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Abstract

Precision imaging, utilizing molecular targeted agents, is an important tool in cancer diagnostics
and guiding therapies. While there are limitations associated with single mode imaging probes,
multimodal molecular imaging probes enabling target visualization through complementary
imaging technologies provides an attractive alternative. However, there are several challenges
associated with designing molecular probes carrying contrast agents for complementary multi-
modal imaging. Here, we propose a dual function antibody conjugate (DFAC) comprising an
FDA approved photosensitizer Benzoporphyrin derivative (BPD) and a naphthalocyanine-based
photoacoustic dye (SiNc(OH)) for multimodal infrared (IR) imaging. While fluorescence imaging,
through BPD, provides sensitivity, complementing it with photoacoustic imaging, through
SiNc(OH), provides a depth-resolved spatial resolution much beyond the optical diffusion limits
of fluorescence measurements. Through a series of in vitro experiments, we demonstrate the
development and utilization of DFACs for multimodal imaging and photodynamic treatment of
squamous cell carcinoma (A431) cell line. The proposed DFACs have potential use in precision
imaging applications such as guiding tumor resection surgeries and photodynamic treatment of
residual microscopic disease thereby minimizing local recurrence. The data demonstrated in this
study merits further investigation for its preclinical and clinical translation.
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INTRODUCTION

Multimodal real-time precision imaging is a promising approach for diagnostics, treatment
guidance, and treatment monitoring applications in cancer management (1-3). In this
context, real-time imaging by white light reflectance, fluorescence, and ultrasound imaging
holds an advantage over MRI, CT, X-ray, etc., which do not provide real-time feedback

and are mostly used for interim assessment (4). While fluorescence and reflectance

imaging hold an advantage owing to their higher microscopic resolution, the depth profiling
conferred by these imaging modalities is often low; a shortcoming easily compensated by
acoustic contrast imaging (5). Multimodal imaging technologies comprising fluorescence
and photoacoustic imaging (PAI) may thus provide a better spatial resolution well beyond
the depth penetration limits of fluorescence imaging (6-9). Importantly, while fluorescence
imaging is FDA approved for cancer diagnosis, surveillance and guiding resection surgeries
(10), PA imaging has been making its mark in the clinical realm (11) with a recently granted
premarket approval from FDA for breast cancer imaging (NCT03897270).

Most externally administered fluorophores and sonochromes used for enhancing contrast

in fluorescence and PA imaging, respectively, have limitations owing to their nonspecific
accumulation and often lead to nonspecific false positive signals, which compromises their
use as contrast agents (12,13). Most contrast agents rely on enhanced permeability and
retention (EPR) (14) based accumulation in tumor sites and often lead to low signal-to-noise
ratios. A major improvement over this has been the development of targeted imaging probes,
which have shown success in enhancing signal to noise ratio in several preclinical and
clinical studies (15). Several molecular markers have been identified and used for diagnosis
and therapeutic targeting in various tumor types, both in preclinical and clinical studies with
fluorescence and photoacoustic imaging (16-18). These include Folate receptor (19), EGFR
(20,21), HER2 (22), cathepsins (23), and MMPs (4,24,25). EGFR over-expression is the
hallmark of several tumors and EGFR-targeted antibodies have thus been widely used for
molecular imaging to guide surgical resection and treatment in several tumor types including
head and neck cancers, gliomas, pancreatic cancers, and lung cancers (21, 26-30, ). Another
advantage of using molecular targeted agents in multi-modal imaging is the simultaneous
delivery of multiple contrast agents at the “right-place right-time,” thus achieving the desired
contrast for multimodal imaging.

Interestingly, most of the FDA approved fluorophores (methylene blue (MB), indocyanine
green (ICG) (31) and the nonfluorescent pro-drug; ALA) (32) are photosensitizers and

can be used for treatment through photodynamic therapy (PDT) (33), as successfully
demonstrated both preclinically and clinically (34). In this study, we report the synthesis and
characterization of a multimodal imaging probe for possible use in detection and treatment
of EGFR-positive tumors. We use a naphthalocyanine derived PA contrast agent (SiNc(OH))
along with Benzoporphyrin derivative (BPD; a photosensitizer), conjugated to Cetuximab
antibody to achieve target-specific multimodal imaging. Naphthalocyanine based dyes have
been used as sonochromes and also as photosensitizing agents (35,36). Their absorption
maxima may vary from 750 to 940 nm, depending on the substitution on the tetrapyrrolic
rt-system and the central metal atom (37). Benzoporphyrin derivative (BPD) was chosen

for its fluorescence and photosensitizing properties. We have previously demonstrated the

Photochem Photobiol. Author manuscript; available in PMC 2023 March 24.


https://clinicaltrials.gov/ct2/show/NCT03897270

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saad et al.

Page 3

synthesis of BPD-based photoimmunoconjugates and application in imaging and targeted
PDT (photoim-munotherapy) of different tumor types (38). Overall, this study demonstrates
the development and /n vitro application of BPD and SiNc(OH)-conjugated Cetuximab,
referred to as “Dual Function Antibody Conjugate (DFAC)” (39,40), to enhance imaging
sensitivity and specificity for diagnosis and photodynamic therapy of EGFR overexpressing
tumor cells.

MATERIALS AND METHODS
Synthesis of Naphthalocyanine derivative (SiNc(OH)) and its NHS derivative (SiNc(OH)-

NHS).

