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Background: Photodynamic therapy (PDT) is a promising tool that utilizes photosensitizers (PS) for two functions: cancer imaging
by fluorescence (diagnostics), and treatment by the generation of reactive oxygen species (therapy). Despite its theranostic approach,
the efficacy of PDT is often hampered by limited penetration of light into tissues, tumor heterogeneity, and the immunosuppressive
tumor microenvironment (TME). Moreover, diagnostics and treatment are activated simultaneously, without the possibility of
switching between two processes.

Methods: We used photosensitizer chlorin e6 (Ce6) and luminescent quantum dots (QDs) to create a theranostic nanocomplex. Two
different light sources were used (980 nm or 650 nm light) to activate either the photoluminescence of quantum dots (QDs) or the
generation of singlet oxygen by Ce6. Four distinct CRC cell lines were utilized to represent tumor heterogeneity. The therapeutic
efficacy of nanocomplex was assessed in CRC and tumor-associated macrophages (TAMs), a key component of the immunosuppres-
sive TME. Immunomodulatory effects were explored by exposing resident and recruited TAM models to a conditioned medium from
PDT-treated CRC cells, followed by gene expression analysis.

Results: Spectral characterization of the QDs-Ce6 nanocomplex demonstrated selective switching between diagnostic and therapeutic
modes. Two-photon absorption was activated in QDs by 980 nm laser, thus broadening its excitation capabilities into the infrared
region. The nanocomplex accumulated efficiently and uniformly across all CRC cell lines, regardless of their aggressiveness or drug
sensitivity. The effect of nanocomplex-assisted PDT was the same among CRC cell lines, contrasting with the variable sensitivity to
S-fluorouracil. Additionally, the PDT caused M2 macrophages to lose their pro-tumor characteristics while potentiating their ability to
present antigens. Additionally, MO macrophages displayed a reduction in immunosuppressive signaling.

Conclusion: The QDs-Ce6 nanocomplex exhibits robust photodynamic cytotoxicity and immunomodulatory potential. These findings
highlight the potential of nanocomplex for targeting the aggressive type of tumor cells and the TAM.

Keywords: nanocomplex, immune cells, tumor microenvironment, photosensitizer, quantum dots, two-photon absorption

Introduction

Photodynamic therapy (PDT) is a medical treatment that uses light-sensitive compounds called photosensitizers (PS),
which are activated by a specific wavelength of light to produce a therapeutic effect by the generation of reactive oxygen
species (ROS).! In the absence of light, PS has no toxicity. Upon absorbing light of a suitable wavelength, PS molecules
trigger photocytotoxic effects localized to the region of their presence. Moreover, once excited by light, PS molecules

emit fluorescence. However, ROS and fluorescence occur simultaneously without possibly switching between the two
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processes.” In recent years, the diagnostics and therapeutic functions of PS have been separated to act on the demand of
two different switchers using versatile nanotechnology platforms.**

Multiple nanomedicines have been evaluated over the years with different diagnostic and therapeutic properties,
utilized by combining metal core and adding functional ligands or therapeutic molecules.’” One example of
a nanocomplex extensively used in biomedical research is the quantum dots (QDs) and PS chlorin e6 (Ce6)
nanocomplex.® QDs are nanocrystals characterized by sharp photoluminescence (PL) bands, high PL quantum yield,
resistance to fading, and versatile surface modification capabilities compared to classical fluorescent dyes. Ce6, a second-
generation PS with a high extinction coefficient, has already been applied clinically and is known as Photolon®™.”* Since
QDs are not efficient generators of ROS, which is crucial for inducing tumor cell death during PDT, their combination
with Ce6 enables the QDs-Ce6 to gain PDT properties and successfully eradicate cancer cells.” The highly photostable
PL of QDs is suitable for cancer diagnostics and tracking of nanocomplex in vivo.'® However, the QDs-Ce6 complex is
excited at the UV-VIS region, which limits its accessibility to deeper tissues. The tissue transparency window for
efficient light penetration, also known as the tissue optical window, is considered to range from 600 nm to 1300 nm.''
Recently, two-photon absorption (TPA) compounds have emerged as a highly promising tool for fluorescence imaging.'
TPA involves the simultaneous absorption of two photons (TP), effectively halving the energy per photon and doubling
the wavelength. QDs possess a large TPA cross-section,'® which could serve for diagnostics, while the near-infrared
absorption properties of Ce6 could serve as an effective sensitizer.

