Microwave-assisted synthesis of meso-carboxyalkyl-BODIPYs and an application

to fluorescence imaging
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In this study, a significantly improved method for the synthesis of modular meso-BODIPY (boron dipyrromethene)

derivatives possessing a free carboxylic acid group (which was subsequently coupled to peptides), is disclosed. This method

provides a vastly efficient synthetic route with a > threefold higher overall yield than other reports. The resultant meso-

BODIPY acid allowed for further easy incorporation into peptides. The meso-BODIPY peptides showed absorption maxima

from 495-498 nm and emission maxima from 504-506 nm, molar absorptivity coefficients from 33383-80434 M-icm and

fluorescent quantum vyields from 0.508-0.849. The meso-BODIPY-c(RGDyK) peptide was evaluated for plasma stability and

(proved to be durable even up to 4 h) was then assessed for its fluorescence imaging applicability in vivo and ex-vivo. The

optical imaging in vivo was limited due to autofluorescence, however, the ex-vivo tissue analysis displayed BODIPY-c(RGDyK)

internalization and cancer detection thereby making it a novel tumor-integrin associated fluorescent probe while displaying

the lack of interference the dye has on the properties of this ligand to bind the receptor.

Introduction

Boron dipyrromethene (BODIPY)-based dyes (generally
have absorption and emission peaks in the range of 480-540
nm) present remarkable spectroscopic properties such as
narrow absorption bands, high molar
absorptivity coefficients and increased fluorescent quantum
yields that can provide a high target to background ratio.! The
majority of BODIPY dyes are; stable in the physiological pH-
range, independent of solvent polarity with regards to its

sharp emissions,

photophysical properties, and allow the study of deep-seeded
tissue.2 This class of dyes are also less susceptible to
photochemical degradation?3 and are non-toxic to cells (when
used as clinical probes the doses are substantially lower than
the doses associated with toxicity).1> 4 Most recently these dyes
have been coupled to photoremovable protecting groups
expanding their use in cutting edge medical developments.>
They have also proven to be ideal candidates for chemical
modification at various positions of its core structure as
illustrated in Figure 1 allowing the tunability of its photophysical
properties.®
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Figure 1: Basic molecular structure of the BODIPY dye.®

These suitable characteristics make these dyes excellent probes
for use in biological systems and novel materials.” The total
synthesis of the BODIPY dyes has usually suffered from low
reaction yields and hence the largest drawback to the use of this
type of core chemical structure.? 8 Despite this challenge, these
molecules have still managed to become a privileged class of
organic dyes due to its real world applications across a wide
range of research areas. Amongst the various synthetic routes
to obtain these derivatives, one of the classic methods to the 8-
substituted or meso BODIPY derivatives remains the
condensation between acid anhydrides with pyrroles with
overall reaction yields ranging from 5-25% (Scheme 1).%2° The
resulting free carboxylic acid or active esters produced can be
used as a handle to attach it to targeting molecules. Improved
synthetic approaches for such BODIPY derivatives will allow for
better synthetic accessibility and increased interest in its
conjugation to receptor binding molecules.%d 10

Herein, we report the most viable, convenient and economic
method to date for the synthesis of the meso-BODIPY core with
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a free carboxylic handle. Secondly, a proof-of-principle,
including demonstration of serum stability and the fluorescence
imaging applicability (ex vivo and in vivo) of the c(RGDyK)
peptide derivative of this meso-BODIPY is reported for the first
time.

Results and Discussion

Initially, the synthesis of the free acid meso-BODIPY derivative
was attempted following the seminal report by Li et al.®® This
method involves refluxing the starting materials, glutaric
anhydride (1) and 2,4-dimethylpyrrole (2), in DCM with BF3.OEt,
for 5 hours, resulting in the formation of intermediate 3. This
was further reacted with excess BF3.OEt, at room temperature
overnight to yield the desired product 4 shown in Scheme 1.
This procedure proved to be irreproducible in our hands even
after several minor modifications which included; stricter
moisture control, increased reaction times and elevated
reaction temperatures. Analysis of the reaction mixtures via LC-
MS revealed that only the starting material was present, and
that no intermediate or product had formed.
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Scheme 1: Synthetic route towards obtaining BODIPY derived acid**
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The method reported by Wang et al., which employs THF as the
solvent, was subsequently attempted.®® This approach formed
intermediate 3 albeit in less than 5% yields (as judged by LC-MS
analysis) after 48 hours (reflux) with starting materials still
present as the major constituents. Despite carrying out
experiments using extended reaction times and elevated
temperatures, no significant increases in the formation of the
intermediate 3 were observed.

Next, the longer synthetic route reported by Pakhomov et al.,
which involved the opening of the cyclic acid anhydride (5) ring
before its condensation with 2,4-dimethylpyrrole was also
attempted (Scheme 2).1t
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Scheme 2: Synthetic route towards obtaining BODIPY derived ester'?

Although the formation of 6 was successful, the yield of the
methyl ester intermediate 7 (reported to be 36 %), in our case
was <10 % since the reaction of 6 with 2 did not proceed to any
further (7 was not isolated). Thereafter, we decided to revisit

the one pot method since this seemed to give better conversion
of starting materials. Lim et al.*® reported a method whereby
they used toluene as the solvent and succinic anhydride (5) to
get the product in 18% vyield after 21 hours. In our hands, we
could not see any significant formation of the corresponding
intermediate 3 when using succinic anhydride but did get
conversion with glutaric anhydride (< 20 % conversion; 48 h).
Upon complexation with BF3.OEt,, only approximately 7 % of
the product 4 formed after 3 days at room temperature. Despite
the low yields and longer reaction times, the acquisition of the
product after the first 3 attempts deemed this method
promising for further optimization. Microwave irradiation (15
min, 80 °C) of glutaric anhydride (1) with pyrrole (2) and
BF3.0Et; in toluene led to the consumption of all of the starting
material. As expected from microwave based reactions, it was
faster than previous attempts with conventional heating,
reproducible, fewer by-products and increased yields of 4 (56
%) (Scheme 3). The presence of starting materials was observed
for shorter reaction times or lower temperatures for the
microwave step. Whilst, shorter reaction times at higher
temperature resulted in many by-products.