All synthetic transformations were performed under an argon atmosphere with magnetic
stirring unless otherwise mentioned. Flash chromatography was performed using a
CombiFlash with RediSep pre-packed silica columns (230-400 mesh) as the stationary
phase, unless otherwise stated. NMR spectra were acquired on a Varian 400 MHz Unity
Inova spectrometer. Chemical shifts are reported relative to residual protonated solvent
(7.26 ppm for CHCI3). All reagents were purchased from Sigma-Aldrich, TCI, Santa Cruz
Biotech, Gelest, or other commercial suppliers and used as received unless otherwise stated.
Preparation of compounds 2 and 3 (Fig. 1) is described by Aouida ef a/. (37). Preparation
of 3 was based on established procedures of analogous compounds (41). We prepared 1
from 3 using a large excess of suberic acid bis(N-hydroxysuccinimidylester) to minimize
dimerization.

Preparation of silicon 1,6,10,15,19,24,28,33-octabutoxy-2,3-naphthalocyanine
monohydroxide mono(3’-aminopropyl)dimethylsiloxide (SiNc(OH) (4).

A 50 mL round bottom flask equipped with a short path distillation unit was charged

with 59 mg (0.04 mmol) silicon 1,6,10,15,19,24,28,33-octabutoxy-2,3-naphthalocyanine
dihydroxide (3). 10 mL of pyridine was added to the reaction vessel and the

mixture was stirred and sparged with argon for 5 min. 67 mg (0.45 mmol) of 3’-
aminopropyldimethylmethoxysilane was dissolved in 10 mL of pyridine (0.05 M solution)
and 1.0 mL (0.08 mmol) of the above solution was added to the reaction vessel. The mixture
was sparged with argon for 10 min and then heated to 135 °C. The mixture was stirred for
1.5 h and the reaction temperature was increased to 170 °C and heated until approximately

3 mL of pyridine had distilled (~1 h). The mixture was cooled to room temperature and
transferred to a single neck round bottom flask by rinsing with toluene. The solvent was
removed /n vacuo, and the solid was dissolved in dichloromethane and immobilized on sand.
The crude product was purified by CombiFlash chromatography using amine gold NH,-
functionalized silica, 7:3 hexane:dichloromethane. The relevant fractions were combined,
and the solvent was removed /n vacuo yielding 18.8 mg (31.3%) of SiNc(OH) (4), a brown
crystalline powder. 1TH NMR (CDCl3, 400 MHz) &: 9.00 (m, 8H), 7.91 (m, 8H), 5.20 (t, J= 7
Hz, 16H), 2.24 (m, 16H), 1.66 (sextet, /=8 Hz, 16H), 1.04 (t, /=7 Hz, 24H), 0.89 (m, 2H),
-0.59 (m, 2H), -1.66 (M, 2H), —2.21 (s, 6H).
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Preparation of silicon 1,6,10,15,19,24,28,33-octabutoxy-2,3-naphthalocyanine
monohydroxide mono(3’-propyl(suberic acid amide mono(N-hydroxysuccinimidy!l
ester))dimethylsiloxide (SiNc(OH)-NHS) (1).

A 20 mL scintillation vial was charged with 18.6 mg (0.01 mmol) of SiNc(OH) (4) (Fig.

1). 10 mL dichloromethane was added to the reaction mixture and the mixture was sparged
with argon for 5 min. 96.4 mg (0.26 mmol) suberic acid bis(A-hydroxysuccinimidyl ester)
and 0.1 mL triethylamine were added to the reaction vessel and the mixture stirred for

16 h at room temperature. The solvent was removed /i vacuo and the crude product was
immobilized on sand. The product was purified using CombiFlash chromatography on silica
with gradient elution (dichloromethane to 2% ethanol in dichloromethane). The appropriate
fractions were collected, and the solvent was removed /in vacuo. A white powder impurity
was observed in the product, so the solid was redissolved in 1 mL of dichloromethane

and the white impurity was precipitated with hexanes. The mixture was centrifuged, and

the supernatant was saved. The pellet was redissolved in dichloromethane, and the hexanes
precipitation/centrifugation was repeated. The supernatants were combined, and the solvents
were removed /n vacuo yielding 11.2 mg (50.5%) SiNc (OH)-NHS (1), a brown crystalline
powder. 1H NMR (CDCl3, 400 MHz) &: 9.00 (m, 8H), 7.92 (m, 8H), 5.19 (m, 16H), 2.83

(s, 4H), 2.24 (m, 20H), 1.65 (m, 20H), 1.25 (m, 4H), 1.03 (t, /=7 Hz, 24H), 0.89 (m, 2H),
-0.67 (m, 2H), -1.58 (m, 2H), —2.21 (s, 6H).

Dual function antibody conjugate (DFAC) synthesis.

Erbitux (human anti-EGFR antibody; Cetuximab) was obtained from Eli Lilly and Co.
(Indianapolis, IN). The antibody was filtered under sterile conditions by passing through a
0.22 pm syringe filter. The concentration of the antibody was estimated using a Pierce™
BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA). 2 mL of antibody
corresponding to ~4 mg was obtained in a scintillation vial and 0.2 mL of 4 mg mL™2
Methoxy PEG Succinimidyl Carbonate, (MW 10000) (JenKem Technology, Plano, TX),
dissolved in DMSO, was added drop wise under stirring. The reaction was left over night at
room temperature under stirring. SiNc(OH)-NHS and BPD-NHS (at 4 times molar excess),
dissolved in DMSO, were added dropwise to the PEGylated antibody and the reaction

was allowed to proceed for 4 h. The total DMSO content in the reaction mix was never
allowed to exceed 40%. The reaction mix was centrifuged for 10 min at 15 000 g to
remove any insoluble aggregates formed during the reaction. The supernatant containing
the crude DFAC was passed through a Zeba™ Spin Desalting Column (7K MWCO, 10
mL) (Thermo Fisher Scientific, Waltham, MA) pre-equilibrated with 30% DMSO. The
eluent obtained after passing through the gel filtration column was then subjected to buffer
exchange and concentrated using a 30 kDa NMWL Amicon® Ultra-15 Centrifugal Filter
Unit Amicon filter (MilliporeSigma, Burlington, MA). The final DMSO content of the
DFAC was approximately 5%. DFACs were stored at 4°C and remained stable for months.