Colorectal cancer (CRC) is among the most heterogeneous cancer types, posing a major challenge to effective
treatment. The factors contributing to intratumoral CRC heterogeneity are often cell-intrinsic, such as mutational status,
microsatellite instability, and stemness-related transcriptional profile.'* These intrinsic factors are associated with the

aggressive behavior of cancer cells,”” including high invasiveness, pronounced stemness properties, resistance to
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treatment, and adaptation to diverse microenvironmental conditions. However, the CRC heterogeneity can also arise from
the host immune response and manifest as distinct inflammatory microenvironment profiles.'"® Within the tumor
microenvironment (TME) of CRC, tumor-associated macrophages (TAMs) have been found to be the most abundant
group of tumor-infiltrating immune cells.'”'® While the mechanisms underlying the interactions between CRC and
TAMs are complex, it is agreed that cancer progression or response to therapy depends on the nature of the polarization
of TAMs, with M1 being tumor-suppressive and M2 being tumor-promoting. '

In the context of PDT, TAMs can be activated by ROS generated during treatment. Activated TAMs can secrete
cytokines (eg TNF-a, IL-1B, IL-6, and IL-8) and signaling molecules that attract other immune cells to help destroy
cancer cells. However, TAMs may also play a role in limiting the efficacy of PDT. Some studies have shown that TAMs
can protect cancer cells from the effects of PDT by producing factors that reduce ROS production or by taking up and
removing PS that accumulates in cancer cells.”’ Key challenges in using PDT for direct or indirect targeting of TAMs
include developing novel multimodal nanomedicines and validating their immunomodulatory effects.”' Addressing this
task is crucial to understanding the underlying mechanisms of TAM response to PDT, enhancing its antitumoral effect,
and accelerating the clinical translation of this approach.

This study explored a multifunctional QDs-Ce6 nanocomplex designed to separate diagnostic and therapeutic
functionalities, using 980 nm light for TPA excitation of QDs and 650 nm light for PDT by Ce6. This represents
a novel approach, potentiating the nanocomplex by infrared light and enabling deeper tissue penetration. Accumulation,
biocompatibility, and PDT efficacy of QDs-Ce6 nanocomplex was tested in a panel of molecularly and functionally
different CRC cancer cell lines. Our findings highlight that while CRC cells exhibit substantial heterogeneity in
aggressiveness and drug sensitivity, the QDs-Ce6 nanocomplex accumulates uniformly across all examined cells and
demonstrates consistent PDT efficacy, overcoming limitations of chemotherapy. Furthermore, we provide evidence for
the immunomodulatory potential of nanocomplex-induced PDT, showing that conditioned media from treated CRC cells,
especially the aggressive cell line, modulates M2-like TAMs into a more immunostimulatory phenotype, including
upregulation of antigen presentation marker and downregulation of immunosuppressive markers. By integrating nano-
technologies with immunomodulatory strategies, our study lays the groundwork for innovative approaches targeting
cancer cells and their surrounding microenvironment.

Materials and Methods

Materials

The study utilized commercially available carboxyl-functionalized QDs (Qdot 625 ITK, Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA) with a PL wavelength peak of 625 nm and photosensitizer chlorin e6 (Ce6). QDs are
made of a semiconductor core composed of CdSe and a layer of ZnS, combined with a polymer coating that includes
carboxyl surface groups. The average size of the QDs used in this study is approx. 15 nm, { potential is =20 mV as
indicated by the manufacturer’ and in other publications.”® Ce6 (Frontier Scientific Inc, Newark, DE, USA) was
prepared as a stock solution in a small volume as follows: Ce6 powder was diluted in 0.2 M NaOH, followed by further
dilution of phosphate buffer (PB, 0.1 M, pH = 7.0, containing 0.057 M Na,HPO, and 0.042 M NaHPO,). The extinction
coefficient of Ce6 at 405 nm is & = 175 000 M ™' cm™' as reported in the publication by Dapkute et al.'® Singlet Oxygen
Sensor Green (SOSG) (Thermo Fisher Scientific, Waltham, USA), a commercially available fluorescent sensor, was used
for singlet oxygen detection with no noticeable reaction to hydroxyl radicals or superoxide.**

