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ABSTRACT: Ratiometric measurements utilizing two independent ~ Red Ab Ratiometric control of
Ab-guided drug

fluorescence signals from a dual-dye molecular system help to b ¥ \ , delive
improve the detection sensitivity and quantification of many % vy
analytical, bioanalytical, and pharmaceutical assays, including drug -

delivery monitoring. Nevertheless, these dual-dye conjugates have Breast
reas

never been utilized for ratiometric monitoring of antibody (Ab)- cancer
guided targeted drug delivery (TDD). Here, we report for the first S(I:(eéIES

time on the new, dual-dye TDD system, CySs-Ab-Flu-Aza,
comprising the switchable fluorescein-based dye (Flu) linked to
the anticancer drug azatoxin (Aza), reference pentamethine cyanine &
dye (CySs), and Her2-specific humanized monoclonal Trastuzumab
(Herceptin) antibody. The ability of ratiometric fluorescence
monitoring of drug release was demonstrated with this model system in vitro in the example of the human breast cancer SKBR3
cell line overexpressing Her2 receptors. The proposed approach for designing ratiometric, antibody-guided TDD systems, where a
“drug—switchable dye” conjugate and a reference dye are independently linked to an antibody, can be expanded to other drugs, dyes,
and antibodies. Replacement of the green-emitting dye Flu, which was found not detectable in vivo, with a longer-wavelength (red or
near-IR) switchable fluorophore should enable quantification of drug release in the body.

H INTRODUCTION accumulation, as well as detection and diagnosis of abnormal
cells.'">"” Upon the environment-mediated cleavage of the
linker, the switchable dye becomes fluorescent or changes its
emission wavelength, signaling the drug release. The
fluorescence signal from the dye is, however, affected by the
light absorption and scattering in the biological sample, in
particular, in the body, and is also dependent on the
instrumental setup.'®'? The dual-signal ratiometric fluores-
cence measurements utilizing a second, nonswitchable

Targeted drug delivery (TDD) systems, consisting of a drug or
prodrug bound to a target-specific carrier' such as an
antibody,”™* peptide,’™” nanoparticle,'"""> or extracellular
matrix compounds,”’ facilitate drug delivery, minimize side
effects to normal cells and organs, and thereby help to improve
the safety of treatment in clinics."*"> TDD systems addition-
ally equipped with a switchable fluorescent dye (SD) bound to
the drug or prodrug through a cleavable linker (Figure la)

provide real-time monitoring of drug distribution and reference dye (RD, Figure 1b) provide internal calibration
which eliminates these undesirable factors and improves the
g Taraeting b Targeting detection sensitivity and quamtiﬁcation.zo_23

Carrier Aro Carrier

Recently, a variety of dual-signal ratiometric drug delivery

S
F#.?j@ %‘F #’?@ systems have been introduced and summarized in several
0

i reviews.'**** As an example, the dual fluorescence drug
Targetng - Tergeting - delivery conjugate CDox containing no targeting carrier was
yy hso X, < developed, where the fluorescent anticancer drug doxorubicin
A + D . .
3 : ad (Dox) and the fluorescent coumarin dye (C) were conjugated
Figure 1. Targeted drug delivery (TDD) systems equipped with a Received: April 21, 2021
switchable fluorescent dye (SD) to monitor drug release events (a) Revised:  May 27, 2021

and a TDD system containing an additional nonswitchable reference
dye (RD) enabling ratiometric fluorescence monitoring of drug
delivery and drug release (b). SD and RD emit light at different
wavelengths, Agp and Agp, respectively.
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to each other by a pH-responsive cleavable hydrazone
linker.”**” The resulting CDox conjugate is not fluorescent;
although upon the Dox release, it exhibits dual turn-on signals
with emission peaks at 595 and 488 nm, related to coumarin
and Dox, respectively. The proposed dual-signal method
cannot be utilized for the ratiometric measurements as both
signals enhance simultaneously. This approach is also limited
by the drug, which must be fluorescent.

A more general approach for the ratiometric drug delivery
monitoring was realized using the dual fluorescent amino-
BODIPY dye.”® The model anticancer drugs derived from 2-
phenyl-3-hydroxy-4(1H)-quinolinone were substituted by the
thiol, hydroxy, or amino group and conjugated with the dye
through a glutathione cleavable disulfide linker. The drug-
conjugated dye absorbs at 510 nm, while in the free form, the
absorption maximum is blue-shifted to 480 nm. Both the
conjugated and free forms of the dye emit at the same
wavelength. The obtained conjugates were tested in HeLa cells
pretreated with glutathione for ratiometric monitoring of the
drug release using the one emission and two excitation
wavelengths. The developed drug delivery conjugate was
unfortunately not supplied with a targeting carrier.

A single switchable dye, heptamethine cyanine CyA,
containing a trigger hydroxyl group in the central cyclohexene
moiety, was proposed for the dual-channel in vivo monitoring
of an activatable prodrug delivery in thiol-triggered chemo-
therapy.”” The anticancer drug camptothecin (CPT) was
linked to the dye via a disulfide linker through a biodegradable
carbonate moiety. The cleavage of the disulfide bond by
endogenous glutathione activated the CPT and induced a
remarkable fluorescence shift from 825 to 650 nm, thereby
providing dual fluorescent channels to real-time monitoring of
the prodrug distribution and activation in vivo, which was
demonstrated in a mice model. This CyA-CPT conjugate was
also not equipped with a targeting carrier.

A peptide-guided TDD system, utilizing a similar dual-signal
heptamethine cyanine dye, IRD, was proposed for dual-
channel monitoring of anticancer drug chlorambucil (CLB)
delivery to the Panc-1 cancer cell line.” The fluorescence
maximum of this NIR dye (805 nm) was blue-shifted to 526
nm upon the drug release. Applications of heptamethine
cyanine dyes of similar structure in TDD monitoring were
reviewed elsewhere.*

A ratiometric system utilizing FRET between NIR emitting
CyS.5LP and Cy7.5LP lipophilic cyanine dyes encapsulated in
lipid nanocarriers was developed and employed for tumor
quantification in living mice.”" This system can potentially be
utilized for delivery of drugs encapsulated in the lipid
nanocarriers.