Estimation of BPD and SiNc(OH) molar loading ratios in DFACSs.

Absorption spectra of DFAC was recorded, at appropriate dilutions in DMSO, using an
Evolution™ 300 UV-Vis Spectrophotometer (Thermo Fisher Scientific). Absorbance at 687
nm and 865 nm was recorded, and the respective concentrations of BPD (34 895 M~1ecm™1)
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and SiNc(OH) (190 000 M~1cm~1) were calculated using their extinction coefficients in
DMSO. The concentration of the Cetuximab antibody was calculated using a Pierce™
BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA). The loading ratios and
conjugation efficiencies of the two dyes were subsequently calculated using the obtained
concentrations of the dyes and protein (antibody), respectively.

Photophysical characterization of DFACs.

Comparative fluorescence studies for free BPD and DFAC were performed using a
SpectraMax M5 multimode microplate reader (Molecular Devices, San Jose, CA). BPD
(stock prepared in DMSO) and DFACs were diluted in PBS at different concentrations and
plated in triplicates in a 96-well black wall plate. An excitation wavelength of 436 nm was
used and emission at 690 was recorded, using an emission filter of 495 nm, to plot the
fluorescence versus concentration graph.

Comparative photoacoustic studies for free SiNc(OH) and DFAC were performed using a
Vevo 2100 LAZR system (Visualsonics, FujiFilm, ON) equipped with a 21 MHz transducer
(LZ250) and an Nd:YAG laser. SiNc(OH) (stock prepared in DMSO) and DFACs were
diluted in PBS at different concentrations and loaded in polyethylene tubes (BTPE-50;
Instech Laboratories Inc., Plymouth Meeting, PA). Spectral photoacoustic measurements
were performed in the wavelength range of 680 to 950 nm. PA signal intensity at 865

nm was used to plot the PA versus concentration graph post-adjustment of wavelength
dependent laser output energy. PA imaging parameters—photoacoustic gain, laser power,
signal intensity, and persistence were kept constant across different measurements. Image
analysis was performed using the built-in \VevoLab software. The effect of trypsin
(Trypsin from bovine pancreas, Type I, ~10000 BAEE units/mg protein; MilliporeSigma,
Burlington, MA) and Bovine serum albumin (BSA) (cold ethanol fraction, pH 5.2, 296%;
MilliporeSigma, Burlington, MA) was studied by incubating the desired amount of DFAC
with 0.1% Trypsin or BSA for 24 h at 37°C. To rule out the interference of temperature,
all samples for this experiment were incubated for 24 h at 37°C. The samples were then
imaged as described earlier. For studying the effect of DMSO, the DFAC or the free dye
was appropriately diluted in DMSO and photoacoustic measurements were performed as
described earlier.

Analyzing DFAC specificity.

EGFR expressing squamous cell carcinoma cells (A431) and the EGFR null Chinese
hamster ovarian cell line (CHO) (obtained from ATCC, Manassas, VA) were cultured in
DMEM (Fisher Scientific, Waltham, MA) and F-12K media (Thermo Fisher Scientific,
Waltham, MA), respectively, supplemented with 10% FBS and antibiotic mixture containing
Penicillin (100 I.U mL™1) and streptomycin (100 pg mL~1) (Mediatech, Inc., Manassas,
VA). For DFAC specificity analysis, cells (5*103) were plated in a 96-well plate and
cultured for 24 h. DFAC at different BPD equivalent concentrations (0.05, 0.1, 0.2, 0.25,
0.5, 1, and 2.5 pM) was added and incubated for 24 h. Cells were then fixed with 4%
Paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA), washed with phosphate-
buffered saline, counterstained with Hoechst (Thermo Fisher Scientific, Waltham, MA) and
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imaged using an Operetta CLS High-Content Analysis System (PerkinElmer, Waltham,
MA). Image analysis was performed by the software provided by the manufacturer.

Preparation of cell encapsulating tissue phantom gelatin molds for fluorescence and
photoacoustic imaging.

A431 and CHO cells were grown in a 150 mm Petri plate to confluency. DFACs were
incubated with confluent cell cultures for 24 h, at a concentration of 2.5 pM SiNc (OH) dye
equivalent. After incubation, cells were washed with PBS and scraped. Cells were counted
and 107 cells were pelleted and resuspended in 100 pL PBS.

Preparation of tissue phantoms.

100 pL of 10% gelatin was added to a well of a 96-well plate and allowed to solidify.

The gelatin base was made to minimize reverberations from the Petri dish bottom during

PA imaging. Then 107 cells/100 uL PBS obtained previously were mixed with an equal
volume of 10% gelatin and laid over the gelatin base in the 96-well plate to generate a tissue
mimicking model as reported previously (42). The gelatin molds were allowed to solidify
and imaged within 24 h.

Imaging of tissue phantoms.

Fluorescence imaging was performed using an IVIS® Lumina Series 111 In Vivo Imaging
System (Perkin Elmer, Waltham, MA) using a 440 nm excitation filter and a 670 nm
emission filter. Intensity calculations were performed using the Living Image® software
provided by the manufacturer. PA imaging was performed by placing the 96-well plate in
water. PA imaging parameters such as the photoacoustic gain, laser power, signal intensity,
persistence, and frame rate were kept constant across different measurements. Image
analysis was performed using the built-in software provided by Visualsonics, FujiFilm (ON,
Canada).

In vitro Photo-toxicity of DFACs.