Cell Culture
Human CRC cell lines LS1034, SW620, HCT116, and DLD1 were obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA). These adherent cell lines were grown in RPMI-1640 supplemented with 10% fetal bovine
serum (FBS, Thermo Fisher Scientific, USA) and 1% antibiotics 100 U/mL penicillin and 100 pg/mL streptomycin
(Thermo Fisher Scientific, USA). Cells were passaged after they reached 70% confluency.

The human leukemic monocyte cell line THP-1 was obtained from the American Type Culture Collection (ATCC,
USA) and grown in RPMI-1640 supplemented with 10% FBS. THP-1 cells were cultured in a complete RPMI-1640 cell
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culture medium and routinely passaged to maintain a suspension concentration of 2x10° cells/mL to 1x10° cells/mL.
Cells were maintained at 37 °C in a humidified atmosphere at 5% CO, during all experiments.

Clonogenic Assay

CRC cell lines LS1034, SW620, HCT116, and DLD1 were seeded in 6-well plates with 200 cells per well in RPMI-1640
medium and allowed to form colonies. After 7 days, cells were fixed (70% EtOH for 10 min, then 96% EtOH solution for
10 min) and stained with 0.2% crystal violet (Sigma-Aldrich, St, Louis, MO USA) for 15 min. The plates were washed
with water and dried. Emergent colonies (>50 cells) were counted, and colony formation efficiency (CFE) was estimated
according to the equation (1):

CFE — number of colonies

0,
number of cells seeded x 100% M

Expression of Surface Markers

To evaluate the surface phenotype, cancer cells were detached, counted, and distributed into cytometric tubes at 1 million
cells per tube. The cells were washed with PBS and centrifuged at 300g for 5 minutes. After removing the supernatant,
single staining was performed by incubating the cell pellets with the following antibodies for 20 minutes in the dark at
4°C: 1 pL anti-CD133-PE (Miltenyi Biotec, Bergisch Gladbach, Germany), 1 pL anti-CD44-APC (Miltenyi Biotec,
Germany), 1 puL anti-ESA-APC (BD Biosciences, Franklin Lakes, NJ, USA), 4 puL anti-MHCI-FITC (BD Biosciences,
USA), and 2 pL anti-PD-L1 (BD Biosciences, USA). After staining, the cells were washed twice with PBS, resuspended
in 200 pL. PBS, and analyzed using a BD Biosciences LSR II flow cytometer. Data from at least 10,000 events per
sample were processed with FACSDiva software.

Wound Healing Assay

CRC cell lines were seeded in a 24-well plate at densities specific to each line: HCT116 and DLDI1 at 3.5%10° cells/mL,
and LS1034 and SW620 at 4x10° cells/mL. The cells were then allowed to grow and proliferate for 48 hours to form
a confluent monolayer. For the wound healing assay, the gap between cells was created by scratching the cell monolayer
with a sterile 200 puL pipette tip. Cells were photographed from the moment of wound formation and after 24 hours.
Migration dynamics was evaluated using the ImageJ 1.49a software (NIH, Bethesda, MD, USA).

QDs-Ce6 Nanocomplex Preparation and Stability Studies

QDs-Ce6 complex (hereinafter referred to as “nanocomplex”) is formed by mixing QDs and Ce6. The molar ratios of
QDs and Ce6 for the nanocomplex preparation were adopted from our previous studies” and maintained throughout the
whole study at 1:100 molar ratio. The nanocomplex was prepared by a droplet formation scheme: the required amount of
Ce6 for the experiment was added to a tube, mixed with QDs, and allowed to sit for 2 min to facilitate rapid complex
formation. Further measurements were performed by diluting the nanocomplex with the desired medium. For spectral
measurements, the concentration of QDs-Ce6 was 5 nM, (1:100 molar ratio), the final medium was RPMI-1640
((Roswell Park Memorial Institute (RPMI) 1640 medium, Thermo Fisher Scientific, USA, without phenol red). For QDs-
Ce6 nanocomplex stability studies in cell culture medium over time (up to 24 hours), the concentration of QDs-Ce6 was
16 nM, identical to the concentration of nanocomplex used for all cell culture experiments. During all studies, the
nanocomplex was prepared in a serum-free environment.