OH
=~
(0]
\_ NH
2 )n
+ BF3.0Et, (i) BF3.0Ety TEA
o Toluene, N, =N 50 °C, 18h
- . _ " >
o MW, 15 min \_NH Nx (ii) Disuccinimidyl
carbonate, THF
X0 L - rt. 24h
n=0or1 4, R=H
1 3 8, R=N-succinimidy!

Scheme 3: Synthetic route towards obtaining BODIPY derived acid or
ester

Specific reaction conditions i.e. the molar equivalents of starting
reagents 2,4-dimethylpyrrole (7 eq.) and BF;.OEt;, (3 eq.) were
optimised for reaction completion in 15 min as this subsequently
influenced the improved vyield of the final product 4. While
microwave irradiation has been reported in the derivatization of
BODIPY,? to the best of our knowledge this is the first report where
this heating method has been employed in the synthesis of the core
structure.

Although the dipyrromethene intermediate 3 has been reported to
be stable, easy to handle and/or to purify,'? it was not isolated during
this synthesis. In our case, the LC-MS trace showed complete
conversion of the limiting reagent (glutaric anhydride) and the
resultant intermediate 3, presenting as a brick red solution that was
subsequently carried through to the next step (Scheme 3).# Initial
investigation of the conversion from intermediate 3 to product 4
using excess BF3.0Et, and triethylamine at room temperature (as per
Lietal. and Lim et al.), did not give yields > 15 %, even upon extended
reaction times (1-24 hours). The optimal temperature was found to

be 50 °C (as per Wang et al.), where the product formed in 18 hours
with minimal amounts of the intermediate remaining and no side
product formation. Longer reaction times did not have any significant
influence on the reaction yields (Scheme 3). After optimization, the
reaction was quenched with 0.1 M HCI and purified via silica gel
column chromatography to furnish compound 4 as red crystals. The
reaction was scaled up from 50 mg to 500 mg and showed improved
yields (56 and 65 % respectively) as compared to previous reports for



this meso-carboxyalkyl BODIPY derivative which ranged from 5-25
%.%2 2 The improvement in the synthesis of this dye is a significant
breakthrough in the production of a compound that is well known to
suffer from low reaction yields.? The structure of compound 4 was
confirmed by NMR spectroscopy, LC-MS, HRMS and X-ray
crystallography (CCDC code 1962482). The proton and carbon NMR
spectral data resembled that was previously reported in literature.®
Next, the succinic anhydride reaction was revisited by applying our
optimised conditions. The intermediate formed smoothly after 15
minutes in the microwave and the subsequent condensation
proceeded well with none of the intermediate remaining (monitored
by LC-MS). After workup, the reaction mixture was purified via silica
gel column chromatography to furnish the analogous acid 4 as a dark
red powder (60 % yield). The proton and carbon NMR spectral data
resembled that was previously reported in literature.®® This proved
the generality of our microwave assisted method for the synthesis of
meso-substituted BODIPY dyes. The advantages of this synthetic
approach are that it is short, high yielding, and a one-pot-reaction,
thereby making it more convenient as compared to reported
methods. Attractively, the product produced contains a free
carboxylic acid which can further be easily attached to target
molecules.* Moreover, the meso-substituted BODIPY derivative has
a rigid structure that is modular, making it an attractive target for
peptide/polymer conjugation.13

In pursuit of BODIPY-peptides for in vivo applications, compound 4
was subsequently converted into its N-hydroxy succinimide (NHS)
activated ester 8 for easy couplings with peptide amino groups and
to improve the slow reaction kinetics of free carboxylic acids.'*
Activated esters, particularly that of N-hydroxy succinimide have
good reactivity and selectivity for amino groups as it is susceptible to
nucleophilic attack by primary amines.!* This feature allows for
conjugation to a variety of antibodies, peptides and proteins to form
fluorescent tracers for cellular labelling and detection. The
synthesised derivative 8 has a Cj-alkyl spacer between the
fluorophore and the NHS ester group. This spatial separation
between the fluorophore and its point of attachment to the
biomolecule is a common structural alteration that helps to minimize
the interaction of the sometimes-bulky fluorophore with the
biomolecule to which it is conjugated. Despite, N-hydroxy
succinimide being a common reagent for the activation and coupling
of carboxylic acids, in this study, N, N’-disuccinimidyl carbonate
proved to be a superior coupling reagent®® for the formation of 8
(Scheme 3). The reaction was conducted according to a previously
reported method® to yield compound 8 as an orange powder in 99
% yield. The synthesis was performed in a one-pot reaction without
the requirement of chromatographic purification. The proton NMR
data resembled that reported in literature.®

The completion of the synthesis of a BODIPY-conjugate required
coupling of the activated BODIPY-ester to a peptide. Towards this
end, the BODIPY-succinimidyl ester 8 was firstly coupled to a small,
commercially available peptide, B-Ala-tripeptide, supported on
chlorotrityl chloride (CTC) resin to afford peptide 9 (Figure 3). This
system was chosen for its convenience as a supported peptide to
evaluate the coupling efficiency to the activated BODIPY ester. The
peptide coupling was achieved through the conjugation of the
BODIPY-succinimidyl ester with the e-amino group of the alanine
residue. Upon cleavage from the resin, the LC-MS trace showed
complete conversion of all starting materials and the novel product
9 was obtained as an orange powder in quantitative yields. The
product and purity was confirmed with HRMS and LC-MS analysis.

OH

Figure 3: BODIPY derived peptides that were synthesised from

activated ester 8.