Apart from what was stated above, to the best of our
knowledge, dual-dye ratiometric TDD systems (covalent
conjugates) based on a target-specific antibody have never
been previously designed, although fluorescently labeled
antibodies are widely utilized for diagnostic applications.’”

Recently, we reported on the synthesis of chemosensing
Drug-Flu-COOH conjugates for fluorescence drug delivery
monitoring.”* Some of the reported conjugates comprised
activatable fluorescein dye (Flu) bound to anticancer drugs
amonafide, tubulizine, and curcumine through a hydrolytically
cleavable acrylate ester linker. These conjugates were
synthesized through a propiolic fluorescein derivative.

In this work, we decided to conjugate the same propiolic Flu
precursor to another topoisomerase II-targeted anticancer drug

azatoxin (Aza)*® to obtain Aza-Flu-COOH. In hydrolytic
media, this conjugate has to release Aza, subsequently
increasing the Flu emission signal, which indicates the drug
release event. Furthermore, we utilize this Aza-Flu-COOH
conjugate to create a model antibody-guided TDD system
enabling ratiometric fluorescence monitoring of targeted drug
delivery. To achieve this goal, Aza-Flu-COOH is linked to the
recombinant monoclonal Ab Trastuzumab (Herceptin)
fluorescently labeled with the red-emitting pentamethine
cyanine dye CySs. The obtained dual-dye TDD system,
CySs-Ab-Flu-Aza, is then tested for real-time ratiometric
monitoring of targeted drug delivery of azatoxin to the SKBR3
cancer cell line. Several other model conjugates are also
synthesized and tested as the control. Trastuzumab antibody
(ADb) is specific to Her2 receptors overexpressed by the SKBR3
human breast cancer cell line.*® This cell line is a useful model
to screen for therapeutic agents targeting Her2 and to describe
mechanisms of their resistance to Her2-targeted therapies.”” It
is noteworthy that SKBR3 cells display an epithelial
morphology in tissue culture and are capable of formin
poorly differentiated tumors in immunocompromised mice.”
The combination of the targeting antibody trastuzumab and
the drug azatoxin was chosen since this Ab targets many types
of cancer that can be treated with azatoxin. Thus, apart from
breast cancer, trastuzumab is also known to treat Her2 positive
stomach (gastric),”” colorectal,” and lung*' cancers, melano-
ma,** and leukemia.**** At the same time, azatoxin, which
serves as a model drug, is a cytotoxic agent that inhibits both
tubulin and topoisomerase II. It is active against colorectal and
lung cancer, melanoma, and leukemia, producing 50% growth
inhibition (Gls,) at mean concentration of 0.13 gM.*

B RESULTS AND DISCUSSION

Synthesis. Aza-Flu-COOH, which is the key intermediate
for the antibody-guided, dual-dye CySs-Ab-Flu-Aza conjugate,
was synthesized according to the previously reported method™*
starting form fluorescein and azatoxin (Aza), as shown in
Scheme 1. Briefly, dilithium salt of fluorescein (1), obtained

Scheme 1. Synthesis of Aza-Flu-COOH and Flu-COOH
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from the fluorescein by adding aqueous LiOH, was reacted
with tert-butyl bromoacetate to form the monosubstituted
fluorescein Flu-CO,tBu. The last one was preactivated with
DCC and DMAP in DCM and coupled with propiolic acid to
give 3’-(2-(tert-butoxy)-2-oxoethoxy)-3-oxo-3H-spiro-
[isobenzofuran-1,9’-xanthen]-6’-yl propiolate (Propiolate-
Flu-CO,tBu) in good yield. Then, Propiolate-Flu-CO,tBu
was coupled by Michael addition to Aza in the presence of
DABCO in THF to form the Aza-Flu-CO,tBu in high yield.
The tert-butyl group in Aza-Flu-CO,tBu was then removed by
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TFA in DCM (1:1, v.v.), and the Aza-Flu-COOH was finally
obtained in a 71% yield. Flu-COOH was synthesized from
Flu-CO,tBu in a 90% yield (Scheme 1), as described in the
work.*

Then, Ab-CySh, Ab-CySs, Ab-Flu, and Ab-Flu-Aza
conjugates were obtained according to the common Ab
coupling method*” with CySh, CySs, Flu-COOH, and Aza-
Flu-COOH, respectively, using the TSTU coupling reagent
and lyophilized (Scheme 2). To determine the dye-to-antibody

Scheme 2. Synthesis of Cy5s-Ab-Flu-Aza, Ab-Flu, Ab-Flu-
Aza, and CySs-Ab-Flu
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ratio (DAR), the absorption spectra of the conjugates were
measured in phosphate buffer pH 7.4 (Figure 2a and
supplementary Figures S1—S3), and the DAR values were
determined by using the peak absorbances of the dye and
antibody and their extinction coefficients (see eq 1 in the
Experimental Section). For Ab-CySh and Ab-CySs, the DARs
were about 3.0, for Ab-Flu DAR ~ 2.4, and for Ab-Flu-Aza
DAR ~ 1.0. The DAR ~ 3.0 for Ab-CySs is known to be an
optimal value to avoid aggregation and provide the most
intense emission signal."”" The DAR values for all the
conjugates synthesized in this work are shown in Table S1.

It was reported that the direct NHS-based coupling, which
we applied in our work, allowed achieving the DAR ~ 6 for
CySs48 and even higher, in the order of DAR ~ 9,4 for
some other dyes. It means that at least 3—6 free amino groups
are still available in the antibody to bind the second dye (Flu-
COOH) or drug—dye conjugate (Aza-Flu-COOH) to yield
the CySs-Ab-Flu and CySs-Ab-Flu-Aza conjugates, respec-
tively.

Cy5s-Ab-Flu-Aza, DAR(CySs) ~ 3.0 and DAR(Flu) ~ 1.0,
was synthesized from Ab-CySs according to the same coupling
procedure: the carboxylic group in Aza-Flu-COOH was first
activated and then coupled to the amino group of the CySs
labeled antibody (Scheme 2). The DAR ~ 3.0 measured for
the starting Ab-CySs conjugate remained unchanged in the
resulted CySs-Ab-Flu-Aza.