Singlet Oxygen Production

SOSG was prepared according to the manufacturer’s protocol. QDs (8 nM), QDs-Ce6 (8 nM, 1:100), Ce6 (800 nM)
samples were dispersed in RPMI-1640 medium, and, subsequently, SOSG was added, resulting in a 0.005 mM SOSG
reagent concentration per sample. To induce the generation of singlet oxygen, samples were irradiated using a xenon light
source MAX-302 (Asahi Spectra, Tokyo, Japan) with a 650/70 nm bandpass filter from 2 s up to 360 s (¢), to achieve
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light irradiation doses comparable to the ones used on the cells (0-30 J/cm?). During irradiation experiments, samples
were constantly mixed with a magnetic stirrer.

The fluorescence of the SOSG reagent was measured by the Edinburgh Instruments FLS980 spectrometer (Ae,=504
nm) (Edinburgh Instruments, Livingston, UK). For each time point, an integrated fluorescence intensity was calculated
using equation (2):

535
Isos¢ = | 1d 2
525

Isosc represents the area under the curve for fluorescence intensity between Asys and As3s.

The increase in fluorescence intensity of the SOSG due to singlet oxygen production, activated by irradiation, was
determined by mathematically subtracting the background fluorescence intensity of SOSG at a given time point ¢ [2;360]
s of irradiation, calculated by equation (3):

Alsosc = Isosc() — IsosGo) (3)

Algosg — represents the change in fluorescence signal of SOSG due to light exposure. It is proportional to the
concentration of singlet oxygen.**

Two-Photon Excitation Studies

Two-photon (TP) excitation of QDs-Ce6 (1:100) samples was induced by PSU-II-LED (Edinburgh Instruments,
Livingston, UK) laser operating at 980 nm wavelength with continuous mode. The average max laser power of focused
beam entering the sample was approximately 1.5 W. To measure a power-dependent TP-excitation characteristics, power
of a laser was regulated by changing the current with a knob located at the laser block. Diameter of a beam entering
sample was approximately 0.6 mm. TP induced photoluminescence signal of QDs was collected by the Edinburgh
Instruments spectrometer FLS920P. The temperature of samples was controlled by PCB 1500 Water Peltier system
(Agilent, Santa Clara, CA USA). All experiments were performed at 25 °C.

Confocal Microscopy of QDs-Ceé Nanocomplex in Cells

For cellular imaging studies, cells were seeded into 8-well chambered coverglass with borosilicate glass bottom (LabTek,
Nunc, Thermo Fisher Scientific, Roskilde, Denmark) at a density of 5%10* cells/chamber and incubated for 24 hours at
standard culture conditions. To evaluate the nanocomplex accumulation, cells were washed with phosphate buffered
saline (PBS, Gibco, Thermo Fisher Scientific, USA) and treated with RPMI-1640 containing QDs-Ce6 nanocomplex (16
nM QDs and 1600 nM of Ce6 (molar ratio 1:100)) for 24 hours. 15 min till the end of the incubation, the cells nuclei
were stained with Hoechst 33258 dye. Afterward, the old medium was gently aspirated, the cells were washed four times
with Dulbecco’s PBS (DPBS, without Ca?" and Mg®"), and a complete cell growth medium was added. Cells were
imaged with laser scanning confocal microscope Nikon Eclipse TE2000 Clsi equipped with 405 nm and 488 lasers and
60x NA 1.4 oil immersion objective (Nikon, Tokyo, Japan). To maintain the standard culture conditions (37° tempera-
ture, 5% CO2) during microscopy imaging, a CO, microscope stage incubation system (OkoLab, Naples, Italy) was used.
The fluorescence of visualized components was detected using bandpass filters as follows: Hoechst with 450/17, Ce6 and
QDs-Ce6 complex with 605/75. A separate detection unit was equipped for spectral imaging. A 32-channel detection
system registered a spectral range of 550-750 nm for each given pixel of micrographs. Regions of interest were selected
to analyze the photoluminescence spectra at the specific sites of intracellular space. The obtained images were processed
with EZ-C1 Bronze v3.80 (Nikon, Japan) and ImageJ 1.49a (NIH, USA) software.