For further evaluation, the BODIPY succinimidyl ester 8, was
coupled to an unsupported, protected amino acid, Fmoc-Lys(4-
methoxytrityl)-OH. The novel Fmoc-Lys (BODIPY) derivative 10
was synthesized by coupling of 8 to the lysine amino group of
Fmoc-Lys(Mmt)-OH (Figure 3). The Mmt group was
deprotected before it’s coupling to the ester. This reaction was
purified using supercritical fluid chromatography (SFC) to give
compound 10 as an orange powder in 66% yield. The product
was confirmed with LC-MS (m/z 683 [M-H]") after purification
with SFC. Generally, BODIPY dyes are purified using column
chromatography (either flash/gravity) or preparative HPLC.'®
Here, we report to the best of our knowledge for the first time,
the purification of a BODIPY compound using SFC. The SFC
purification provides high purity compounds in a shorter
analysis time and is easy to operate. Moreover, the method is
greener, faster and less expensive compared to typical HPLC.1”
Finally, the experience of the initial coupling reactions allowed
for 8 to be coupled to a biologically relevant peptide,
cyclic(RGDyK). The meso-BODIPY-c(RGDyK) (11) was achieved
through the conjugation of BODIPY-succinimidyl ester with the
e-amino group of the lysine residue by adapting the literature
method,!® (Figure 3). Interestingly, the base we employed in
this reaction was polymer  bound triethylamine
(diethylaminomethyl polystyrene resin) that made purification
much easier. The desired product was isolated from the
reaction mixture and the polymer resin with 5 % acetonitrile in
water using a centrifuge. The combined supernatant washings
were freeze-dried to give compound 11 as an orange powder
with 90 % yield. The reaction was monitored with LC-MS
analysis of the product peak (m/z 936 [M+H]*) and further
characterization was done by HRMS with the purity confirmed
by HPLC analysis. While different derivatives of BODIPY-RGD
peptides have been reported,'® the synthesis of compound 11
has not been previously reported.

The absorption and the emission properties of fluorescent dyes
are very important in bioanalysis such as fluorescence imaging.
The absorption and the emission spectra of the synthesized
meso- carboxyalkyl BODIPY dye (4), meso-BODIPY-NHS (5) and



meso-BODIPY peptides (9-11) displayed typical characteristics
of BODIPY dyes with the absorption and the emission maxima
around ~500 nm and ~ 510 nm, respectively, in ethanol (Suppl,
Table 1) . No significant shifts in absorbance and emission
wavelengths were observed with the addition of peptide
substituents to the meso-carboxyalkyl BODIPY derivative. This
phenomenon is attributed to the meso-functionalised position
of the derivatives which ensures that the BODIPY core is
electronically isolated from the substituents and therefore
remains unaffected.’® The compounds showed a strong
electron transition in the visible region with molar absorptivity
coefficients ranging from 3716.3 Ml.cm™ to 80434 M1.cm™.
The fluorescence quantum yield of the synthesized dyes were
determined in ethanol with the standard fluorescein in 0.1 M
NaOH as a reference compound. BODIPY derivatives bearing the
free carboxylic acid at the meso-position showed the higher
fluorescent quantum yields (0.849) than the peptide derivatives
which were 9 (0.609), 10 (0.525) and 11 (0.508). The
spectroscopic characterisation results for the meso-
carboxyalkyl BODIPY (4) were similar to that previously
reported in ethanol.’> % The remaining compounds 9-11 were
novel and their spectroscopic properties were determined using
the reported procedure as that for compound 4.°°

Serum Stability

The majority of BODIPY dyes are known to be relatively
insensitive to the changes in the environment with regards to
its photochemical stability.’t- 3¢ 19  However, peptides can
undergo enzymatic degradation in biological fluids.2® In order to
evaluate the BODIPY-c(RGDyK) as a preclinical optical imaging
agent, its intravenous administration was considered to be the
desired route of injection; hence, determining the stability of
this conjugate in serum was essential before the in vivo
evaluation. Figure 4 shows the LC-MS chromatograms of a
serum sample spiked with BODIPY-RGD peptide (1.0 pg/mL).
The serum stability study was performed following the method
that was previously reported in our group.?! The LC-MS-ESI was
used to monitor the recoveries and the peptide was shown to
be stable throughout the analysis period (4 hours). These
results were similar to that previously reported on the
serum/plasma stability test of other BODIDIPY-RGD peptides??.
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Figure 4: HPLC chromatogram of serum that is spiked with BODIPY-
c(RGDyK) peptide: A at 0 h and B at 4h.

BODIPY-c(RGDyK) Fluorescence Imaging in vivo

The prospects of using novel BODIPY-peptide conjugates for
non-invasive tumour detection or non oncological application
are encouraging as their design would potentially allow for
combined used nuclear-optical imaging modalities in future.'®
23 Therefore, after full characterization of the BODIPY-peptide
derivatives, BODIPY-c(RGDyK) 11 was further assessed for its
fluorescence imaging usefulness (in vivo and ex vivo) in healthy
and MCF-7 tumour-bearing female nude mice. Optical
fluorescence imaging has the advantage over other diagnostic
methods as one can study tumour proliferation and changes in
tumour response to therapy non-invasively, often supporting a
better understanding of disease progression.?* The BODIPY-
c(RGDyK) fluorescence imaging efficacy was evaluated using
MCF-7 breast cancer xenografts as previous studies highlighted
high avB3 integrin expression in these tumour cells?> and which
was confirmed in vivo by RGD-based ligands.?® Athymic nude
animals are desired for optical imaging since firstly, the hairless
condition allows for a more accurate Vvisualisation,
guantification and interpretation of the fluorescence imaging
signal and secondly, the athymic condition allows tumour cell
inoculation to grow out to relatively viable tumours as the
immune system is not equipped to respond to the tumour cell
invasion due to the depletion of T-helper cells.?”