The dual-fluorescent CySs-Ab-Flu conjugate, DAR(CySs)
~ 1.5 and DAR(Flu) ~ 2.4, was also synthesized for
comparison from Ab-Flu and CySs by the same method.

All the conjugates were purified by gel permeation
chromatography (Sephadex GS0) and lyophilized. Due to
unstable emission intensity of Ab-CySh (bearing hydrophobic
dye) over time (see below), we decided to focus only on the
dual-dye CySs-Ab-Flu-Aza conjugate comprising the hydro-
philic dye CySs.

Spectral Properties. The absorption and emission spectra
of Ab-Flu (Figure S1), Ab-Flu-Aza (Figure S1), Ab-CySh
(Figure S2), Ab-CySs (Figure S2), CySs-Ab-Flu (Figure 2a),
and CySs-Ab-Flu-Aza (Figure 2a) were measured in
phosphate buffer pH 7.4. While Ab-Flu-Aza does not absorb
at ~480 nm and does not fluoresce (Flu exists in the “off”
form), Ab-Flu has a green fluorescence with maximum at
~519 nm.

CyS5h and CySs in both free and Ab-conjugated form emit at
about 670 nm (Figure S2), free Flu-COOH emission is at
~519 nm, while the drug-conjugated Aza-Flu-COOH shows
no detectable absorption and fluorescence. Therefore, the
freshly prepared sample of CySs-Ab-Flu-Aza exhibits only the
absorption and emission related to CySs (Figure 2a), while the
CySs-Ab-Flu conjugate shows both red CySs and green Flu
(“on”) spectral bands (Figure 2a).

The absorption and emission spectra of cyanine dyes contain
a vibration mode that can be seen as a shoulder on the slope of
the spectral curves.”’ For CySh and CySs, this mode can be

|
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Figure 2. (a) Absorption and emission spectra of CySs-Ab-Flu, DAR(CySs) ~ 1.5, and DAR(Flu) ~ 2.4 (dashed line) and CySs-Ab-Flu-Aza,
DAR(CySs) ~ 3.0, and DAR(Flu) ~ 1.0 (dotted line) measured in phosphate buffer pH 7.4. A* = 610 nm. There is no absorption for CyS5s-Ab-
Flu-Aza at 480 nm because Flu exists in the “oft” form. This conjugate exhibits, therefore, no detectable fluorescence when excited at A* = 480 nm.
(b) Time-dependent emission spectra (A* = 480 nm) and (c) the FRET efficiency over time estimated by the intensity of the CySs emission band
at 670 nm (solid line) for CySs-Ab-Flu-Aza, DAR(CySs) ~ 3.0, and DAR(Flu) ~ 1.0 upon the drug release initiated by esterase containing RPMI
cell culture media (CM). The change in the Flu signal and the ratiometric curve are shown with dashed and dotted lines, respectively, with
incubation at 37 °C. The spectra were recorded at room temperature. To calculate the intensity of each CySs band, the contribution of the Flu

band was taken into account.

https://doi.org/10.1021/acs.bioconjchem.1c00205
Bioconjugate Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.1c00205/suppl_file/bc1c00205_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.1c00205/suppl_file/bc1c00205_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.1c00205/suppl_file/bc1c00205_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.1c00205/suppl_file/bc1c00205_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.1c00205/suppl_file/bc1c00205_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.1c00205/suppl_file/bc1c00205_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.1c00205/suppl_file/bc1c00205_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.1c00205?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.1c00205?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.1c00205?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.1c00205?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.1c00205?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.1c00205?fig=fig2&ref=pdf
pubs.acs.org/bc?ref=pdf
https://doi.org/10.1021/acs.bioconjchem.1c00205?rel=cite-as&ref=PDF&jav=VoR

Bioconjugate Chemistry

pubs.acs.org/bc

found in the absorption spectrum at about 600 nm (Figure
S2). Aggregation of cyanines is known to produce a new band,
which is located in the same spectral region as the vibration
mode.*” Therefore, the ratio R, o Detween the absorbances of
the aggregated form (~600 nm§ and free dye (~650 nm) can
be used to characterize the dye aggregation ability. In addition,
aggregation violates the mirror symmetry between the
absorption and emission bands. It can be seen, therefore,
that CySh (Raggr ~ 0.78) compared to CySs (Raggr ~ 0.54)
strongly aggregates on the antibody at about the same DAR ~
3.0 (Figure S2). Aggregation of dyes is known to decrease the
brightness*”>*** and increase the probability of nonspecific
binding.ss’56 As a result of the aggregation, the fluorescence
intensity of Ab-Cy5Sh is about 7-fold reduced compared to Ab-
CySs.

The shape of the CySs absorption band and the R, values
for the Ab-CySs, CySs-Ab-Flu-Aza, and CyS$s-Ab-Flu
conjugates are about the same (Raggr ~ 0.54), which indicates
that the conjugation of Ab-CySs with Aza-Flu-COOH and
Flu-COOH does not affect the CySs aggregation degree.

Surprisingly, binding of Aza-Flu-COOH to the Ab-CySs
(DAR ~ 3.0) conjugate to yield CySs-Ab-Flu-Aza results in
about a 5.6-fold decrease of the CySs emission (Figure S3).
Because Aza-Flu-COOH does not affect the CySs aggregation
on the antibody, this decrease is connected, more likely, with
the interaction of these two chromophores on the antibody.

In the CySs-Ab-Flu-Aza conjugate, upon the acrylic ester
linker cleavage, which is accompanied by the drug release, the
spectral bands related to the Flu absorption and emission arise.
It is important to note that the emission spectrum of the
resulting conjugate CySs-Ab-Flu consists of the two bands, the
Flu band at ~519 nm and the CySs band at ~670 nm (Figure
2b), which is similar to the CySs-Ab-Flu conjugate directly
synthesized according to Scheme 2. The Ab-CySs conjugate
does not show any detectable red fluorescence when excited at
A* = 480 nm, and therefore, the CySs fluorescence for the
CyS5s-Ab-Flu conjugate at A* = 480 nm can be attributed only
to the FRET from the Flu (“on” form) to CySs that is located
on the same Ab molecule. We investigated the effect of drug
release in the CySs-Ab-Flu-Aza conjugate on the FRET
efficiency that was estimated as the change of the CySs
emission intensity over time, when excited at 480 nm (Figure
2c). The drug release was activated by the esterase containing
RPMI cell culture medium at 37 °C, as described in the work.
The FRET was found to be almost independent of the number
of the released drug molecules. This is the anticipated result
because the synthesized conjugate contains, in average, only
one Flu-Aza, and therefore, the drug release in each conjugate
molecule does not change the distance between the Flu and
CySs fluorophores.

