESI): m/z (relative intensity, %) = 736.2 (100)
[M+H]+, 1471.5 (3) [2M+H]+, 308.1 (61); HRMS (ESI) calcd for C3H3gN1101 736.2803,
found 736.2824.

2.5 Synthesis of 7

Folic acid-ethylenediamine amide was prepared as described elsewhere*©, To a stirred
solution of folic acid dihydrate (1.0 g, 1.94 mmol) in DMF (120 mL) was added 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrochloride (2.0 g, 10.4 mmol). After stirring for 1
h in the dark, 1,2-diaminoethane (1.26 g, 21.0 mmol) was added to the solution prepared
early, and the final solution was stirred at RT for 6 h. The mixture was concentrated to
dryness in vacuo yielding yellow residue. It was dissolved in water (~10 mL), loaded onto a
column (silica gel, 50 g), and flash chromatographed by eluting with 50% MeOH/CH,Cl,,
and then 10% conc. NH4OH in 50% MeOH/CH,Cl, to elute the product. After evaporation
of desired fractions, the product 7 was isolated as yellow solid (0.873 g, 93%). The product
material was composed of two regioisomers, a- and y-amide, and used for next step without
separation of the isomers. 1H NMR (400 MHz, D,0): & 8.66 (s, 1H), 7.56 (d, 1H, J=8.8
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Hz), 6.58-6.56 (d, 1H, J = 8.8 Hz), 4.50 (s, 2H), 3.25 (m, 2H), 2.68-2.65 (m, 2H), 2.25-2.19
(m, 2H), 2.16-1.8 (m, 2H) ppm. 13C NMR (100 MHz, D,0): § 181.53, 178.52, 175.77,
174.63, 172.97, 170.16, 169.26, 163.88, 155.35, 151.13, 150.93, 147.21, 147.09, 129.09,
128.85, 128.04, 121.32, 120.72, 112.47, 112.32, 55.64, 55.04, 54.97, 45.70, 43.61, 41.70,
39.65, 39.50, 33.72, 32.61, 27.72, 27.57 ppm. MS (ESI): m/z (relative intensity, %) = 484.19
(100) [M+H]*, 327.11 (51). HRMS (ESI) calcd for CoyH,6NgO5 484.2057, found 484.2067.

2.6 Synthesis of 2 (PAMAM G5-FA9-MTX17)

To a suspension of 6 (PAMAM G5-glutaric acid; 60 mg)!3 in anhydrous DMF (12 mL) was
added 4-dimethylaminopyridine (18 mg, 148 umol), N-hydroxysuccinimide (17 mg, 148
pumol), and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (29 mg, 151
umol). The mixture was stirred at rt for 36 h, and followed by the addition of 7 (18.5 mg,
37.3 umol) and 5 (TFA salt, freshly prepared from 31 mg of 4; 37.1 umol). Then
triethylamine (26 pL, 189 umol) was added to the reaction mixture to adjust the solution to
slightly basic (pH~9). The mixture was stirred at rt for 36 h in the dark prior to the addition
of water (2 mL). After stirring for 4 h at rt, the mixture was concentrated to a volume of ~2
mL, and diluted with water (15 mL). The solution was added into a into membrane dialysis
tubing (MWCO 10 kDa, Spectrum® Labs, Inc.), and dialyzed extensively against deionized
water (4 L), phosphate-buffered saline solution (1x2 L), and deionized water (3x4 L) over 3
days. The solution in the tubing was collected and lyophilized, yielding 2 as pale yellow
fluffy solid (45 mg). 1H NMR (400 MHz, DMSO-dg): & = 8.46 (br), 7.65 (br), 7.48 (br),
7.06 (br), 6.7 (br), 5.35 (br), 4.7 (br), 4.53 (br), 4.38 (br), 3.78 (br s), 3.36 (br s), 3.2-2.8 (br
m), 2.7-2.4 (br m), 2.39 (s), 2.38-1.8 (br m), 1.6 (br s) ppm. A set of NMR signals unique to
FA/MTX (& = 8.46, 6.7 ppm) and to ortho-nitrobenzyl linker (& = 7.06, 5.35 ppm) were
selected to calculate the relative ratio between 7 and 5 attached per a dendrimer basis: Eq 1
= ratio = [(number of 7) + (number of 5) = Nga + NyTx = 1.84]. Average molecular weight
of 2 was obtained by MALDI-TOF with a peak intensity at m/z = 57000 gmol~L. Increment
in the molecular weight of 2 relative to 6 (mVz = 40200 gmol ™) is attributed to the molecular
weight contributed from both 5 and 7 attached to 6: Eq 2 = A wt (unit, gmol 1) = (57000 -
40200) = 16800 = [(MW of 7) x Nga + (MW of 5) x Nptx] = [483 X Nga + 735% NyTx]-
The number of FA and MTX per dendrimer was obtained by solving two equations (Eq 1
and Eq 2), suggesting 9 (7) and 17 (5), respectively.