Prior to the animal investigation, a BODIPY-c(RGDyK) solution
(containing 0.25 % DMSO) was assessed for its signal intensity
using the optical camera equipment (Suppl. Fig 5) and
combinations of available excitation (ex) and emission (em)
filters in order to find the optimal filter pair (Suppl. Fig 6) to
yield high overall counts. The maximum (peak) fluorescence
(~50000 counts) was determined at wavelengths for Ao 480
nM/ Aem 570 nm and A 520 nm/ A, 570 nm. The ex-filter with
the lowest available wavelength of 420 nm showed markedly
reduced peak fluorescence (~24500 counts) using an em-filter >
520 nm. Signal intensity was negligible using wavelengths for A,
> 540 nm and A, >710 nm. These results are plausible as the
Amax(abs) for meso-BODIPY dye is 495 nm. Low fluorescence
(<13500counts) was determined using em-filters > 670 nm
wavelength paired with all relevant ex-filters (420-540 nm)
which restricts this meso-BODIPY moiety from an optimal
imaging performance in the most desired near-infrared (> 750
nm) excitation and emission wavelengths.2 The meso-BODIPY in
vivo imaging technique at this stage may not be straightforward
and its acquisition protocol would require extensive
autofluorescence (AF) removal. AF is mostly tissue-generated
(i.e. red blood cells and skin-based collagen; A2, 400 — 600 nm)
or occurs due to chlorophyll-containing food (Aex 680 nm). Even
for bright optical markers, such as BODIPY, AF may not be fully
eradicated and often prevents the detection of low intensity
signals in the visible range. In preparation for this study, the
animals were fed an alfalfa-free diet (low in chlorophyll) which
would be beneficial to lower the diet related AF signal; however,
a more promising technical solution for prospective studies may
be the use of narrow bandpass emission filters combined with
multispectral unmixing or the more straightforward
continuation with a meso-BODIPY derivative that can be excited
at wavelengths in the near-infrared that is less prone to
interferences with AF.28



The fluorophore formulation was individually diluted for each
animal and prepared in 0.25 mL and deemed suitable for a first
injection (DMSO/dose: 0.62 + 0.42 % (equ in blood: 0.046 +*
0.031 % )) administering a 0.15 mL bolus via the tail vein
(injected doses ranged from 25-167 pmol/g bodyweight). In all
animals (n = 5) BODIPY-c(RGDyK) injections did not cause any
adverse reactions and no significant changes in mice
bodyweights were measured (19.4 +1.3and 18.6 +1.7; P <0.05)
between the start and termination of the experiment,
respectively. Between 5 and 20 % of the injected dose was
recognized in the area of the tail as seen from unspecifically
localized fluorescence signal. This is likely due to non-
quantitative injections or probe leakages sometimes occurring
into the interstitial tissues surrounding the tail vein.

Despite the expected limitation regarding AF removal, real-time
whole-body imaging was performed at 3 h and 24 h for a general
understanding of the probe’s behaviour in living organisms.
Figure 5A shows a background-corrected image of a
representative mouse with a sustained fluorescence signal
when comparing the earlier and late time point of imaging.
Tumor bearing animals demonstrated no significant BODIPY-
c(RGDyK) signal in the tumor area (see arrow in Figure 5B) which
is plausible as the properties of the meso-BODIPY-moiety may
be technically challenged for in vivo application; however, these
animals were also subjected to ex vivo analysis of organ and
tissue uptake of BODIPY-c(RGDyK) (Figure 5C).
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Figure 5: Overview of BODIPY-c(RGDyK) Fluorescence Imaging.

A Representative images of a nu/nu balb/c mouse showing BODIPY-
c(RGDyK) fluorescence signal (radiant efficiency)in vivo at 3 h (top)
and 24 h (bottom)following intravenous probe injection; image
exposure time(sec) /binning/ f-stop = 0.5/ 8/ 2.0.B In vivo tumour
visualization of a representative nude balb/c mouse bearing a MCF-
7 tumor xenograft (red arrow indicates tumor location) in the hind
flank (left image) compared to the contralateral side (without tumor;
right image); image exposure time(sec) /binning/ f-stop = 0.5/ 8/ 2.0.
C Qualitative ex vivo organ and tissue analysis; representative

biodistribution at 24 h after administration (image exposure time
(sec)/ binning/ f-stop = 2.0/ 8/2.0). Displayed organ/tissues are: H=
heart, L=lung, Ll=liver, S=spleen, K=kidneys, T-=tumour, M=muscle,
F=femur (bone), B=brain and |= intestines.

Ex vivo biodistribution has the benefit of clearly providing
information of organ involvement in the metabolism of novel optical
probes, without the quenching of specific signal due to the AF
processes; reference tissue can therefore directly be compared with
pathological tissue such as the MCF-7 tumours dissected in this
study. The bright light organ images with their fluorescence signal
overlays for this study are displayed in Figure 5C. Whilst in vivo
imaging could not visualize the tumors, ex vivo analysis of organ-
related fluorescence at 24 h post BODIPY-c(RGDyK) injection showed
an intense signal in the tumor and also in intestines with some
notable signal deriving from the kidneys. This may indicate that this
probe was i) completely eliminated from the blood pool (no notable
heart fluorescence signal), ii) was predominantly excreted (renal and
intestinal) and iii) a plausible signal observed for MCF-7 tumours may
be avB3 integrin-mediated and therefore considered a targeted
tumor cell accumulation (i.e. BODIPY-c(RGDyK) was capable of
penetrating into the tumor tissue). Further investigations may be
required to confirm specific tumour uptake of BODIPY-c(RGDyK);
however, these first findings are in agreement with ex vivo optical
imaging and confocal microscopy imaging performed in other
investigations with RGD-based imaging probes.?>%¢ These results
may necessitate that a bioconjugate of a meso-BODIPY moiety with
c(RGDyK) be further developed to support ex vivo analysis of organ
biodistribution and for investigation of different cancers via targeting
of avB3 integrin which can be overexpressed during tumour
angiogenesis.

