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A major area of cancer research focuses on improving the specificity of therapeutic agents by engineering
drug-delivery vehicles that target overexpressed receptors on tumor cells. One of the most commonly
used approaches involves targeting of folate receptors using folic acid conjugated to a drug-containing
macromolecular cargo. Once internalized via endocytosis, the drugs must be released from these con-
structs in order to avoid being trapped in the endosomes. Here, we describe the synthesis of a small-
molecule conjugate that couples folic acid to doxorubicin via a photocleavable linker. Using HPLC we
show that the doxorubicin can be released with light rapidly and with high efficiency. This approach
has advantages over macromolecular systems due to its simplicity and efficiency.

� 2016 Published by Elsevier Ltd.
Targeted therapeutics promise to greatly reduce the adverse
side effects associated with current cancer chemotherapeutics.1

Targeted therapies typically act either by interfering with upregu-
lated oncogenic pathways or through enabling cancer cell selective
delivery by binding to an overexpressed receptor on the cell mem-
brane of cancer cells.2–5 In the latter approach, a receptor targeting
ligand is covalently coupled to a cytotoxic agent, which is then
selectively delivered to the tumor cells.

Folic acid (FA-vitamin B9) is a precursor to tetrahydrofolate, a
1-carbon donor which is essential for the synthesis of nucleotide
bases. Commonly prescribed as nutritional supplement, FA has
high affinity towards folate receptors (FRs), which facilitates its
internalization. Two independent and mechanistically different
systems mediate cellular uptake of FA in mammalian cells. The
Reduced Folate Carrier (RFC) is a low affinity (Kd � 10�6 M), high-
capacity membrane-spanning anion transport protein that delivers
reduced FAs across the plasma membrane in a bidirectional fash-
ion. Folate Receptor (FRa) is a high affinity (Kd � 10�10 M), single
chain FA-binding protein which internalizes FA through active-
receptor mediated endocytosis.6,7 FRa is frequently overexpressed
in epithelial tumors, particularly in ovarian cancer where 90% of
patients have elevated FRa levels.8,9 For this reason, FR targeting
is being pursued for imaging and therapeutic purposes by conju-
gating FA with imaging or drug molecules.10–13 Folate-containing
conjugates bind to FRa and are internalized via endocytosis. Once
internalized the cargo needs to be released in order to prevent
endosomal entrapment.14

Endosomal escape can be facilitated through cleavage of the
bond between folate and a cell permeable drug, enabling it to pass
through the endosomal membrane. A common approach to achieve
this involves the use of disulfide bonds, which are cleaved only
under reducing conditions inside the endosomes.15

Another potential modality for drug release is light.16–28 Light
has the advantages of being non-invasive, and spatially and tempo-
rally controllable for added selectivity. A folate-targeted drug
release system based on light would also offer an oxygen-indepen-
dent alternative to photodynamic therapy,29,30 and other light-
activated therapeutic strategies.31–34 Here, we describe such a
targeted drug release system prepared by attaching doxorubicin
to folic acid via a light-cleavable bond. Such a conjugate should
selectively bind to and concentrate in tumor cells expressing the
folate receptor (Fig. 1). When irradiated with light, the drug mole-
cule will be released from the endosomes, eventually causing cell
death with minimal collateral damage.

We envisioned linking the Folic acid to a photocaged doxoru-
bicin using click chemistry. Previously, we established a protocol
for the synthesis of a photocaged-doxorubicin with an alkyne func-
tional group (6) Scheme 1.21 To prepare the required folate-azide
we coupled 4-azidobenzoic succinimidyl ester (1) to bis-amino
PEG linker (2) via an amide bond to give compound (3). We then
prepared the N-hydroxysuccinimide ester of Folic acid (4) using
reaction conditions that are known to be selective for the
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Fig. 1. Schematic representation of targeted delivery of photocaged drug (Adapted
from Hilgenbrink et al.13).
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c-COOH.35 This intermediate was coupled with compound (3) to
give azido folate conjugate (5) in moderate yield. This azide-
derivatized folic acid was coupled to photocaged doxorubicin (6)
using standard click chemistry to give PhotoDox-Fol (7). The drug
conjugate was purified using HPLC and characterized using mass
spectrometry (SI-7).