Cellular Uptake of QDs-Ce6é Nanocomplex by Flow Cytometry

CRC cells were seeded in a 24-well plate at a density of 7.5x10* cells/mL and cultured for 48 hours. The cells were
treated with RPMI-1640 medium containing the QDs-Ce6 nanocomplex (molar ratio 1:100, QDs 16 nM and Ce6 1600
nM) at different time intervals (1, 3, 6, and 24 hours) before measurement. For flow cytometry, 20,000 events were
collected using a BD Biosciences LSR II flow cytometer (Franklin Lakes, NJ, USA). QD- Ce6 signals were registered
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using a 633 nm excitation laser and emission filter 660/20 nm. Data were analyzed using FACS Diva software (BD
Biosciences, USA) and FlowJo (Ashland, OR, USA).

Biocompatibility of QDs-Ce6é6 Nanocomplex

CRC cells were seeded in a 96-well plate at 2x10* cells/mL density with a total volume of 150 uL RPMI-1640 medium.
After 24 hours, nanocomplex at concentrations of 5 nm, 16 nM and 25 nM (QDs:Ce6 ratio 1:100) was added to the cells
and incubated for 24 hours. To assess dark cytotoxicity, cell viability was evaluated after 24 hours of incubation with
nanocomplex. A serum-free RPMI-1640 medium was used as a control. Then, CCK-8 reagent was added (10 pL per
well) to each well and incubated for 1 hour. Cell cells were maintained at 37 °C in a humidified atmosphere at 5% CO,
during all experiments. Optical density at 450 nm was measured using a microplate absorbance reader (ELx800, BioTek,
Winooski, VT, USA).

PDT Effect of QDs-Ce6 Nanocomplex

CRC cells were seeded in a 96-well plate at a density of 2x10* cells/mL with a total volume of 150 pL in a complete
growth medium. After 24 hours, the growth medium was replaced with RPMI-1640 medium containing QDs-Ce6
nanocomplex at a concentration of 16 nM (QDs:Ce6 molar ratio 1:100) and incubated for 24 hours. Afterward, the old
medium was gently aspirated, the cells were washed four times with Dulbecco’s PBS (DPBS, without Ca®* and Mg*"),
and a complete cell growth medium was added. To assess photodynamic effects, cells were irradiated using xenon light
source MAX-302 (Asahi Spectra, Tokyo, Japan) with 650/70 nm bandpass filter for 51.6—-154.8 s for each well to achieve
the irradiation dose of 10, 20, 30 J/cm?. After irradiation, cells were placed back into the standard culture conditions for
24 hours. Then CCK-8 reagent was added (10 uL per well) to each well and incubated for 1 hour. Optical density at 450
nm was measured using a microplate absorbance reader (ELx800, BioTek, USA).

Chemotherapy Drug 5-Fluorouracil Cytotoxicity Assay

The chemotherapy effect of 5-fluorouracil (5-FU) was examined using the CCK-8 assay in CRC cell lines. CRC cell lines
were seeded in 96-well plates at 1x10* cells/well density. After 24 hours, cells were treated with 5-FU at concentrations
ranging from 0.03 uM to 200 uM. After incubation, CCK-8 reagent (Dojindo Europe, Munich, Germany) was added
(10 pL per well) into each well and incubated for 1 hour. Optical density at 450 nm was measured using a microplate
absorbance reader (ELx800, BioTek, USA). The treatment groups were compared with the control group, and the results
were expressed as a percentage of viable cells. The drug’s 50% inhibitory concentrations (IC50) were determined using
a built-in non-linear regression model for dose response in GraphPad Prism 9 (La Jolla, CA, USA).