Conclusions

This study significantly improved the synthetic route of the core
meso-carboxyalkyl BODIPY derivative which was successfully
converted into its activated ester to further yield three novel
BODIPY-peptide conjugates. The carboxyalkyl BODIPY
derivative (4, n=0,1) was synthesized for the first time using a
microwave assisted method. Furthermore, the BODIPY peptide
(10) was successfully purified for the first time using
supercritical fluid chromatography technology thereby
providing an innovative alternative for the isolation of BODIPY
dyes. The synthesized derivatives displayed typical
spectroscopic characteristics of BODIPY dyes while the BODIPY-
c(RGDyK) peptide (11) proved to be stable in plasma.
Approaching the fluorescent imaging performance of BODIPY-
c(RGDyK) for its ex vivo imaging application, the avf3 integrin-
mediated targeting process in MCF-7 breast cancer xenografts
was envisaged as a proof-of-principle investigation. Despite the
interference of the in vivo analysis by autofluorescence, the ex
vivo results showed that the fluorophore does undergo cellular
internalization and this may have implications for cancer
detection. The in vivo optical imaging with the fluorophores
developed in this study can be enhanced by further derivatizing
the modular acid (4) to shift its absorption and emission maxima
from the green to the near-infrared region of the
electromagnetic spectrum. Additionally, the fluorophores can



also be used for other in vitro applications such as fluorescent
assays or microscopy.
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(2)-3-(3,5-dimethyl-1H-pyrrol-2-yl)-3-(3,5-dimethyl-2H-pyrrol-2-
ylidene) propanoic acid (3)*

To an overdried 40 mL microwave tube, glutaric anhydride or
succinic anhydride (500 mg, 1.0 eq.), dry toluene (3.0 mL), 2,4-
dimethylpyrrole (3.1 mL, 7.0 eq.) and BF3.0Et, (1.6 mL, 3.0 eq.) were
added consecutively under a nitrogen atmosphere. The mixture
was heated with high stirring for 15 minutes at 80 °C in the
microwave at 200 watts to yield compound 3 as a brick-red
solution. The reaction was monitored with LC-MS until consumption
of the limiting starting material. The product was used as is for the
next step without further purification and or isolation.

4-(4,4-Difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene-
8-yl)-butyric acid (4)*

To the reaction mixture of compound 3, dry triethylamine (4.88 mL,
10.0 eq.) was added, after 15 minutes, BF3.0Et, (12.43 mL, 20.0 eq.)
was added dropwise at room temperature under a nitrogen
atmosphere. The reaction mixture was then stirred with heating at
50 °C for 18 hours (under nitrogen). Thereafter, ethyl acetate (20
mL) was added and the mixture was washed with 0.1 M HCL (3 x
10.0 mL). After the liquid-liquid extraction, the organic phase was
dried with anhydrous NaSO4 and the solvent was evaporated in
vacuo. The resulting residue was purified by column
chromatography (0-30 % ethyl acetate in hexane) to provide
compound 4 (glutaric) as brick red needle-like powder, Rf = 0.29,
(50:50 hexane:ethyl acetate), mass 962.01 mg; yield 65.6 %; LC-MS
m/z =333 [ M-H];, 'H NMR & 6.05 (s, 2H), 3.05—-3.01 (t, 2H, ) = 8.8
Hz), 2.56 -2.51 (t, 2H, J = 8.8 Hz), 2.51 (s, 6H), 2.42 (s,6H), 1.99 —
1.95 (m, 2H); 3C NMR 6 176.9, 154.3, 144.7, 140.37, 131.4, 121.8,
33.7,27.3, 26.5, 16.3, 14,4; °F NMR & 146.3 — 146.7. HRMS (ESI)
m/z calculated for Cy7H,,BF,N,0,334.1718, found m/z 334.1718

4-(4,4-Difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene-
8-yl)-butyric succinimidyl ester (8)°°

To a 15.0 mL oven-dried pear shape flask, compound 4 (250.0 mg,
1.0 eq.), N, N’-disuccinimidyl carbonate (383.0 mg, 2.0 eq.), dry THF
(4.0 mL) and dry TEA (0.75mL) were added consecutively under a
nitrogen atmosphere. After stirring for 20 hours at room
temperature, the reaction was monitored with LC-MS for
consumption of all starting material. The THF was removed in vacuo
and the resulted orange powder was dissolved in DCM (10.0 mL)
and washed with saturated sodium hydrogen carbonate (4 x 10.0
mL). The organic phase was dried with anhydrous NaSO4and the
solvent was evaporated in vacuo to give compound 8 as an orange

powder. Mass 673.10 mg, yield 99.9%, LC-MS m/z 432 [ M + H]*,
1H NMR 6 6.06 (s, 2H), 3.12-3.087(t, 2H, J = 8.8 Hz), 2.85 (s, 4H),
2.82-2.78 (t, 2H, J = 8.8 Hz), 2.51 (s, 6H), 2.42 (s, 6H), 2.08 -2.04
(m, 2H); 13C NMR 6 168.9, 167.8, 154.4, 143.9, 140.4, 131.4, 121.9,
30.9, 27.0, 26.2, 25.6, 14.4, 14.5; °F NMR & -146.4 — 146.6, HRMS
(ESI) m/z calculated for C,1H,4BF,N3NaO, 454.1720, found m/z
454.1714.

4-(4,4-Difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene-
8-yl)-butyricamide-Ala-tripeptide (9)

The peptide synthesis was carried out manually in a 5.0 mL plastic
syringe fitted with a Whatman filter paper disc and a stopper at the
bottom. Ala-tripeptide-CTC (439.5 mg, 1.0 eq.) was added and
washed with DCM (2 x 2.0 mL) over 20.0 min placed in a shaker.
Thereafter, compound 8 (94.7 mg, 2.0 eq.) dissolved in DMF (2.0
mL) and DIPEA (100.0 uL, 5.0 eq.) were added to the peptide on the
shaker. The mixture was left shaking at room temperature for 1.5
hour and thereafter the DMF was drained. Compound 9 bound on
the resin was washed with ether (2 x 10 mL). To cleave the resin 1%
TFA in DCM was used and the resin was filtered off through a plug
of cotton wool to achieve compound 9 as orange powder once the
DCM was evaporated. The reaction was monitored with LC-MS
which confirmed the consumption of all starting materials. LC-MS
m/z 546 [M-H]-, HRMS (ESI) m/z calculated for

C,6H36BF2NsNaOs 570.2670, found m/z 570.2674.