For phototoxicity studies, A431 and CHO cells were plated in 96-well plates at a cell
density of 5000 cells per well. Cells were then treated with DFACs at a concentration of

250 nM BPD equivalent and incubated for a further 24 h. After incubation, media containing
the DFAC were replaced with fresh media and cells were irradiated with energy densities
ranging from 5 to 50 J cm~2 at an irradiance of 150 mW c¢cm~2 irradiated using a 690

nm laser (Intense, Inc., North Brunswick, NJ). 24 h after irradiation, cells were assayed

for viability by colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) (MilliporeSigma, Burlington, MA) assay. For determining the dose-dependent dark
toxicity of DFAC, A431 cells were incubated with increasing concentration of DFAC (BPD
equivalent, up to 5 uM) for 24 h. Cell viability was then monitored by MTT assay, as
described previously.

Photochem Photobiol. Author manuscript; available in PMC 2023 March 24.
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Determining the intracellular localization of DFAC and mechanism of near infrared (NIR)-
triggered cell death.

RESULTS

For determining the intracellular localization, A431 cells were plated in 35-mm glass bottom
dishes (Cellvis, Mountain View, CA) at a cell density of 300 000 cells per dish and allowed
to grow overnight at 37°C under 5% CO,. The cells were then incubated with DFAC (1 uM
BPD equivalent) for 24 h. Prior to fixing with Paraformaldehyde (4%), cells were incubated
with 50 nM of MitoTracker ™ Deep Red FM (Thermo Fisher Scientific, Waltham, MA) and
50 nM of LysoTracker™ Red DND-99 (Thermo Fisher Scientific, Waltham, MA) for 30 min
prior. Cells were counterstained with Hoechst 33342 (Thermo Fisher Scientific, Waltham,
MA\) at a concentration of 1 pg mL™1 and visualized using an Olympus Fluoview F\V1000
confocal laser scanning microscope (Olympus America, Center Valley, PA). Image analysis
was performed using ImageJ software (National Institute of Health, Bethesda, MD). The
mechanism of cell death was determined using the APC Annexin V Apoptosis Detection Kit
with PI (BioLegend, San Diego, CA) as per the manufacturer’s instructions. Briefly, A431
cells were incubated with DFAC (0.25 uM BPD) and irradiated as described earlier. After
24 h, cells were trypsinized and resuspended in Annexin V Binding Buffer followed by the
addition of APC Annexin V and PI. The cells were then analyzed using a a flow cytometer
(BD FACSAriaTM Cell Sorting System, Biosciences). Data analysis was performed using
FlowJo software.

Synthesis of naphthalocyanine-derivative dye (SiNc(OH) and its NHS-derivative (SiNc(OH)-

NHS)

The molecular structure and synthesis scheme of SiNc(OH)-NHS (compound 1, Fig. 1)

the naphthalocyanine-derivative dye, designed as the bioconjugatable contrast agent for
photoacoustic imaging (PAI) in this study are shown in Fig. 1. SINc(OH)-NHS is a
silicon-centered naphthalocyanine chromophore with butoxy substituents at the a.-positions.
Octabutoxy-substituted silicon naphthalocyanine was chosen due to its absorbance at higher
wavelengths (Amax = 862 nm), stability, and synthetic accessibility (37,43). The central
silicon was substituted with a hydroxyl group and an N-hydroxy succinimidyl ester

coupled ether group. The N-hydroxy succinimidyl ester was coupled for the conjugation

of SiNc(OH) to the cetuximab antibody. A siloxy (Si-O-Si) bonding group was used for

the coupling of N-hydroxy succinimidyl as it resists hydrolysis, while Si-O-C bonds can be
cleaved hydrolytically.

Synthesis of Dual function antibody conjugates (DFAC)

DFAC synthesis was performed as described in the reaction scheme (Fig. 2A). PEGylation
of Cetuximab was performed to enhance DFAC solubility and minimize aggregation during
and after conjugation of antibody to the hydrophobic dyes (BPD and SiNc(OH)). It is also
known to enhance /n vivo bioavailability by preventing antibody uptake by macrophages and
minimizing protease-based antibody degradation (44-47). The crude DFAC mixture after the
reaction was separated from the unreacted dyes by gel filtration, as it has been established

in many previous studies from our group to eliminate any residual unreacted dye (45).

The degree of labeling for BPD and SiNc(OH) was found to be 2.67 £ 0.16 and 3.01 +

Photochem Photobiol. Author manuscript; available in PMC 2023 March 24.
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0.24 moles, per mole of Cetuximab, corresponding to a conjugation efficiency of 66.97 +
4.05% and 75.36 + 6.03%, for BPD and SiNc(OH), respectively. This is consistent with our
previous studies with BPD where conjugation efficiency in the range of 45% to 75% have
been reported for molar loading ratios between 10 and 2 BPD molecules per antibody (45).
As shown in Fig. 2B, the absorption spectra of DFAC showed characteristic peaks at 690 and
865 nm, corresponding to the absorption maxima for the individual dyes.

Fluorescence and photoacoustic properties of DFAC

We further investigated the fluorescence and photoacoustic properties of DFAC to determine
the effects of antibody conjugation on the fluorescence and photoacoustic signal of the

two dyes, and to determine the range of concentrations over which the DFACs could be
employed for multimodal imaging. As shown in Fig. 3A, BPD-based fluorescence in DFAC
showed a linear increase (R2 = 0.9401) with increase in concentration. The concentration-
dependent fluorescence signal increase was similar to that observed for free BPD (R? =
0.9384), suggesting that DFACs, similar to BPD and other photoimmunoconjugates of BPD,
can be used as molecular probes for fluorescence-based molecular imaging. The minimal
spectral overlap between the two dyes (BPD and SiNc(OH)) (Fig. 2B) and the relatively
low loading of BPD on Cetuximab meant that the homoquenching, usually observed for
BPD conjugated PICs, with high BPD loading ratios (48), or a FRET-based heteroquenching
of BPD, observed for conjugates having dyes with significant spectral overlap (49), was
minimal. However, the slight decrease in fluorescence signals, observed for DFACs, as
compared to the free BPD, could possibly be due to the above-mentioned reasons or
antibody (protein)-based BPD fluorescence quenching.