2.7 Photolysis of 2

Photolysis experiments were carried out using Spectroline® UV bench lamps (XX-15A;
320-400 nm, power = 1.1 mW/cm?) at long wavelength (320-400 nm) with a maximum
intensity at 360 nm. Nanoconjugate 2 was dissolved in phosphate-buffered saline (PBS)
solution (33 pM, pH 7.2), placed in a Petri dish without any cover under UV lamps at
distance of ~ 5 cm, and irradiated for a variable period of time up to 14 min. The progress of
the photolysis was monitored by analyzing each aliquot taken at a specific time point by
UV-vis spectrometry and analytical HPLC. In the HPLC analysis, all samples were eluted
using a linear gradient of aqueous acetonitrile (0.1% TFA) at a flow rate of 0.5 mL/min.
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2.8 Dihydrofolate reductase (DHFR) assay

Inhibitory activity of dendrimer MTX conjugate 2 against human dihydrofolate reductase
(Sigma assay kit) was measured according to the assay protocol as provided. The assay was
performed at rt by following the decrease of NADPH and dihydrofolate concentrations by
absorbance measurements at 340 nm at different concentrations of the inhibitor as indicted
in Figure 5a. The AOD (min~1) used for calculating specific enzyme activity (Units/mg P =
pmolmin~tmg™1) in each of the inhibition reactions was obtained through the linear fitting
of reaction progress in an early phase (0-2.5-min).

2.9 In vitro cell based assay

The in vitro cytotoxicity of free MTX, and PAMAM dendrimer nanoconjugates including 2
(intact and following exposure to the UV-A light over a variable period of time) was
measured in KB cells using XTT assay. The KB cells, a sub-line of the cervical carcinoma
HelLa cells (ATCC, Manassas, VA, USA), were grown as a monolayer cell culture at 37 °C
and 5% COy, in folic acid-deficient RPMI 1640 medium supplemented with 10% fetal
bovine serum (FBS). The 10% FBS provided folic acid concentration equivalent to that
present in the human serum (~20 nM). For the cytotoxicity experiments, the cells were
seeded in 96-well microtiter plates (3000 cells/well) in serum-containing medium. Two days
after plating, the cells were treated with different concentrations of the conjugates in tissue
culture medium for 3—-4 days. A colorimetric ‘XTT” (sodium 3-[1-
(phenylaminocarbonyl)-3,4-tetrazolium]-bis (4-methoxy-6-nitro) benzene sulfonicacid
hydrate) assay (Roche Molecular Biochemicals, Indianapolis, IN), was performed following
the vendor’s protocol. After incubation with the XTT labeling mixture, the microtiter plates
were read on an ELISA reader (Synergy HT, BioTek) at 492 nm with the reference
wavelength at 690 nm.