Fmoc-Lys(4-(4,4-Difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-
s-indacene-8-yl)butyricamide) peptide (10)

To a 15.0 mL falcon centrifuge tube, Fmoc-Lys (Mmt)-OH (100.0 mg,
1.0 eq.) was dissolved in 1.0 % TFA in DCM and stirred for
approximately 1.0 h at room temperature to remove the Mmt
protection. The TFA was evaporated with a stream of nitrogen,
thereafter, compound 5 (117.11 mg, 1.0 eq.) and
diethylaminomethyl-polystyrene (424.4 mg, 5.0 eq.) in DMF 4.0 mL
were added to the tube. The reaction mixture was placed on the
shaker for 2.0 hours at room temperature. The LC-MS of the crude
mixture confirmed the product with m/z 683 [M-H]  with
consumption of the starting material. Then the reaction was
centrifuged for 10.0 min in 200.0 rpm at 4 °C. The supernatant was
decanted and DMF (2.0 mL) was added, the reaction was
centrifuged again. This step was repeated until all the no more
product appeared in the DMF layer. All the washings were then
combined and the DMF sublimed using the freeze dryer to give a
dark orange sticky paste. The crude product was purified using a
Sepiatec SFC system in isocratic separation mode with a Supelco-
GreenSep™ Nitro SFC column (25 cm x4.6 mm x 5 pm) and 10:90
modifier (acetonitrile): supercritical-CO, with the flow rate of 6.0
mL/min for 6.0 min . The collection from the SFC was evaporated in
vacuo to yield compound 10. Mass 123.3 mg. Yield 66.3%. HRMS
(ESI) m/z calculated for C3gHa3BF,N,NaOs 707.3210, found m/z
707.3187.



4-(4,4-Difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene-
8-yl)-butyricamide cyclic RGD peptide (11)8

To a dry 1.5 mL microcentrifuge eppendorf tube, the cyclic RGD
peptide (5.0 mg, 1.0 eq.), compound 8 (2.9 mg, 1.0 eq.),
diethylaminomethyl-polystyrene (61.4 mg 1.0 eq.) and dry DMSO
(307.1 pL) were added consecutively. The mixture was placed on
the shaker at room temperature and the reaction was monitored
with LC-MS until all consumption of the starting material. After 24
hours, millipore water (200 pL) was added to the mixture and it was
placed under the freeze-drier overnight to remove the DMSO and
water to give an orange powder. This step was repeated to ensure
that all the solvent was removed. Thereafter, the product was
extracted using the centrifuge by adding 1 mL of 5% acetonitrile in
water and the supernatant was decanted (this was repeated until
no product was seen (in supernatant) from LC-MS monitoring),
thereafter all the washings were combined and freeze-dried to give
compound 11 as orange powder, mass 6.8 mg, yield 90.7 %. The
product and purity was confirmed with LC-MS m/z 936 [M+H]*,
HRMS (ESI) m/z calculated for C4gHgaBF,N1,04777.89, found
977.845.
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EXPERIMENTAL
Material and Methods

All reactions were carried under inert (nitrogen) atmosphere. Toluene and tetrahydrofuran
were distilled from standard drying procedures using benzophenone and sodium while the
DMSO was dried over calcium hydride and kept over molecular sieves (4 A). Glutaric
anhydride, boron trifluoride diethyl etherate, triethylamine, N,N’-disuccinimidyl carbonate,
diethylaminomethyl-polystyrene, and fluorescein free acid were purchased from Sigma
Aldrich and used without further purification. 2,4-dimethylpyrrole was obtained from DLD
Scientific (South Africa) and it was used as received. The ¢(RGDyK) was purchased from
FutureChem Co, Ltd (Seoul, Korea) and it was used as received. All solvents such as ethanol,
DMF, DMSO, DCM and TFA were of HPLC-grade and were all purchased from Sigma
Aldrich. The synthesis of dipyrromethene intermediate (Compound 3) was performed using
CEM Discovery SP-microwave reactor, USA. The reactions were monitored using a Thin
Layer Chromatography (TLC) Merck 60 F,s4 silica gel aluminium coated sheets and using
LC-MS analysis was carried out (Shimadzu 2020 UFLC-MS, Japan), with the following
conditions: column: YMC-Triat C18 (150 x 4.6 mm, 5 pum), equipped with a photodiode
array detector, SPD-MZOA model and the mobile phase: 0.1 % formic acid in water and
acetonitrile operating in gradient mode (5-95% in 9 minutes with a hold for 9 minutes or 5-
95% in 15 minutes with a hold for 5 minutes). The compounds that were purified with
gravity column chromatography made use silica with mesh particle size, 40-63 um. For
compounds that were purified using SFC were carried out on Sepiatec Prep SFC basic
(Germany). All reactions were performed in duplicate. The 'H, 3C, 'F NMR spectra were
recorded on Bruker AVANCE III 400 MHz at room temperature and the chemical shifts were
reported relative to deuterated chloroform (6 = 7.26 ppm). High-Resolution Mass Spectra
(HRMS) were obtained from Bruker micro-TOF-Q II instrument at ambient temperatures,
sample concentration of 1 pg/ml. Optical Imaging was performed using the IVIS Lumina III

equipment (Perkin Elmer, USA) at the Preclinical Imaging Facility (Pelindaba, South Africa).



Spectroscopic measurements

Absorption spectra were recorded on the UV-3600 Shimadzu UV-VIS-NIR
spectrophotometer with the slit width of 2 nm and the pathlength of the cuvette was 1.0 cm.
The fluorescent emission spectra were recorded on the PerkinElmer LS 55 fluorescence
spectrophotometer. The fluorescence quantum yield of the synthesized BODIPY derivatives
were determined by comparing the absorption and emission spectra of BODIPY derivatives
prepared as ethanol solutions (refractive index 1.361) with the standard fluorescein prepared
in 0.1 M NaOH solution (refractive index 1.330). As per literature the fluorescent quantum
yield for standard fluorescein is reported to be of 0.85.2 The stock solutions concentration of
5.0 x10* M were prepared and diluted to 5.0 x10°® M which was then diluted to suitable
concentrations for the collection of the absorbance and the emission spectra. Measurements
obtained for calculating the molar absorptivity and fluorescent quantum yield were taken
from the prepared solutions with the concentration between 0.25 x10° M to 1.50 x10¢ M.
These solutions provided the absorbance values that were below 0.11 at each Amax. The
absorbance that is below 0.11 is essential to avoid auto-absorbance and false results. The
molar absorptivity and fluorescent quantum yield were calculated according to the following

equations; (equation 1 and equation 2).