Interaction of Ab-Flu-Aza, Ab-Cy5h, and Ab-Cy5s
Conjugates with the SKBR3 Cell Line. First, we verified
that the synthesized CySs-Ab-Flu, Ab-Flu-Aza, and CySs-Ab-
Flu-Aza conjugates provide selective delivery to Her2 positive
SKBR3 cancerous cells. For this, specific staining of SKBR3
cells was compared to those for a control-MCF 10A
nontumorigenic epithelial cell line with an undetectable level
of Her2 receptors. In our experiments, SKBR3 and MCF 10A
cells were exposed to the investigated conjugates (10 #M) for
30 min, washed with phenol red-free complete RPMI-1640
medium, and resuspended in this medium, and microscopic
images were taken over time in both the transmitted light
(bright field) and fluorescence mode. The green and red

emission channels (FITC and Cy$ cubes, respectively) were
utilized to detect the Flu and CyS$ signals, respectively. In this
experiment, we confirmed that the Ab-guided conjugates
specifically stain Her2 positive SKBR3 cell lines but not Her2
negative MCF 10A cells (Figure S4).

Then, we investigated the interaction of the Ab-Flu-Aza,
Ab-Cy5h, and Ab-CySs conjugates with the SKBR3 cell line.
The total brightness for each image was quantified as the
integrated density and represented as a graph over time
(Figure 3a—c).

Figure 3. Time-dependent total brightness (B) of the SKBR3 cell line
preliminarily treated for 30 min at 37 °C with the Ab-Flu-Aza (a),
Ab-Cy5h (b), and Ab-CySs (c) conjugates. The Flu and Cy5h signals
show a noticeable increase, while the CySs signal remains almost
unchanged.

As anticipated, due to enzyme-triggered drug release from
the Ab-Flu-Aza conjugate (Scheme 3), the emission signal of

Scheme 3. Drug Release from the Aza-Flu—Ab and CyS5s-
Ab-Flu-Aza Conjugates
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Flu exhibits a dramatic increase (Figure 3a), while the signal
for the Ab-CySs conjugate remains almost unchanged (Figure
3c). At the same time, Ab-CySh compared to Ab-CySs
surprisingly demonstrates an approximately 3.4-fold fluores-
cence increase (Figure 3b). This effect is more likely connected
with sensitivity of this hydrophobic dye to the environment
polarity. In contrast to the hydrophilic dye CySs, the CySh
emission intensity substantially increases in lower-polar media,
which can be the reason for the observed fluorescence increase
in cells. Because the emission intensity of CySh changes
substantially over time, this dye cannot be employed as the
reference fluorophore for ratiometric measurements. We
focused, therefore, as stated above, on the CySs-Ab-Flu-Aza
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conjugate comprising the hydrophilic dye CySs. Importantly,
the fluorescence intensity of the separately prepared Flu-Ab
conjugate does not change during 24 h when interacting with
SKBR3 cells, which suggests that the fluorescence increase for
Ab-Flu-Aza occurs due to the drug release and not because of
the change in the polarity.

Fluorescence TDD Monitoring in Cells. The CySs-Ab-
Flu-Aza dual-dye conjugate was tested in the fluorescence
intensity-based and ratiometric monitoring of targeted drug
delivery. The experiment including SKBR3 cell preparation
and treatment with the conjugate was carried out in the same
way as for the single-dye conjugates, while the imaging was
performed in both green and red channels simultaneously
(Figure 4). As expected, the brightness of cells in the red

Green
channel
(Flu)

Red
channel
(CySs)

Merge
green and
red
channels

Merge
white light,
green and
red
channels

Ratiometric
green / red
8 bit color

Ratiometric
32 bit
grayscale

Figure 4. Time-dependent microscopic images of SKBR3 cells stained
with CySs-Ab-Flu-Aza: fluorescence green and red channels, their
overlays, overlay with white (bright field) light, and ratiometric
(green/red) images obtained in the RGB and grayscale mode
(supplied with the scale bar for fluorescence intensity in arbitrary
units). SKBR3 cells were exposed to 10 #M of the conjugate in PBS
for 30 min and washed with PBS, and microscopic images were taken
over time in both the bright field and fluorescence mode. The green
and red emission channels were used to detect the Flu and CySs
signals, respectively.

channel (CySs) remains almost constant, while the fluo-
rescence signal in the green channel (Flu) significantly
increases over time (by a factor of ~$ during 12 h and
continues to increase after this period), indicating the drug
release (Figure 5).

Based on the CyS$s-Ab-Flu-Aza fluorescence intensity
profiles, the ratiometric curve was obtained as the ratio
between the green and red signals (Figure S, right axis). The
half-life (z;,,) of drug release obtained from both intensity-
based and ratiometric profiles, fitted by a second-order
exponential function, is about the same, in the order of 7/,
~ 4.0 + 0.5 h. Compared to the brightness profiles, the
ratiometric curve can be utilized to calculate the drug release
degree independently of the sample and instrumental
setup.”
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Figure S. Time-dependent total brightness (B) obtained in the green
(Flu) and red (CySs) channels (left axis) for the SKBR3 cell line
preliminarily treated with CySs-Ab-Flu-Aza (37 °C, 30 min) and the
ratiometric curve (right axis) obtained as the ratio between the
brightnesses in the green (Bg,) and in the red (BCYSS) channels.