3. Results and discussion

3.1 Design and synthesis of PAMAM dendrimer conjugated with photocaged methotrexate

We designed a photocaged conjugate 2 (Figure 2) that contains MTX attached through an
ortho-nitrobenzyl (ONB) group, a linker that can be cleaved by UV irradiation to
controllably release MTX molecules from the dendrimer. The structure of conjugate 2 has
been modified from the previous conjugate 1 to include a longer spacer (~12 atom),
primarily due to the presence of a photocleavable linker itself, and a higher number of FA
and MTX molecules, an average of ~9 and ~17, respectively, per dendrimer. We assumed
that such modification of the design elements would be potentially beneficial for improving
the efficiency of folate receptor-targeted drug delivery due to greater multivalent effect41-42
(9 FAs), and higher loading capacity of the drug molecules to be delivered (17 MTXs per
dendrimer conjugate). This photochemical approach for MTX release was based on the
concept of photocaging, which refers to the temporary protection of a biologically active
molecule with a photocleavable group. Following UV irradiation, the biologically active
molecule, in this case MTX, is released. Photocaging has been employed in a number of
chemical and biological applications, including the spatiotemporal control of cell signaling
processes?345 and the light-triggered release of various payloads from nanomaterials#6-47.
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Nanoconjugate 2 was synthesized by covalently coupling the photoreleasable MTX-linker
and FA-linker (FA-CONHCH,CH,NH,) to the surface of a G5 PAMAM dendrimer
(diameter ~5.4 nm3%). The synthesis of the MTX-photocleavable linker 5 is summarized in
Scheme 1. The linker contains an ortho-nitrobenzyl (ONB) moiety as a photocleavable
group which is attached at the carboxylate oxygen of the L-glutamate domain of MTX. It
was synthesized using a two-step process that included the synthesis of 4 from O-alkylation
of MTX with an ONB-based bifunctional linker 313, After the O-alkylation, 4 was isolated
by flash silica column chromatography as a mixture of a- and y-ester in an approximately
equal ratio (on the basis of IH NMR data; only y-isomer shown) but their separation was not
further pursued because both of the isomers releases MTX upon photocleavage. The N-Boc
group in 4 was deprotected with TFA to generate a free primary amine at the terminus of the
ethylenediamine linker. Second, FA-ethylenediamine 7 (FA-CONHCH,CH,NH,) was
prepared by amide formation of FA with ethylenediamine as described elsewhere (folic acid
dihydrate, 5 eq. of EDC, DMF, rt, 1hr; then 10 eq. of 1,2-diaminoethane, rt, 6 h.)40.

Synthesis of nanoconjugate 2 was completed as shown in Scheme 2 by covalent conjugation
of MTX-linker 5 and FA-linker 7 to PAMAM G5-CO,H 6 (M,, = 42730 gmol~1, PDI =
M,/M,, ~1.046)3 through amide linkages. In this coupling reaction, the carboxylic acids
present on the surface of dendrimer (~100 CO,H per a dendrimer molecule) were activated
to N- hydroxysuccinimide esters (EDC/NHS/DMF), and then reacted with 5and 7 in a one-
pot reaction process. The resultant nanoconjugate 2 was purified by extensive dialysis using
membrane tubing (MWCO 10 kDa) against phosphate-buffered saline (PBS) solution and
water. An analysis that combines spectroscopic and chromatographic data (Figure 3, 4)
suggests that 2 has an average molar mass of 57,000 gmol~! (MALDI-TOF MS), and
contains ~9 copies of 7 and ~17 copies of 5 by the mean value per dendrimer.

3.2 Photochemical mechanism of methotrexate release

Light-controlled release of MTX from nanoconjugate 2 was carried out by exposing an
aqueous solution of the nanoconjugate to 365 nm UV-A light (Figure 2, and 4)13. The UV-
vis absorption spectra of 2 over time following irradiation are shown in Figure 4a. Prior to
irradiation (bottom curve), 2 shows absorption features above 300 nm that reflect a weighted
combination of FA (absorption peaks: 280 nm, e= 25545 M~1cm™1; 347 nm, ¢ = 6676
M~lem™1), MTX (368 nm, £ = 8071 M~1cm™1), and the photo-cleavable linker 3 (340 nm, €
= 2750 M~1ecm™1). Its UV-vis time course shows only minor increases in the absorption
peaks at long wavelengths, including 370 nm (inset). However, there is a large increase of
absorbance around 284 nm, a spectral feature that was also analogously observed in the
photo-cleavage of the ONB linker 3 (quantum efficiency of cleavage, ® = 0.29)!3. Reversed
phase high performance liquid chromatography (HPLC) analysis of the irradiated solutions
of 2 confirmed time-dependent release of MTX, indicating near completion of the release
after 6 min of irradiation (Figure 4b). However the HPLC traces also show the appearance
of three faster running species at t, = 0.9 to 1.1 min. We believe that their HPLC and UV/vis
profiles are closely related with those of major photodegradation products of MTX which
are identified in earlier studies*8-4° as 2,4-diamino-6-pteridinecarbaldehyde, 2,4-diamino-6-
pteridinecarboxylic acid, and p-aminobenzoylglutamic acid. In summary, the analysis by
UV/vis and HPLC methods demonstrated that UV-A irradiation enabled photochemical
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release of MTX from 2 (G5-FAg-MTX17). However, some fraction of MTX appeared to be
degraded into smaller fragments as a function of the exposure time.