A = gxbxc (Equation 1.1)
Grad,\ /n? .
Py = Py (m) (nﬁt) (Equation 2)

Examples

1. Determining the molar absorptivity coefficient (g)

Plot the concentration against the absorbance at Amax of the prepared solutions to find the

slope
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Figure 1 : Plot of Meso-carboxyl BODIPY (Compound 4) concentration against the

absorbance, solutions prepared in ethanol.

Pathlength b=1 cm
A
Then rearrange equation 1 to € = x b, which is equal to the slope of the curve

Therefore; € = 80434 Ml.cm!

2. Determining the fluorescent quantum yield

Plot the emission versus the absorbance for the samples and the standard to find the slopes
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Figure 2: Plot of absorption vs emission for the meso-carboxyl BODIPY (sample/ x) and

fluorescein (standard/ st)

Standard fluorescein quantum yield = 0.85

Plug in values to equation 2.

¢ =0.8500 ( 6558 )(13612)

6877.3)\1.3302

b; = 0.8487

The same procedure was applied for all the other compounds and the results are presented in

Table 1.

Table 1: Photophysical properties of meso-carboxyl BODIPY dye (4), meso-BODIPY-NHS
(8) and BODIPY peptides (9-11) in ethanol.

Compound Amax(abs)/ Amax (em)/ nm | AA/ nm e/ Mlem | ¢
nm 1

4 495 504.5 9.5 80434 0.849

8 498 506.0 8.0 75943 0.581

9 496 504.5 8.5 33383 0.609
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10 497 505.5 8.5 37189 0.525

11 495 505 10 3716.3 0.508
Acid BODIPY
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Figure 3: Absorption spectrum of meso-carboxyl BODIPY dye, meso-BODIPY-NHS and
BODIPY peptides (0.5 uM) in ethanol.
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Figure 4: Emission spectrum of meso-carboxyl BODIPY dye, meso-BODIPY-NHS and
BODIPY peptides (0.5 uM) in ethanol.

BODIPY-¢(RGDyK) serum stability

Untreated plasma was obtained from Sprague-Dawley rats and stored at -80 °C. On sample
preparation, 990 pL of serum was spiked with 10 uL of 1 mg/mL BODIPY-c(RGDyK),
homogenised and incubated at room temperature over a maximum of 4h. A previously
published method was employed to obtain and prepare samples at 0 h and thereafter hourly
for analysis.! Briefly, 100 pL of spiked serum was diluted with 900 uL methanol (MeOH),
subjected to vigorous mixing for 1 min and centrifuged at 12000 rpm for 15 min at 4 °C. The
supernatant was filtered through the hydrophilic-lipophilic balance (HLB, Sigma Aldrich)
cartridge as follows: the cartridge matrix was conditioned first with ACN (2 x1 mL) followed
by MeOH (2 x1 mL). The supernatant (~1 mL) was then loaded onto the cartridge and the
flow-through was collected into an HPLC vial until the cartridge was dry. The eluent was
mixed well and injected on a Thermo Scientific™ | UltiMate™ 3000 UPLC system coupled
to Bruker Amazon Speed-lon Trap Mass Spectrometer with the following separation and
detection parameters. The LC separation was achieved using biphenyl 2.7 um column (50 x
4.6 mm). The mobile phase were ultra-pure water (0.1 % v/v FA) and acetonitrile (0.1 % v/v
FA) at 0.35 mL/min for 10.1 min with the column compartment set to room temperature in

the gradient mode of separation. The MS acquisition parameters were positive ion trap
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polarity with the endplate offset and the capillary voltage of 600 V and 5000 V. The
nebuliser pressure was 1.5 bar and the dry gas was flowing at a flow rate of 8§ L/min. Dry

heater temperature was 200 °C and the scan range was from m/z 600 to 1100.

Characteristics of the fluorescence signal for BODIPY-c(RGDyK)

In preparation for image acquisition a BODIPY-RGD concentration of 21 nmol/mL for
injection) was tested for fluorescence intensity. A manufacture-proposed present for optical
imaging using an excitation (ex) at 480 nm paired with emission (em) at 570 nm yielded
counts for subsequent BODIPY-RGD injection that were sufficient and well within the
allowable count range (minimum of 600 and maximum of 60000) supported by the apparatus
calibration. This related to a maximum radiant efficiency of 7.7 x 10° (p/sec/cm?/sr)/uW/cm?
(Figure 5). Testing of the formulated injection solution included fluorescence image
acquisition of a 1 mL plastic syringe carrying 0.3 mL stock solution of BODIPY-RGD (6
nmol); images were acquired with the same camera settings to warrant comparison. Image
acquisition was comparing the available filter pairs to determine the peak fluorescence

(Figure 6).

Figure 5: Imaging of BODIPY-c(RGDyK): diluted (21.0 pM). Image acquisition: Lumina
IVIS III; exposure time-0.5 s, binning factor -8, F/stop- 2, field of view-10 cm, Ex 480 nm
and Em 570 nm
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Figure 6: Characterization of BODIPY-¢(RGDyK) fluorescence for in vivo optical imaging.
Image acquisition of BODIPY-c(RGDyK) was performed using IVIS Lumina IIT of a 1 mL
plastic syringe carrying 0.3 mL (6 nmol) BODIPY-c(RGDyK (exposure time: 0.5 sec,
binning factor: 8,f/stop:2.0, field of view:10 cm); Legend shows the different excitation
wavelengths (available filters of the apparatus).