Investigation of Cy5s-Ab-Flu-Aza in the Mice Model.
In the next step, we investigated the developed CySs-Ab-Flu-
Aza conjugate for fluorescence monitoring of targeted drug
delivery to the tumor in the mice model. As a control, we
utilized Ab-Flu, constantly fluorescent in the green region, and
CyS5s-Ab-Flu, constantly fluorescent in both green and red
spectral regions. Six-week-old athymic nude mice (n = 9) were
subcutaneously inoculated with SKBR3 cells, and tumors
established over time. In 14 days, the CySs-Ab-Flu-Aza
conjugate (100 L of 0.5 mg/mL solution in PBS) was
injected iv (tail) in a group of six mice. Then, the white light
and fluorescence images in the green and red channels were
taken over time (Figure 6) for the tumor-bearing mice: (i)

K0) 3h (i) | 8 sh @ [ 0 3h ()

Figure 6. Normal-light images (top row), overlay of fluorescence
images of mice obtained in the red and green channels (middle row),
and grayscale images with the scale bars for fluorescence intensity (in
arbitrary units) (bottom row): (i) mouse not administered with CySs-
Ab-Flu-Aza and (ii) mouse administered with CySs-Ab-Flu-Aza.

naive group (left) and (ii) injected with the CySs-Ab-Flu-Aza
conjugate (right). As a control, the same experiment was
performed with Ab-Flu and CySs-Ab-Flu conjugates (Figures
S5 and S6). Each experiment was carried out in triplicate, and
in each experiment, a naive, tumor-bearing, and nonconjugate-
administering mouse was used as a reference to compensate for
the background autofluorescence.

We found that the green signal of Ab-Flu and CySs-Ab-Flu
is not detectable in the body (Figures S5 and S6), which is
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because of insufficient penetration of the blue excitation light
and the green emission light through the skin but also due to
the green autofluorescence of mice interfering with fluo-
rescence measurements. Therefore, the increasing fluorescence
of Flu, which was observed in vitro in SKBR3 cells stained with
the CySs-Ab-Flu-Aza conjugate, was not detectable in the
mice model (Figure 6). At the same time, the increasing red
signal showing increasing accumulation of the conjugate in
tumor compared to other organs was easily detected (Figures 6
and S7).

It worth mentioning that there are several publications
asserting that the fluorescein-based dyes such as FITC, which
contain both unsubstituted hydroxyl groups, do not provide a
sufficient signal for detection in the body.”’~®" The brightness
(B) of FITC, estimated as the extinction coefficient (¢ =
76,900 M™! cm™) multiplied by the fluorescence quantum
yield (@ = 0.93), is B = 71,500 M~! cm™ (when measured in
phosphate buffer pH 7.4). At the same time, the brightness of
Flu (“on” form, where only one hydroxyl group is protected as
in the Ab-Flu and CySs-Ab-Flu) is B = 8,540 M~ cm™ (e =
24,400 M~! em™!, ®; = 0.35),>* which is as much as 8 times
less than that for FITC. It becomes clear, therefore, that the
Flu signal cannot be detected in the body and that the
developed CySs-Ab-Flu-Aza system is suitable only for the
ratiometric measurements in vitro.

After 30 h from the CySs-Ab-Flu-Aza conjugate injection,
the organs (kidneys, spleen, lung, heart, and liver) and tumor
of a group of (i) three nonadministered control mice and (ii)
three conjugate-administered mice were resected and imaged
(Figure 7). From a group of three other mice, the organs were
taken for imaging in 6 days after the CySs-Ab-Flu-Aza
injection (Figure S7).

(1) (ii) (1) (ii) 1) (ii)

d e f

heart, and liver is about 6-fold dimmer; emission of spleen is
not detectable (Figure 7b). The tumor also possesses a clear
green fluorescence of Flu (Figure 7c). Other investigated
organs do not exhibit green fluorescence at the same imaging
settings, which indicates preferable drug release in the tumor.
Remarkably, the green signal has a slightly different brightness
distribution than the red one. It could be associated with the
fact that the release of drug is not homogeneous due to various
cell subpopulations (so-called intratumor heterogeneity®")
suggesting an unequal hydrolytic activity.”~** Figure 7d
shows an overlay of the red and green channels, while Figure
7e,f represents the ratiometric images (the time-dependent
green signal divided by the reference red signal) obtained in
the RGB and grayscale mode, respectively.

For the Flu-Aza- and CySs-Ab-Flu-administered mice, the
green signal of the constantly fluorescent Flu is also detectable
in the resected tumor but not in vivo (Figures S5 and S6). In
addition, CySs-Ab-Flu produces an intense red signal well-
recognized in live mice.

Since the ratiometric measurements failed in live mice
because of the nondetectable green signal, we demonstrated
the advantages of this method in the resected organs. The
tumors of three mice were taken in 6 days after the CySs-Ab-
Flu-Aza injection, and the fluorescence images were obtained
in the red and green channels. Then, the ratios between the
green and red intensities were calculated. The obtained data
demonstrate that the green and red signals from the tumors
can be noticeably different, while the ratio between them
remains almost constant (Figure 8), which makes the
ratiometric method independent of the sample.
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Figure 8. Fluorescence intensities of three resected mice tumors
obtained in the green (Flu, squares) and red (CySs, circles) channels
(left axis) and their ratios (Bgy,/Bcysy triangles) for mice treated with
CySs-Ab-Flu-Aza. The tumors were recected in 6 days after the
conjugate administering.

Figure 7. Normal-light (a) and fluorescence images of mice organs in
the red (b) and green (c) channels, their overlay (d), and the
ratiometric images (green divided by red) obtained in the RGB (e)
and grayscale mode (supplied with the scale bar for fluorescence
intensity in arbitrary units) (f): (i) mouse not administered with
CySs-Ab-Flu-Aza and (ii) mouse administered with CySs-Ab-Flu-
Aza. The organs were taken in 30 h after the CySs-Ab-Flu-Aza
administration: 1—tumor; 2—kidneys; 3—spleen; 4—heart; S—liver.