3.3 Inhibition of dihydrofolate reductase (DHFR) activity by methotrexate conjugated to
PAMAM dendrimer

Biological activity of dendrimer conjugate 2 was investigated with regards to its effect on
enzyme activity, and then cell growth. First, we evaluated if 2 is able to inhibit its target
enzyme DHFR as its intact form (without MTX release) in a standard enzyme assay using
purified human DHFR as described elsewhere38. The results showed that 2 is nearly as
potent as free MTX in inhibiting the enzyme activity (Figure 5a), suggesting that MTX
tethered to the dendrimer surface is functionally active without being released. This
hypothesis is supported by the additional observation that the dendrimer conjugate 2 was
quite stable against the hydrolytic release of MTX in aqueous media. Only a small fraction
(~2%) of MTX was released after prolonged incubation (48 h) at pH 7.4 which is consistent
with the hydrolytic stability associated with the conjugate 1.

3.4 Effect of drug release on cytotoxicity

Second, nanoconjugate 2 was further evaluated in a cell-based assay!! using FAR-
overexpressing KB cells for its cytotoxicity before and after MTX release controlled by a
photochemical mechanism (Figure 5b). Here an aqueous solution of 2 (33 UM per a MTX
basis) was dissolved in PBS buffer, pH 7.2 and exposed to UV-A irradiation (365 nm), as
described in Figure 3. After exposure for 6 or 14 mins, KB cells were treated with each of
the irradiated solutions at different concentrations (based on MTX) for 4 d to evaluate dose-
dependent inhibition of cell proliferation (given as % surviving cells). Figure 5b summarizes
the dose-cytotoxicity profile of 2 obtained prior to irradiation (t = 0 min, control) and after
irradiation (t = 6 or 14 min). The level of cell growth after treatment with 2 (control) was
reduced to ~20% relative to normal growth condition (~100%; without any inhibitor or
conjugate added), indicating a high level of inhibition activity that was almost identical to
that obtained by free MTX. When treated with 2 following 6 and 14 min irradiation, a
similar maximal level of inhibitory activity was obtained. However in terms of 1Cs value®°,
2 (t=0or 6 min irradiation) showed ~7 nM, an activity approximately 3-fold less potent
than free MTX (ICsg ~ 2.5 nM). After prolonged irradiation (t = 14 min), a decreased
activity (ICsg ~ 15 nM) was observed. We believe that such decrease in the cytotoxicity is
attributable to degradation of MTX molecules to some extent, as suggested by the HPLC
traces (Figure 4b). The AUC analysis of each HPLC trace taken after irradiation enabled us
to estimate the fraction of intact MTX molecules (excluding the fractions of degraded
MTX). This analysis suggests that the real concentrations of MTX remained after irradiation
for 6 min and 14 min are ~18 uM, and <11 uM, respectively. Thus, the ICgq values (7 nM
and 15 nM for the 6" and 14’ incubation samples, respectively, as derived from Fig 5b) are
inversely correlated with the amount of MTX as estimated by the AUC analysis.

We have compared the cytotoxicity of the nanoconjugate 2 with a batch of G5-FA5-MTX7 5
standard (pink symbols, Figure 5b). This nanoconjugate, a structural analogue of 1 (Figure
1) that contains different numbers of FA (5) and MTX (7.5) per dendrimer but otherwise an
identical structure, has been shown to induce cytotoxicity in KB cells both in vitroand in
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vivo® 27, Here, we show that this conjugate also induces cytotoxicity in KB cells with an
ICsq value of 150 to 225 nM on a MTX basis. The ~20-30 fold enhancement in potency of
conjugate 2 over this standard conjugate G5-FA5-MTX7 5 could be due to i) its increased
uptake as a result of the higher average number of targeting molecules per dendrimer (~9 vs.
~5 FAs); ii) its increased toxicity per nanoconjugate as a result of the higher average number
of drug molecules per dendrimer (~17 vs. 7.5 MTXs); and/or iii) the addition of the longer
tether linking the MTX and G5 at the glutamic acid position to allow perhaps the tighter
binding of the MTX-linker construct to the catalytic site of DHFR1® (Figure 1). Importantly,
such longer spacer can reduce the level of undesired steric effects2% 51-52 which were
suggested to explain reduced activity of antibody-targeted MTX-dendrimer conjugates in
inhibition of DHFR2?: 51,

4. Conclusions

In conclusion, we demonstrated light-controlled release of MTX using a FAR-targeting,