In contrast to the fluorescence signals, PA signal amplitude from DFAC (Fig. 3B) was
significantly attenuated as compared to that from the free SiNc(OH) dye (linear increase; /2
= 0.9673). While the mechanistic details of PA signal attenuation upon antibody conjugation
of SiNc(OH) are discussed later, our unpublished work with other PA dyes showed a similar
decrease in PA signal intensity upon antibody conjugation, suggesting that it could be a
general phenomenon associated with PA dyes-antibody/protein conjugates. These results
suggest that fluorescence and photoacoustic signals of the dyes are retained, postconjugation
on the Cetuximab antibody, and the proposed DFACs can be used for multimodal imaging
over a wide range of concentrations, although with significantly attenuated photoacoustic
signals.

Understanding PA signal attenuation upon Cetuximab conjugation

To gain mechanistic insights into the attenuation of PA signals of SiNc(OH) dye upon
cetuximab conjugation, we studied the effect of (1) trypsinization and (2) solubilization
of DFAC in DMSO. While trypsinization leads to degradation of the antibody molecules
resulting in the generation of antibody fragments-dye conjugates, solubilization of DFAC
in DMSO is expected to denature the antibody and minimize any noncovalent interactions
between the dye and the protein. Interestingly, in our study trypsinization of DFAC led

to a decrease in the PA signals (Fig. 4) of DFAC. Addition of BSA, used as a control,

also resulted in a significant decrease in PA signals from DFAC. Addition of trypsin

and BSA to the free SiNc(OH) dye also resulted in a significant reduction in PA signal.

Photochem Photobiol. Author manuscript; available in PMC 2023 March 24.
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These results suggest that the presence of protein molecules in the microenvironment of

the dye leads to a reduction in PA signal, possibly due to the influence of proteins on

solvent properties such as thermal diffusivity and Griineisen parameters which are known

to influence their acoustic properties (50,51). The absorption spectra of the free dye and
DFAC were however not influenced by trypsin and BSA, at the concentrations tested (1

UM of dye; 0.1% BSA and trypsin) (Figure S1). In contrast, while DMSO had no effect on
the PA signal of free SiNc(OH) dye, PA signal of DFAC significantly increased in DMSO,
and was found to be approximately two-fold higher than that observed for free SiNc (OH)
dye. Unlike, trypsinization which leads to cleavage of antibody molecules at specific sites
and results in generation of peptide fragments which may still have the conjugated dye
molecules, DMSO is known to denature proteins and minimize noncovalent interactions
between drugs/dyes and antibody. The decrease in noncovalent interactions between the dye
and antibody molecules could therefore be responsible for enhancing PA signal amplitude of
DFAC in DMSO. Apart from this, the relatively lower specific heat capacity of DMSO (0.47
Cal/g/°C), as compared to water (1 Cal/g/°C), is also expected to have a major influence

on PA signals (52). Importantly, the UV-Vis spectra for DFAC and free SiNc(OH) dye
showed a significantly higher absorption at Amax (865 nm) upon solubilization in DMSO as
compared to that in PBS (Figure S2), which could be yet another reason for increase in PA
signal in DMSO as compared to PBS.

DFAC-based multimodal imaging of EGFR-overexpressing tumor cells

To monitor the specificity and multimodal imaging capability of DFAC, A431, and CHO
cells were incubated with DFAC for 24 h (Fig. 5A). The squamous cell carcinoma cell

line; A431 has a high expression of EGFR and is routinely used in studies related to EGFR-
targeted therapeutics to establish specificity of the targeted agents. The Chinese Hamster
Ovarian cell line; CHO was used as a negative control due to the lack of expression of
human EGFR (53). Postincubation, cells were prepared (described in materials and methods)
as depicted in Fig. 5B and imaged for fluorescence and photoacoustic signals. A431 cell
phantoms (Fig. 5C lower panel) showed a significantly higher fluorescence intensity as
compared to that of the CHO cell phantoms (Fig. 5C upper panel), which increased with
the DFAC incubation time and concentration. Quantification of fluorescence intensities
(Fig. 5D) indicated a significantly increased fluorescence intensity for A431 cell phantoms,
incubated with DFAC for 24 h. However, CHO cell phantoms also showed fluorescence
signals, possibly due to the nonspecific interactions due to the high concentration of the
probe used for these experiments. Spectral photoacoustic measurements were performed to
monitor SiNc(OH)-based PA signals from DFAC treated cells (Fig. 5E & F). A431 cell
phantoms, in comparison to CHO cell phantoms, showed a higher PA signal which increased
with DFAC incubation time and concentration. The fluorescence/PA signal observed for
CHO cells treated with DFAC could possibly be due to nonspecific binding of DFAC at

the high concentrations of DFAC used (2.5 pM SiNc(OH) equivalent), which was necessary
to achieve detectable signals in PA measurements. A concentration of 1 pM (SiNc(OH)
equivalent) showed significantly lower PA signal, even in A431 cells. To determine the
specificity of DFAC, we treated A431 and CHO cells with increasing concentrations

of DFAC followed by imaging the cells. As shown in Figure S3, DFAC fluorescence

from CHO cells could be observed above a concentration of 0.2 uM (BPD equivalent),
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corresponding to a cetuximab concentration of approximately 0.067 uM. However, the
increase in fluorescence signal was significantly low for CHO cells (2% at 0.2 uM, 6.3% at
0.5 uM, 14.5at 1 uM, and 35.65% at 2.5 uM) as compared to that from A431 cells (21.97%
at 0.2 uM, 38.26% at 0.5 uM, 57.68% at 1 pM, and 116% at 2.5 pM) (Concentrations
mentioned as BPD equivalent).