The images were recorded in the normal-light (Figure 7a)
and in the fluorescence red (Figure 7b) and green (Figure 7c)
modes. It can be seen that the tumor and organs of a
representative mouse (i) not administered with CySs-Ab-Flu-
Aza do not exhibit any detectable fluorescence. The tumor of
the CySs-Ab-Flu-Aza-administered mouse (ii) shows a bright
red emission (CySs), while the fluorescence of kidneys, lung,

B CONCLUSION

In summary, we report on the synthesis of the novel, antibody-
guided, dual-dye system, CySs-Ab-Flu-Aza, comprising the
switchable fluorescein dye Flu conjugated to the anticancer
drug azatoxin (Aza), reference dye CySs, and Her2-specific
humanized monoclonal Trastuzumab (Herceptin) antibody for
selective delivery to Her2 positive cancerous cells. A
ratiometric fluorescence monitoring of drug release by using
this system was demonstrated in vitro in the example of the
SKBR3 cell line overexpressing Her2 receptors. Our model
CySs-Ab-Flu-Aza system is applicable for the intensity-based
monitoring of drug distribution and accumulation in vitro and
in vivo and ratiometric measurements of drug release in vitro.
Obviously, the proposed approach, where a drug is bound
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through a switchable fluorophore to an antibody labeled with a
permanently emitting reference dye, can be utilized to develop
a ratiometric system with different drugs, fluorophores, and
antibodies. Replacing the green, fluorescein-based fluorophore
in this system with another red or near-IR emitting switchable
dye should enable ratiometric quantification of drug release in
vivo. Such research is currently under evaluation in our lab.

B EXPERIMENTAL SECTION

General. HATU and DCC were purchased from Tzamal d-
Chem Laboratories (Israel). All culture media and media
supplements were obtained from Biological Industries (Israel).
Solvents were from Bio-Lab Israel. All other chemicals were
supplied by Alfa Aesar Israel and Sigma—Aldrich.

'H and *C NMR spectra were measured by using a 400
MHz Bruker Avance III HD (*H 400 MHz and *C 100 MHz)
spectrometer in CDCIl; using TMS as an internal standard.
The probe was equipped with Z-axis gradients coils.

Mass spectra were measured in the positive and negative
modes with a Waters Micromass Quattro micro instrument,
which was equipped with an electrospray ionization source
with Waters 2795 and 996 PDA detectors or an Auto flex III
smart-beam (MALDI, Bruker).

LCMS analyses were performed on an Agilent Technologies
1260 Infinity (LC) 6120 quadruple (MS), column Agilent SB-
C18, 1.8 mm, 2.1 X 50 mm, column temperature 50 °C, eluent
water—acetonitrile (ACN) that contained 0.1% of formic acid.

HPLC purifications were carried out on an ECOM
preparative system, with dual UV detection at 254 and 230
nm. A Phenomenex Gemini 10 mm RP18 110 A, LC 250 X
21.2 mm column was used. The column was kept at RT:
eluents A (0.1% TFA in water) and B (0.1% TFA in ACN). A
typical elution was a gradient from 100% A to 100% B over 35
min at a flow rate of 25 mL/min.

Chemical reactions were monitored by TLC (silica gel 60 F-
254, Merck) and LCMS. The purities of the dyes and
conjugates were determined by LCMS.

The Ab conjugates were purified by Sephadex GS0 gel
permeation chromatography.

Synthesis. 3’-(2-(tert-Butoxy)-2-oxoethoxy)-3-oxo0-3H-
spiro[isobenzofuran-1,9’-xanthen]-6’-yl propiolate (Propio-
late-ljzu-COZtBu) was synthesized according to the proce-
dure.

Flu-CO,tBu (300 mg, 0.672 mmol) obtained as described
in ref 34 and propiolic acid (42 uL, 0.672 mmol) were
dissolved in dry DCM under nitrogen and cooled in a dry ice
bath. Then, N,N'-dicyclohexylcarbodiimide (DCC) (166 mg,
0.804 mmol) and 4-dimethylaminopyridine (DMAP) (2 mg,
0.016 mmol) predissolved in DCM were added dropwise to
this mixture. The reaction mixture was stirred for 40 min at 0
°C, filtered, and solvent evaporated, and the product was
purified on a preparative HPLC to give Propiolate-Flu-
CO,tBu (260 mg, 85%).

(E)-3’-(2-(tert-Butoxy)-2-oxoethoxy)-3-oxo-3H-spiro-
[isobenzofuran-1,9’-xanthen]-6'-yl 3-(2,6-Dimethoxy-4-
(3-oxo0-1,3,5,6,11,11a-hexahydrooxazolo[3’,4":1,6]-
pyrido[3,4-b]indol-5-yl)phenoxy)acrylate (Aza-Flu-
CO,tBu). Azatoxin (Aza, 200 mg, 0.53 mmol) and DABCO
(6 mg, 0.053 mmol) were dissolved in THF (10 mL) and
stirred for 30 min at RT. Propiolate-Flu-CO,tBu (264.2 mg,
0.53 mmol) dissolved in S mL of THF was added dropwise,
followed by overnight stirring. After completion of the
reaction, the solvent was evaporated, and the product was

column purified (silica gel, hexane—ethyl acetate (2:1, v/v) to
give Aza-Flu-CO,tBu (428.5 mg, 92%) as a red oil. '"H NMR
(400 MHz, CDCL) 6 ppm: 8.14 (s, 1 H), 8.02 (d, ] = 7.46 Hz,
1 H), 7.83 (d, J = 12.23 Hz, 1 H), 7.59-7.72 (m, 2 H), 7.55
(d, J =7.70 Hz, 1 H), 7.35 (d, ] = 7.95 Hz, 1 H), 7.13-7.26
(m, 3 H), 7.09 (t, ] = 1.90 Hz, 1 H), 6.58—6.83 (m, 7 H), 6.06
(s, 1 H), 545 (d, ] = 1223 Hz, 1 H), 4.54 (s, 2 H) 4.61 (t, ] =
831 Hz, 1 H), 4.14—4.31 (m, 2 H), 3.76 (s, 6 H), 3.20 (dd, ] =
14.98, 4.58 Hz, 1 H), 2.85 (ddd, J = 14.95, 10.55, 1.41 Hz, 1
H), 1.50 (s, 9 H). ®C NMR (100 MHz, CDCL) 6 ppm:
169.23, 167.37, 165.19, 163.81, 159.63, 156.83, 152.88, 152.20
(2 x C), 152.12, 151.96, 151.74, 137.92, 136.66, 135.10,
132.51, 129.84, 129.16 (2 x C), 128.87, 12642, 126.16,
125.03, 124.06, 122.85, 118.29, 117.66, 112.01 (2 x C),
111.85, 110.43, 108.81 (2 X C), 105.19, 101.86, 98.36, 82.75,
82.33, 68.74, 67.91, 65.73, 56.42, 53.56 (2 x C), 28.02, 27.10.
LCMS: R; = 11.789 min (254 nm, gradient 5S—100% AcCN—
H,O0 + 0.1% FA), MS: Calc.: (M)* 878. 3; Found: (M)* 878.9.