Indirect Immunomodulatory Effect of Nanocomplex-Induced PDT on

Tumor-Associated Macrophages
Conditioned Medium Preparation and Macrophage Treatment
Conditioned medium was prepared using two CRC cell lines: LS1034 and DLD1. The photodynamic effect of the QDs-
Ce6 complex was induced as described above with a xenon lamp irradiation to achieve a light dose of 20 J/cm? for each
well. After irradiation, cells were placed back in the incubator for 24 hours. The conditioned medium was collected and
centrifuged for 15 min at 1000 g to remove tumor cells or debris.

THP-1 cells were seeded in 6-well plate at a density of 3.5x10° cells/mL in RPMI-1640 medium supplemented with
20 ng/mL phorbol-12-myristate-13-acetate (PMA, Tocris Bioscience, Bristol, UK) for 48 hours, during which cells
differentiate into MO macrophages. In parallel, for M2 polarization, THP-1 cells were incubated with 20 ng/mL PMA and
25 ng/mL IL-4 (BioLegend, San Diego, CA, USA) for 48 hours to induce M2-like macrophages. MO and M2 THP-
1-derived macrophages were incubated for 48 hours under standard culture conditions with diluted conditioned medium
collected from PDT-treated cancer cells. The conditioned medium was mixed with fresh medium in a 1:1 volume ratio.
After incubation with a conditioned medium, cells were collected in Trizol (Thermo Fisher Scientific, USA) for RNA
extraction and gene expression study. The experimental design is summarized in Figure 1.
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Figure | Preparation of conditioned medium from PDT-treated CRC cells and its application to macrophages. CRC cells were treated with the QDs-Ce6 complex,
irradiated with a xenon lamp, and the conditioned medium was collected post-treatment. THP-1 cells were differentiated into MO macrophages using PMA and further
polarized into M2 macrophages with IL-4. MO and M2 macrophages were then incubated with the conditioned medium for subsequent gene expression studies.

RNA Extraction and Gene Expression Analysis

RNA was isolated from THP-1 cells using the RNeasy Mini Kit (Qiagen, Venlo, The Netherlands) according to the
manufacturer’s protocol. After isolation, the quality and quantity of the RNA were assessed using a spectrophotometer
(NanoDrop2000, Thermo Fisher Scientific, USA). To obtain cDNA, 500 ng of RNA from each sample was subjected to
reverse transcription using Maxima First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, USA) as described in
accompanying instructions.

Quantitative PCR reactions were performed in 96-well plates using the Azure Cielo 3 Real Time qPCR System
thermocycler (Azure Biosystems, Dublin, CA, USA). The reaction volume of 10 puL contained 2.5 pL of the 1:10 diluted
cDNA reaction product, 2.5 pL of the 0.8 pM primer mix (sequences in Supplementary Table 1) (0.2 uM concentration
in the final mix), and 5 pL of the Maxima SYBR Green qPCR Master Mix 2X (Thermo Fisher Scientific, USA). The
gPCR conditions included initial denaturation for 5 minutes at 95 °C, then 40 cycles of denaturation for 10 seconds at 95

°C and primer attachment/polymerization for 30 seconds at 60 °C. The gene RPL13A4 was selected as a normalizing gene
to evaluate the expression level of the studied genes. Three replicates were performed for each sample to ensure the

reliability of the results. Gene expression analysis was performed using the 2 **“T method.

Statistical Analysis

Data were analyzed using GraphPad Prism (La Jolla, CA, USA) statistical software, averaging three independent
measurements. Heatmaps of the log2 transformed gene expression profiles were generated using Morpheus tool of
Broad Institute (Cambridge, MA, USA). Student’s ¢-test was used to compare means. Statistically significant results are
encoded in charts as *p<0.05, **p<0.01, ***p<0.0001, ***p<0.00001.