To demonstrate the efficiency of our drug conjugate to release
drug in the presence of UV-light, we performed a photolysis assay,
wherein the release of Dox from the PhotoDox-Fol (7) was ana-
lyzed using HPLC.36 During the course of the reaction, the peaks
Scheme 1. Synthesis
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corresponding to the PhotoDox-Fol (7) disappeared with concomi-
tant increase in the intensity of a peak with the same retention
time as Dox (Fig. 2), confirming time-dependent Dox release in
the presence of light. The majority of doxorubicin was released
rapidly within first 4 min of irradiating with the UV light (Fig. 3).

Existing reports that combine folate targeting using light sensi-
tive vehicles commonly employ macromolecules such as den-
drimers, micelles, etc.37–39 For instance, Baker Jr. and colleagues
reported synthesis of G5-PAMAM dendrimer coupled to folic acid
and methotrexate (MTX), a cytotoxic analog of folic acid and, suc-
cessfully tested its efficiency to target folate receptors on HeLa
cells under light irradiation.39 In a different approach, Yeh and
group reported synthesis of biodegradable PLGA-lipid hybrid
nanoconjugate (PLGA = poly (D, l-lactide-co-glycolide)), encapsu-
lating Taxol (anti-microtubule agent), while the surface was cou-
pled to photocaged folic acid to inhibit efficient permeability in
cells and hence cytotoxicity. Irradiation with UV light led to unca-
ging of the drug, eventually leading to enhanced cell death in KB
cells.37 Although these strategies have potential advantages of
avidity and the ability to release multiple drug molecules per
receptor binding event, there are also some disadvantages such
as slower drug release, limited endocytosis and issues with the car-
riers that are left behind.

PhotoDox-Fol has several advantages compared to these
approaches. First, because PhotoDox-Fol is a low molecular weight
compound, it is expected to be more easily endocytosed. Second,
upon release, our conjugate does not leave behind any potentially
toxic or hard-to-clear nanoparticles or polymers. Third, drug
release from the conjugate under UV irradiation is very rapid and
highly efficient even at low doses (1.1 J/cm2) (Figs. 2 and 3). Under
identical conditions, the release kinetics are significantly faster
than a non-folate targeted version of the molecule which required
20 min for full release.21 UV-light at these low doses is also not
likely to be cytotoxic on its own.37,40,41 All these attributes make
our approach amenable for rapid release of cytotoxins within folate
receptor positive cancer cells.
of PhotoDox-Fol.
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Fig. 2. Time dependent release of doxorubicin from the folic acid-photocaged drug conjugate under UV light. A solution of compound (7) was irradiated with UV light and
samples were removed at various time points (0.5, 1, 2, 4 and 8 min) and were analyzed by RP-HPLC at k = 480 nm. The non-irradiated compound (t = 0) and free doxorubicin
are included as standards. PhotoDox-Fol exists as two diastereomers due to the racemic benzylic carbon on the nitroveratryl linker. We are able to resolve these
diastereomers via HPLC in accord with previous work (Ref. 21).

Fig. 3. Graph representing increase in the % doxorubicin released from drug
conjugate over period of 8 min. The values for % doxorubicin released were
determined by quantifying the intensity of peak area of doxorubicin relative to
Photodox-Fol intensity.
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One ongoing challenge with the use of light and therapy is the
limited tissue penetration of UV light in tissue. Several recent
advances in the use of longer, single-photon release such as BOD-
IPY42–44 and Cyanine molecules,45 or two photon activation of pho-
tocages,46 should ultimately enable dual targeted constructs like
PhotoDox-Fol to be applicable in vivo. For ultimate use, more cyto-
toxic cargoes than Dox will enable enhanced potency in deeper
regions of tissue, since less efficient release will be required for
potent activity.
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