(E)-2-((3’-((3-(2,6-Dimethoxy-4-(3-ox0-1,3,5,6,11,11a-
hexahydrooxazolo[3',4":1,6]pyrido[3,4-blindol-5-yl)-
phenoxy)acryloyl)oxy)-3-oxo-3H-spiro[isobenzofuran-
1,9'-xanthen]-6'-yl)oxy)acetic Acid (Aza-Flu-COOH).
Aza-Flu-CO,tBu (100 mg, 0.11 mmol) was treated with
TFA in DCM (1:1, v/v) at 0—5 °C for 1 h. The solvent was
evaporated under N, stream, and the residue was purified on a
preparative HPLC and lyophilized to give Aza-Flu-COOH
(64.5 mg, 71.3%) as a red powder. 'H NMR (400 MHz,
CDCl,) & ppm: 7.99—8.05 (m, 1 H), 7.97 (s, 1 H), 7.82 (dd, J
=1223,0.73 Hz, 1 H), 7.59—7.71 (m, 2 H), 7.55 (d, ] = 7.70
Hz, 1 H), 7.31-7.37 (m, 1 H), 7.12-7.25 (m, 3 H), 7.08 (t,
=2.14 Hz, 1 H), 6.60—6.84 (m, 7 H), 6.07 (s, 1 H), 5.45 (dd, |
= 1223, 0.86 Hz, 1 H), 4.70 (s, 2 H), 4.61 (t, ] = 8.38 Hz, 1
H), 4.15—4.34 (m, 2 H), 3.70-3.81 (m, 6 H), 3.21 (dd, ] =
14.98, 4.58 Hz, 1 H), 2.88 (ddd, J = 15.01, 10.55, 1.47 Hz, 1
H). “C NMR (100 MHz, CDCl;) § ppm: 168.30, 164.29,
162.92, 158.13, 156.00, 151.85 (3 x C), 1512 (2 x C),
150.69, 136.82, 135.67, 134.20, 131.68, 128.94, 128.54, 128.49,
128.42, 127.90, 125.40, 125.18, 124.14, 121.98, 119.12, 117.34,
116.82, 115.34, 111.42 (2 x C), 111.03, 110.37, 109.48 (2 X
C), 107.92, 100.95, 97.34, 81.27, 63.79, 58.52, 55.56, 55.50,
52.63, 29.02. LCMS: R; = 10.784 min (254 nm, gradient S—
100% AcCN—H,O + 0.1% FA), MS: Calc.: (M)* 822.1;
Found: (M + H)* 823.2, (M + 2H)* 824.2. HRMS-ESI (+)
calculated for C,H;,N,0,3, 822.2061; found 823.2237 (86%)
[M + H]*, 845.2032 (18%) [M + Na].

Ab-Flu-Aza (DAR ~ 1.0), Ab-Cy5h (DAR ~ 3.0), and
Ab-Cy5s (DAR ~ 3.0). Dye CySh, CySs, or conjugate Aza-
Flu-COOH (1 mg) was dissolved in DMF (1 mL), and then
TSTU (2.5 mg, 8.3 ymol) and DIPEA (1.3 pL) were added.
The reaction mixture was stirred for 30 min at 20 °C. A stock
solution (24 L) of Trastuzumab (Herceptin antibody) (Ab,
21 mg/mL) was added to phosphate buffer pH 7.4 (PB, 220
uL). An aliquot of preactivated CySh or CySs or Aza-Flu-
COOH (25 L) was added to the Ab solution and stirred for
1-2 h at 20 °C. The Ab-CySh, Ab-CySs, and Ab-Flu-Aza
conjugates were separated from the unbound dyes by gel
permeation chromatography (Sephadex GS0). The first
fraction containing the Ab-CySh, Ab-CySs, or Ab-Flu-Aza
conjugate was collected. A sugar cryoprotectant (S uL aliquot
of 100 mg/mL solution) was then added to the Ab conjugate
solution and lyophilized.

Ab-Flu (DAR ~ 2.4). Dye Flu (1 mg) was dissolved in
DMF (0.25 mL), and then TSTU (S mg, 16.6 ymol) and
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DIPEA (5 uL) were added. The reaction mixture was stirred
for 30 min at 30 °C. A stock solution (94 uL) of Trastuzumab
Ab (21 mg/mL) was added to borate buffer pH 8.3 (0.416
mL). An aliquot of preactivated Flu (52 uL) was added to the
Ab solution and stirred for 20 h at 30 °C. The Ab-Flu
conjugate was separated from the unbound dyes by gel
permeation chromatography (Sephadex GS0). The first
fraction containing the Ab-Flu conjugate was collected. A
sugar cryoprotectant (S uL aliquot of 100 mg/mL solution)
was then added to the Ab conjugate solution and lyophilized.

Cy5s-Ab-Flu, DAR(Cy5s) ~ 1.5, and DAR(Flu) ~ 2.4.
Dye CySs (1 mg, 4.28 umol) was dissolved in DMF (0.25
mL), and then TSTU (S mg, 16.6 ymol) and DIPEA (2 uL)
were added. The reaction mixture was stirred for 20 h at 30 °C.
Then, Flu-Ab (1 mg) was dissolved in borate buffer pH 8.3
(0.495 mL). An aliquot of preactivated CySs (S uL) was added
to the Flu-Ab solution and stirred for 2 h at 20 °C. The
obtained CySs-Ab-Flu conjugate was separated by gel
permeation chromatography (Sephadex GS0). The first
fraction containing CySs-Ab-Flu was collected, and a sugar
cryoprotectant (S pL aliquot of 100 mg/mL solution) was
added to the Ab conjugate solution and lyophilized.