DFAC-based targeted dose-dependent phototoxicity in EGFR-overexpressing tumor cells

To validate the cell-specific phototoxicity conferred by DFAC, A431 and CHO cells were
incubated with DFACs for 24 h followed by irradiation, with a 690 nm laser, at different
light doses (0 to 50 J cm~2) (Fig. 6A). As shown in Fig. 6B, A431 cells showed a dose-
dependent toxicity with decrease in cell viability to 0.74 + 0.17 (at 10 J cm™2), 0.34 +

0.12 (at 25 J cm=2), and 0.21 + 0.04 (at 50 J cm~2). However, CHO cells were relatively
unaffected by the DFAC and irradiation, showing a reduction in cell viability to 0.81 + 0.16
at the highest light dose of 50 J cm™2. These results suggest that DFAC can be used, apart
from the imaging applications described above, for targeted photodynamic therapy of tumor
cells.

To gain insights into the mechanism of cell death induced by photodynamic therapy (PDT)
of DFAC-treated cells, Annexin V and PI staining followed by flow cytometry analysis

was performed on untreated and DFAC-PDT treated cells. As shown in Fig. 6C (untreated)
and 6D (DFAC-PDT treated A431 cells), DFAC-PDT treatment led to an increase in cell
population in the late apoptotic (21.7%) and early apoptotic (13.3%) stage. The necrotic cell
population, as suggested by Propidium lodide (PI) only staining, of DFAC-PDT treated and
control cells did not show much difference (2.28% and 3.08% for DFAC-PDT treated and
untreated cells, respectively). These results suggest that the cytotoxic effect of DFAC-PDT is
mediated mainly by apoptosis.

DISCUSSION

Molecular-targeted multimodal imaging is an important tool in cancer management with
potential application in diagnostics and therapy guidance. Of all imaging modalities used
in cancer management, fluorescence and photoacoustic imaging are two complementary
techniques with a potential of real-time monitoring. An important application where
multimodal imaging, enabled by fluorescence and photoacoustic imaging, can have potential
impact is guidance, during surgical resection of tumors, to delineate tumor margins

which is difficult to determine using current standard of care approaches. Given that

there is evidence that attempts at re-resection of residual positive disease based on
intraoperative frozen section does not result in local disease control rates equal to that

of an initially negative resection, it is clear that the first cut is the most critical and it

is here where image-guided tumor resections can have the greatest impact. Image-guided
surgery is a common approach in the treatment for various cancer types (54), and more
recently molecularly targeted constructs to enhance specificity during fluorescence-guided
surgical resection have shown improvement over nontargeted fluorophores (26,55). While
fluorescence-based tumor margin assessment is particularly popular due to its enhanced
sensitivity owing to the high fluorescence quantum yield of most fluorophores, the use
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of photosensitizers, with limited fluorescence quantum yields, may lead to a reduction in
sensitivity. Moreover, as fluorescence measurements are limited in their depth profiling
of solid tumors, complementing it with a spatially resolved imaging modality such as
photoacoustic imaging, can to a great extent, enhance outcomes for margin assessment. In
the present study, we demonstrate the feasibility of conjugation of two contrast agents, for
fluorescence and PA imaging, simultaneously to the FDA approved anti-EGFR antibody
(Cetuximab). The dual function antibody conjugates (DFACs) developed in this study

can potentially enhance specificity and spatial resolution for image-guided surgeries. The
utilization of a photosensitizer, Benzoporphyrin derivative (BPD), for its fluorescence
properties also enables photoimmunotherapy of residual tumors (tumor bed sterilization),
which otherwise recur, often with an aggressive phenotype.

Benzoporphyrin derivative (BPD) has been used frequently for imaging and therapy (48).
Photoimmunoconjugates (P1Cs) developed by the conjugation of BPD to Cetuximab have
been extremely successful in targeted imaging and treatment of both primary and metastatic
tumors (38,48). However, the success has been more pronounced for tumors where the
tumor size is limited to a few millimeters such as micro-metastatic ovarian cancer nodules
(48), dimensions which are well within the optical diffusion limits of near infra-red light
used for fluorescence-based measurements. In our present study, a strong BPD-based
fluorescence signal was observed for DFAC treated A431 cell phantoms (Fig 5), as
compared to the CHO cell phantoms, treated with DFAC. Although previous studies from
our lab and others have shown much higher selectivity between EGFR positive and negative
cells, the concentration of DFACs used in the present study, 2.5 pM SiNc(OH) equivalent,
which corresponds to approximately 0.85 uM of Cetuximab, is significantly higher than
previously utilized. A high concentration was used to enhance PA signal which is low due
to (1) the low sensitivity of the instrument, and (2) attenuation of PA signal postconjugation
to the antibody (Figs. 3B and 4). The fluorescence signals observed for CHO cell phantoms
could therefore be due to nonspecific interactions between DFAC and CHO cells (Figure
S3) at these high concentrations. Importantly, at these high concentrations, DFAC had no
effect on cellular viability under dark conditions (Figure S4). Nevertheless, the information
gained from fluorescence-based imaging in general and also described in the present

study is superficial, representing 1-2 mm of the tissue. While the general advantage

of fluorescence imaging in providing a wide-field view, also referred to as the “birds

eye view” is accepted and assists in detection of small tumor extensions (otherwise not
visible to the naked eye) away from the primary tumor site, its limitation in providing