BODIPY-¢(RGDyK)-based Fluorescence Imaging in vivo

Eight weeks-old female BALB/c nude (nu/nu) mice of were provided the Preclinical Drug
Development Platform Viviarium (North West University, Potcheftroom), acclimatized and
handled according to the national standards of animal care. All animal experiments were
performed in compliance with the North West University’s (South Africa) policy on animal
use and ethics. The North West University AnimCare Ethics committee granted the ethical
clearance with ethics number NWU-00184-18-A5. Three wild type mice were used as control
and another two mice were inoculated with MCF-7 — a metastatic breast cancer cell line. At
3-4 weeks after inoculation tumor reached a diameter of approximately 7.5 mm. Tumor
dimensions were measured using a calliper, the tumor volume was calculated using the
equation: volume (¥) = length x width?/2. No particular animal preparation was required
leading up to the administration of BODIPY-c(RGDyK (1.5-3 nmol/150 puL) which was
injected via the tail vein. The mice were anesthetized using 2% isoflurane carried in an

oxygen/air mixture and whole body images were acquired at 3 h and 24 h post injection
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BODIPY-c¢(RGDyK)-based Fluorescence Imaging ex vivo

To eradicate interference from the background, ex vivo imaging measures were performed
also using the optical imaging instrument. Following the final image acquisition mice were
euthanized by cervical dislocation. Following blood drainage animal dissection was
performed; tumors and multiple organs (heart, liver, spleen, bone, muscle, brain, lung and
kidneys) were harvested for excised organ image acquisition using the same in vivo imaging

equipment and procedures.

1.8x10°
A B

(swo/mr 7 1swdyoasyd)) Aoualony3 juelpey

3.5x108

Figure 7: Overview of BODIPY-¢c(RGDyK) Fluorescence Imaging

Animals received a 0.15 mL bolus of BODIPY-c(RGDyK) via tail vein injection. Image were
acquired (field of view =10.0 - 12.5 cm; Level=high, Ex/Em filter pair (nm) = 480/570) using
IVIS Lumina IIT (Perkin Elmer, Rodgau, Germany) and fluorescence signals were displayed
over bright light photos of animals, organs or tissue using Living Image Software 4.5.5
(Perkin Elmer, Rodgau, Germany). Imaged are corrected for background (counts < 600) and
injected dose. (A) Representative images of a wild type balb /c mouse showing BODIPY -
c¢(RGDyK) fluorescence signal (radiant efficiency) in vivo at 3 h (top) and 24 h (bottom)
following intravenous probe injection; image exposure time (sec) /binning/ f-stop = 0.5/ 8/

17



2.0. (B) In vivo tumour visualization of a representative balb/c mouse bearing a MCF-7 tumor
xenograft (red arrow indicates tumor location) in the hind flank (left image) compared to the
contralateral side (without tumor; right image); image exposure time (sec) /binning/ f-stop =
0.5/ 8/ 2.0. (C) Qualitative ex vivo organ and tissue analysis; representative biodistribution at
24 h after administration (image exposure time (sec)/ binning/ f-stop = 2.0/ 8/ 2.0). Displayed
organ/tissues are: H= heart, L=lung, LI=liver, S=spleen, K=kidneys, T- =tumour, M=muscle,
F= femur (bone), B=brain and I= intestines.
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NMR, LC-MS and HRMS Spectra
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Figure 8: Crude reaction mixture LC-MS-PDA chromatogram of glutaric 3 (~13.8 min) with desired m/z 286 (+ve mode), major UV peak is

pyrrole.
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Figure 9: Crude reaction mixture LC-MS-PDA chromatogram of glutaric 4 (~15.9 min) with desired m/z 333 (-ve mode)
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Figure 10: Pure LC-MS-PDA chromatogram of glutaric 4 (~15.9 min) with desired m/z 332.9-333 (-ve mode)
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Figure 12: Crude reaction mixture LC-MS-PDA chromatogram of succinic 4 (~19.0 min) with desired m/z 318-319 (-ve mode)

23



910
fim

200 -

300 oL
400 ol
500 L
600 4
700 1

nm

iy

175

251 v v T T T T T T T T T T T T T T T T T
70 80 90 10,0 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 min

Interfx1,000,000)
6.0

318.76

5.0
4.6

3.9

ad 274.71

1.8

. ) A 6*61):11

A T T T T T T T T T T T T T T T T U | T
100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 mz

Figure 13: Pure LC-MS-PDA chromatogram of succinic 4 (~19.0 min) with desired m/z 318-319 (-ve mode) or 321 (+ve)
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Figure 14: HRMS spectrum for 4-(4,4-Difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene-8-yl)-butyric Acid (4)

25




6.059
053
040
032
022
010
566
547
529
514
428
999
986
976
970
956

95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 ppm

El 3 ERE

Figure 15: Proton ('"H) NMR spectrum of 4-(4,4-Difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene-8-yl)-butyric Acid (4)
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Figure 16: Carbon '*C NMR spectrum 4-(4,4-Difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene-8-yl)-butyric Acid (4)
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Figure 17: '°F NMR spectrum of 4-(4,4-Difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene-8-yl)-butyric Acid (4)
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Figure 18: HRMS spectrum for 4-(4,4-Difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-
indacene-8-yl)-butyric succinimidyl Ester (8)
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Figure 19: '"H NMR spectrum of 4-(4,4-Difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene-8-yl)-butyric succinimidyl Ester (8)
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Figure 20: 13C NMR spectrum of 4-(4,4-Difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene-8-yl)-butyric succinimidyl Ester (8)
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Figure 21: '°F NMR spectrum of 4-(4,4-Difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene-8-yl)-butyric succinimidyl Ester (8)
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Figure 22: HRMS spectrum for 4-(4,4-Difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-
s-indacene-8-yl)-butyricamide-Ala-tripeptide (9) with Na* adduct.
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Figure 23: LC-MS-PDA chromatogram of 9. A PDA showing the purity, B LC with
retention time and C is the MS with the mass in [M-H]-
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Figure 24: HRMS spectrum for Fmoc-Lys(4-(4,4-Difluoro-1,3,5,7-tetramethyl-4-bora-
3a,4a-diaza-s-indacene-8-yl)butyricamide) peptide (10) with sodium adduct
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Figure 25: LC-MS-PDA chromatogram of 10. A PDA showing the purity, B LC with

retention time and C is the MS with the mass in [M-H]
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Figure 26: HRMS spectrum for 4-(4,4-Difluoro-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-

indacene-8-yl)-butyricamide cyclic RGD peptide (11) with acetonitrile adduct
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Figure 27: LC-MS-PDA chromatogram of 11. A PDA showing the purity, B LC with

retention time and C is the MS with the mass in [M+H]*
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