Cy5s-Ab-Flu-Aza, DAR(Cy5s) ~ 3.0, and DAR(Flu) ~
1.0. Conjugate Aza-Flu-COOH (0.5 mg, 0.6 pmol) was
dissolved in DMF (0.2 mL), and then TSTU (3 mg, 10 ymol)
and DIPEA (1 uL) were added to the Aza-Flu-COOH
solution. The reaction mixture was stirred for 30 min at 20 °C.
Then, Ab-CySs (500 ug) was dissolved in PB pH 7.4 (1.5
mL), and an aliquot of preactivated Aza-Flu-COOH (30 L)
was added to the Ab-CySs solution and stirred for 2 h at 20
°C. The obtained CySs-Ab-Flu-Aza conjugate was separated
from the unbound Aza-Flu-COOH by gel permeation
chromatography (Sephadex GS0). The first fraction containing
CySs-Ab-Flu-Aza was collected, and a sugar cryoprotectant (S
uL aliquot of 100 mg/mL solution) was added to the Ab
conjugate solution and lyophilized.

Spectral Measurements. Absorption spectra were taken
on a Jasco V-730 UV/vis spectrophotometer, and the emission
spectra were recorded on an Edinburgh Instruments FS$
spectrofluorometer. The spectra were measured at RT in a 1
cm quartz microcell for 60 mL at the concentrations of about 1
M in 10 mM phosphate buffer pH 7.4 (PB). The emission
spectra were measured at the excitation wavelengths A* = 480
nm (Flu) and 610 nm (CySh, CySs).

Dye-to-Antibody Ratio (DAR). DAR for the Ab-Dye (Ab-
CySh and Ab-CySs) conjugates was measured by the
spectrophotometric method and calculated according to eq 1%°

A (dye) X €,
[Ays — % X A, (dye)] X g (1)

DAR =

where A,,.(dye) is the absorbance of the Ab-dye conjugate at
the dye absorption maximum; A,;g is the absorbance of the
Ab-dye conjugate at 278 nm (absorption maximum of Ab); &
is the extinction coeflicient of Ab; &; is the extinction
coefficient of the dye; and x is the correction factor (the
ratio of the A, to A, (dye) for the dye alone).

Cell Culture. The human breast cancer SKBR3 (HTB-30)
cell line was obtained from ATCC (Manassas, VA). Cells were
cultured in a McCoy’s-5A-based media with penicillin/
streptomycin and 10% heat-inactivated fetal bovine serum
(FBS). Culture conditions were maintained at 37 °C in a
humidified atmosphere containing 5% CO,.

Microscopy. To monitor the drug release, SKBR3 cells
were plated in poly-p-lysine (PDL) coated 0.8 cm?*/well
Chamber Slides (Thermo Fisher Scientific) at 5,000 cells/well
and incubated for 30 min with 10 yM of an investigated
conjugate. After incubation, the cells were washed 3 times with
phenol red—free RPMI-1640-based media containing pen-
icillin/streptomycin and 10% FBS and analyzed then by
fluorescence microscopy. The imaging experiments were
carried out at 37 °C in a humidified atmosphere containing
5% CO,.

The bright field and fluorescence images were acquired by a
Photometrics CoolSNAP HQ2 camera mounted on an
Olympus iX81 fluorescent microscope. The microscope was
equipped with a 100 W halogen lamp for phase contrast
observations and a 120 W metal halide discharge lamp for
fluorescence imaging. For the fluorescence imaging, a FITC
(green) cube comprising an ET470/40x bandpass excitation
filter, ET525/50m bandpass emission filter, and T49Slpxr
dichroic filter and a Cy$ (red) cube comprising an ET620/60x
bandpass excitation filter, ET700/75m bandpass emission
filter, and T660lpxr dichroic filter were used.

All the images were taken with the same instrument settings
for each channel. The light source intensity was 12%, and the
gain was 20.5 dB. Magnification was 100X. The exposure time
was 1 s for the bright field and green channels and 750 ms for
the red channel. The integrated fluorescence intensities (total
brightnesses) were quantified for the full images through the
integrated density by using the Image] software.’

Animal Experiments. All animal experiments were carried
out in compliance with the Israel Council on Animal Care
regulations and were approved by the Animal Care Committee
of Ariel University (authorization number IL-179-06-19).

Six-week-old athymic Balb/c male nude mice (Harlan
Laboratories, Nes Ziona, Israel) were subcutaneously inocu-
lated on the dorsal left side with SKBR3 (1 x 10° cells into nu/
nu mice, 0.2 mL per mouse), and tumors were allowed to
establish over time. When the tumor volume reached a
desirable volume (14 days), an investigated conjugate (100 uL
of 0.5 mg/mL solution in PBS) was injected iv (tail), and
animals were submitted to the imaging procedure. Each
experiment was repeated in triplicate (n = 3).

Animal Imaging. CySs-Ab-Flu-Aza delivery in tumor was
studied on Balb/c male nude mice bearing the SKBR3 tumor
model. Imaging was carried out using the multispectral
fluorescence in vivo imaging system CRi Maestro II. For
imaging, acquisition mice were anesthetized by an intra-
peritoneal injection of chloral hydrate. The imaging was
performed after the conjugate administration at intervals from
0 to 30 h (in several experiments up to 6 days) using excitation
wavelength 450 nm for Flu and 635 nm for CySs. The
emission signal of Flu was collected from 500 to 600 nm, and
for CySs, the emission signal was collected from 675 to 800
nm. The Flu and CySs signals were unmixed from the cube file
based on the spectra of the nonconjugated fluorophores (Flu-
CO,tBu and CySs) and autofluorescence of untreated mice.
The data processing was performed by Maestro 3.0 and Image]
software. Each experiment was carried out in triplicate.

The fluorescence intensity scale bars (in arbitrary units) for
the cell microscopy and animal images were obtained by
Image] software for the 32 bit image mode by using the
“Analyze—Tools—Calibration Bar” option. The overlay images
were obtained for the RGB image mode by the Image]
“Image/Color/Merge Channels” option in the 8-bit format.
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The ratiometric images were obtained by the “Process—Image
Calculator—Divide” option for the 8 bit color and 32 bit
grayscale mode, respectively (Image]).
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