depth resolved images has long been realized. An efficient technique to overcome the
limited depth profiling of fluorescence imaging, is photoacoustic imaging, which provides
enhanced spatial resolution at depths well beyond the optical diffusion limit of fluorescence.
In this context, naphthalocyanine-based dyes have found application in PA imaging, as
sonochromes, due to their unique photophysical properties, characterized by a Q band in
the NIR region and high extinction coefficients (37,56,57). Another advantage of using
naphthalocyanine-based dyes is their NIR absorption properties which unlike other routinely
used IR dyes (ICG, IRDye800, and Cy7), shows significantly low overlap with endogenous
chromophores such as hemoglobin and melanin. However, the use of naphthalocyanine is
hindered by their aggregation behavior which affects their photophysical properties and
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distribution in biological systems. For this reason, modification of naphthalocyanine-based
dyes to enhance their solubility while retaining their photophysical properties is important
and has been reported in several studies. In this study, we report the modification of a
naphthalocyanine-based dye; a silicon-centered octabutoxybenzopthalocyanine, as shown

by Aoudia et a/. (37), with improved solubility. An NHS group was introduced in the

axial position of the octabutoxybenzopthalocyanine to mediate conjugation of the dye with
Cetuximab antibody and hence improve specificity for molecular imaging. NHS ester units
are among the most commonly used groups for bioconjugation (58). Axial substitution to the
silicon center was preferred over peripheral substitutions due to its (1) ease of substitution
and (2) disruption of aggregation in solution (37,59,60). The conjugation of two contrast
agents to a single antibody, builds up on our previous work on conjugation of single
fluorescent contrast agents, which has shown enhanced specificity in imaging and guiding
therapies for various cancer types (48,61). Although the conjugation of SiNc(OH), in the
present study, significantly compromised its PA intensity, our ongoing studies on identifying
the mechanistic basis of this attenuation and synthesis of advanced naphthalocyanine dyes is
expected to overcome this. Moreover, with the development of advanced clinical PA systems
having imaging capability of a few centimeters, this is expected to improve further.

While the use of complementary imaging modalities is expected to enhance precision

in tumor resection surgeries, a major reason for recurrence postsurgery is the residual
microscopic disease. The use of photosensitizers as contrast agents for fluorescence imaging
helps not only in surgical guidance but also in treatment of the residual microscopic disease
through photodynamic activation of these photosensitizers. Photoimmunotherapy (PIT) has
emerged as a promising tool for the treatment of various tumor types either alone or in
combination with chemotherapy. This is exemplified by the recent clinical trials with PIT
for head and neck cancers (62,63). As primary tumor may develop extensions off the main
body of the tumor, it is necessary to resect a margin of 5 mm of healthy tissue adjacent to
the tumor border in order to assure complete excision. This resection of marginal normal
tissue clearly contributes to the compromise in function and appearance following oral
cancer surgery. To address this challenge, we use the inherent theranostic capability of
photosensitizers (in this case BPD) to achieve tumor-specific fluorescence contrast and also
treat the surgical bed for any residual microscopic tumors that may have escaped the surgical
resection procedure. This approach in theory both improves the likelihood of a complete
surgical resection using the intraoperative guidance provided and also treats the microscopic
residual disease remaining. This combination will allow for a more precise and complete
excision with minimal resection of normal tissue, preserving postoperative function. As
shown in Fig. 6, the phototoxicity achieved is specific to EGFR expressing cells and is
predominantly mediated by mitochondrial and lysosomal localization of the photosensitizer
and induction of apoptosis (64,65) (Fig. 6 and Figure S5). Moreover, as the treatment

is envisaged on the surgical bed, post-tumor resection, it overcomes the light penetration
issue often encountered in PDT-based treatment strategies (66). In this context, encouraging
results have been reported by Moore et al., using fluorescence-based resection and PDT of
residual tumor in preclinical head and neck cancer models (34).

While the present study provides the basis for development of imaging probes with dual
imaging and treatment capabilities, all in one molecular-targeted construct, there are several
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short-comings which have to be addressed for its translation to clinical settings; (1) A
major hurdle is the compromise in PA signal amplitude observed after the conjugation

of SiNc(OH) dye to the Cetuximab antibody. Our unpublished work with other PA dyes
suggests that this could be a general phenomenon associated with PA dye conjugation to
antibody/proteins and the effect of the microenvironment on photophysical properties of
PA dyes. (2) Recent studies have suggested that ROS generated through PS irradiation
could lead to photodegradation of PA dyes (67), thereby compromising their function. As
it is envisaged that the probe may be used for imaging (PA and fluorescence) followed

by photodynamic therapy, there is minimal possibility of reactive oxygen species (ROS)
mediated photodamage to PA SiNc(OH). Importantly, no significant changes in PA signal
intensity of SiNc(OH) dye were observed while performing a forward scan (680-970 nm),
where the photosensitizer is excited first (at 690 nm) as compared to a reverse scan (970—
680 nm), where the PA measurements from SiNc(OH) are performed first (Figure S6). (3)
Finally, the biocompatibility of the naphthalocyanine dyes has to be evaluated for their
approval by regulatory authorities and translation to the clinic.