MT X-tethered dendrimer nanoconjugate, and showed that the targeted delivery of active
MTX can be achieved, with or without drug release. The photocaging strategy developed
here might be able to serve a convenient tool of drug release triggered by a light-controlled
mechanism. We believe this strategy can make unique applications in particular when
targeting a non-cytosolic therapeutic system localized in a subcellular compartment such as
nucleus into which nanoscale particles are unable to passively cross, or if the conjugate
carries incorrectly oriented or linked drugs?’. Our future efforts will focus on such
applications through photochemical spatiotemporal drug activation.
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(a) Structures of folic acid (FA), methotrexate (MTX), and a multifunctional nanoconjugate
1 based on a fifth generation (G5) polyamidoamine (PAMAM) dendrimer where folic acid

as a targeting ligand and methotrexate as a chemotherapeutic agent are conjugated to surface

residues; (b) A crystal structure of human dihydrofolate reductase (hDHFR) at the active site

with a bound MTX molecule, each shown in a surface (protein) and stick (MTX)

representation where the L-glutamate carboxylic acids (a, y) of MTX appear to be anchored
near the entrance leading to a catalytic pocket, while its pteridine head group (hidden) is
bound deep into the pocket (PDB 1u72)22.
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Fig. 2.
Photocontrolled release of methotrexate (MTX) from a nanoconjugate 2 (G5-FAg-MTX17)

upon exposure to UV irradiation (365 nm) as the result of the cleavage of ortho-nitrobenzyl
(ONB) linker.
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(2) TH NMR spectrum of 2 (G5-FAg-MTX17) obtained in a mixture of DMSO-dg and D,0;
(b) MALDI TOF mass spectral data (gmol™1) for the dendrimer conjugate 2, and 6.
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Photocontrolled release of MTX from 2 (G5-FAg-MTX47) upon exposure to UV-A (365
nm) irradiation. An aqueous solution of 2 (33 uM in PBS, pH 7.4) was exposed to the long
wave length irradiation over a variable period of time (t = 0 to 14 min). During the course of
photolysis of 2, release of MTX was monitored by UV-vis spectroscopy (a), and analytical
high performance liquid chromatography (b) in which a select set of HPLC traces taken
before (t = 0 min) and after UV irradiation (t = 2 to 10 min) are shown. Absorption (HPLC)
at 280 nm is shown to focus on MTX rather than G5 dendrimer backbone.
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(@) Inhibition of human dihydrofolate reductase (hDHFR) by 2 (G5-FAg-MTX47) in a cell-
free enzyme assay. The unit for DHFR activity is defined as pmolmin~1mg™1, and the
concentrations for 2 on the X-axis are given on a MTX basis; (b) In vitro cytotoxicity of 2 in
a cell-based assay using folate receptor-overexpressing KB cells, before (control) and after
UV-irradiation (6, or 14 mins). The standard comparator, G5-FA5-MTXj7 5 (see text) showed
~20% cell growth inhibition at 75 nM (equivalent to 10 nM on a conjugate basis; data point
not shown on the graph). The concentrations shown on the X-axis are given on a MTX

basis.
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Synthesis of MTX-photocleavable linker 5. Reagents and conditions: a) ethyl bromoacetate,
KoCOg3, DMF, rt, 17 h, 75%; b) NaOH, THF, MeOH, H,O, rt, 33 h, 82%; c) conc. HNOg,
AcOH, 0°C to rt, 26 h, 68%; d) N-Boc-1,2-diaminoethane, DCC, DMAP, DMF, 0°C to rt,
36 h, 88%; e) NaBH,4, THF, MeOH, rt, 5 h, 71%; f) methanesulfonyl chloride, EtgN, CHCls,
0°C—rt, 2 h; g) CspCOg3, Nal, methotrexate, DMF, rt, 27 h, 23% over two steps; h) TFA,
CHClg3, rt, 15 min. DMF = dimethylformamide, THF = tetrahydrofuran, DCC =
dicyclohexylcarbodiimide, DMAP = 4-dimethylaminopyridine, Et3N = triethylamine, TFA
= trifluoroacetic acid.
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Scheme 2.
Synthesis of a fifth generation (G5) PAMAM dendrimer-based nanoconjugate 2 (G5-FAg-

MTX,7). Reagents and conditions: a) glutaric anhydride, EtsN, MeOH, rt, 24 h; b) NHS,
EDC, DMAP, DMF, rt, 36 h; c) 5 (methotrexate-photocleavable linker, 25 mol. eq per a
dendrimer basis), 7 (FA-CONHCH,CH,;NH,, 25 mol. eq per a dendrimer basis), Et3N,
DMF, rt, 36 h; then dialysis (MWCQO10 kDa) against phosphate-buffered saline (PBS) and
H,0. NHS = N-hydroxysuccinimide, EDC = 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride.
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