To summarize, our study puts forward a case for an imaging probe with a molecular targeted
multimodal imaging capability to identify tumor margins during tumor resection surgeries.
Moreover, the use of a photosensitizer in the probe further adds to its utility for treating the
surgical tumor bed with photoimmunotherapy (PIT) to treat any residual microscopic tumor
which if untreated leads to recurrence.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Schematic representation of preparation of compound 1 (SiNc(OH)-NHS), as described in

materials and methods. i. Li, 7-butanol, 130°C, 20.2%. ii. (1) Trichlorosilane, N(C4Hg)3,
CH,Cly, RT. (2) N(CyHs)3, H2O, RT, 69.4%. iii. 3-aminopropyldimethylmethoxysilane,
pyridine, 160°C, 34.1%. iv. Suberic acid, bis(A~hydroxy succinimidyl ester), CH,Cl,, RT,
50.5%.
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(A) Synthesis of dual function antibody conjugates (DFACs); BPD was reacted with
EDC/NHS to generate the respective amine-reactive N-hydroxysuccinimidyl derivative. The
NHS esters of BPD and SiNc(OH) (prepared as described in Fig. 1) were then reacted with
Cetuximab antibody, previously reacted with an N-hydroxysuccinimidy! derivative of PEG.
The resulting DFAC had approximately 1 PEG molecule, and 3 molecules each of BPD and
SiNc(OH). (B) Absorption spectra of BPD (shown in green triangles), SiNc(OH) (shown

in orange squares) and DFAC (shown in red circles). DFAC showed characteristic peaks
corresponding to the absorption of the individual dyes.
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Figure 3.

(A) BPD fluorescence from free BPD (pink circles) and DFAC (red circles). Linear trend
lines with R? values of 0.9401 and 0.9384 for BPD and DFAC suggest a linear increase

in fluorescence signal with concentration. (B) Photoacoustic intensity of SiNc(OH) (light
blue circles) and DFAC (dark blue circles) with increasing concentration. Although a linear
increase for both free SiNc(OH) (R? = 0.9673) and DFAC (R? = 0.6315) was observed,

the PA signal intensity from DFACs was significantly attenuated. Inset in Fig. B shows
absorbance at 865 nm for SiNc(OH) and DFAC as a function of concentration in PBS. The
absorption at 865 nm for free SiNc(OH) and DFAC were found to be similar at all the
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Figure 4.

Effects of trypsinization and DMSO solubilization on PA signal of DFAC. While free
SiNc(OH) dye showed decrease in PA signal amplitude in the presence of Trypsin and BSA,
DMSO had no significant effect on the PA signal. In contrast, the PA signal from DFAC
was significantly reduced in PBS as compared to that from the free dye. While trypsinization
and addition of BSA led to a significant decrease in PA signal from DFAC, solubilization

of DFAC in DMSO led to a significant increase in PA signal. All measurements were
performed in the indicated solvent at SiNc(OH) equivalent concentration of 5 uM. Trypsin
and BSA-based studies were performed in PBS. Data are presented as mean = S.D (n= 3),
analyzed using one-way ANOVA with Tukey’s test for post hoc analysis. ~values < 0.05
were considered to be significant and are indicated by asterisks as follows: "S> 0.05, *P <
0.05, **P<0.01, ***P < 0.001 and ****P< 0.0001.

Photochem Photobiol. Author manuscript; available in PMC 2023 March 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Saad et al.

Page 22
A)
Day 0 Day 3 Day 4
Plating in DFAC Multi-modal
monolayer incubation imaging
DFAC
R ic Fluorescence
excitation Ph‘;t:‘ia:s‘?g:t'c Smlssion
B) =N
- = ;
1 2 3 4 56 6 7 8 9 10 11 12
o - 107 cells in
2 5% Gelatin (150 pL)
D
E :
F Gelatin Bed (200 pL)
6 (8 - 10% gelatin)
H
6 hours 24 hours 7 D)

1uM 2.5uM 1uM 2.5uM
. —

IS

©

»

2
i
2
£
£
@
8
g
§
8
2
4
s
S
&
°
2
s
o
4

°

Gel Control Cell Control
P st L

d P

M
~

° ° °
2 g b
2 2 3

Relative Photoacoustic Intensity

°
3
8

Figure5.
(A) Experimental timeline for DFAC-based /n vitro multimodal imaging. (B) Experimental

setup for preparing phantoms for multimodal imaging. (C) IVIS imaging of the DFAC
treated (2.5 pM SiNc(OH) equivalent) A431 and CHO cells prepared as gelatin embedded
tissue mimicking phantoms in a 96-well plate (Scale bar =5 mm). (D) Quantification

of fluorescence signals from the VIS images. A431 cells showed significantly higher
fluorescence signal with a 24 h DFAC incubation as compared to CHO cells. (E) Ultrasound
and photoacoustic images (865 nm wavelength illumination) of the DFAC treated A431 and
CHO phantoms. (F) Photoacoustic signal quantification showed a significant increase in PA
signal from A431 cells as compared to CHO cells. Scale bar corresponds to 2 mm. For 5D
and 5F data are presented as mean + SD (n7= 3), analyzed using one-way ANOVA with
Tukey'’s test for post hoc analysis. ~values < 0.05 were considered to be significant and are
indicated by asterisks as follows: "SP> 0.05, *P< 0.05, **P< 0.01, ***P < 0.001 and ****pP
< 0.0001.
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Figure 6.
(A) Experimental timeline for DFAC-based (0.25 uM BPD equivalent) /in vitro phototoxicity

studies in A431 and CHO cell lines. (B) Relative viability of A431 and CHO cells treated
with different light doses. A431 showed a significant decrease in cell viability at a light dose
of 10 J cm™2 and above. The viability of CHO cells was unaffected even at the highest (50
Jem™2) light dose. Data are presented as mean + SD (7= 12), analyzed using one-way
ANOVA with Dunnett’s test for post hoc analysis. P-values < 0.05 were considered to be
significant and are indicated by asterisks as follows: "S£> 0.05, *P< 0.05, **P< 0.01, ***P
<0.001 and ****P< 0.0001. (C and D) APC Annexin V and PI staining of control (C) and
DFAC-PDT (D) treated A431 cells. DFAC-PDT treatment resulted in a significantly higher
percentage of cells in the early and late apoptotic stage. The necrotic population was similar
between the control and DFAC-PDT treated cells, suggesting that apoptosis is the major
mechanism of cell death.
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