Results
Heterogeneity of CRC Cell Lines

To comprehensively understand how colorectal cancer responds to treatment, we characterized four distinct CRC lines:
LS1034, SW620, HCT116, and DLD1. This array of cell lines was chosen to represent the extensive heterogeneity of
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CRC, confirmed by many in vitro studies and clinical practice.”> Characterization focused on evaluating the aggres-
siveness of CRC cell lines, including stemness properties, molecular features, and migration capacities.

Out of our selected cell lines, HCT116 and DLDI cell lines formed large loose colonies with an undefined branched
structure (Figure 2A). On the contrary, during the same 7-day period, SW620 and LS1034 cell lines developed tiny

150-
C LS1034 SW620 HCT116 DLD1

- 4
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Colony formation efficency, %

LS1034 SW620 HCT116 DLD1
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LS1034 SW620 HCT116 DLD1 CD133 CD44 ESA MHCI PDL1

Figure 2 Characterization of four different colon cancer cell lines: SW620, LS1034, DLD | and HCT 1 | 6. Representative microscope images of the colonies in colon cancer
cells. The scale bar in all pictures corresponds to 500 um (A). The colony formation efficiency of colon cancer cells (B). Colony formation assays were performed on four
cell lines. The number of colonies was calculated by analyzing the images using the Image] software. Representative microscope images of the wound assay to assess the
migration rate of colon cancer cells (C). The images were taken at the initial time point (0 hour) and 24 hours later. The scale bar in all pictures corresponds to 500 ym.
Changes in wound area after 24 hours were evaluated by measuring the cell-free area and expressing it as a percentage of the initial time point (0 hours) (D). Wound area
changes after 24 hours were calculated assuming that wound area at the initial time point (0 hour) is 100%. The expression profile of surface markers associated with
stemness and immunomodulation in colon cancer cell lines was investigated by flow cytometry method and represented by heatmap (E). Statistical significance is denoted by
an asterisk (¥) where p < 0.05%, p < 0.00*+*
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colonies (< 50 cells) with defined structure. The calculated CFE showed that HCT116 and DLDI1 cell lines are
significantly more clonogenic (CFE 82% and 46%, respectively) in comparison to the SW620 and LS1034 cell lines
(CFE 4% and 6%, respectively) (Figure 2B). Colony formation test assesses cell proliferation and clonogenic ability,
reflecting the potential of a single cell to regenerate the cancer cell population within a tumor. The results suggest that the
HCT116 and DLDI1 lines may exhibit more substantial stemness characteristics than the SW620 and LS1034 lines.

Cell migration is one of the hallmarks of tumor development. Figure 2C represents the visual results of the wound
healing assay, which is considered a standard test for migration assessment. Changes in the wound area of CRC cells
were observed from the moment of wound formation (0 hours) and after 24 hours and quantified using ImagelJ software.
Spontaneous cell migration occurred in all CRC cell lines (Figure 2D). HCT116 cells showed the highest migratory
potential, reducing the wound area by 48%. Migration was also observed in the DLD1 (wound reduction by 28%) and
SW620 (wound reduction by 31%). LS1034 cell line displayed limited migration: after 24 hours, the wound area
decreased by 15%. The different migratory potential indicates the variable stemness and aggressiveness properties among
the selected CRC cell lines.

For molecular characterization, the expression of stemness- and immune evasion-related surface markers was
evaluated. HCT116 cell line exhibited higher stemness- and invasion-associated markers CD133 and CD44 expression
levels than other cells (Figure 2E). The epithelial cell adhesion marker ESA was expressed in SW620, HCT116, and
DLDI cell lines. LS1034 and DLD1 expressed low levels of MHC I, highlighting a potential immune evasion mechanism
through decreased recognition by the host immune system. Moreover, DLD1 showed the highest immune checkpoint
molecule PD-L1 expression across all cell lines, likely related to the creation of immunosuppressive TME.

Together, the detailed profile of CRC cell lines, reflected in colony formation, wound healing, stemness and
immunomodulatory phenotype, sets the stage for further exploration of the QDs-Ce6 nanocomplex’s uptake and PDT

efficacy across different cell lines.

Theranostic Potential of QDs-Ceé Nanocomplex

To create a QDs-Ce6 nanocomplex, we mixed QDs and Ce6 in a 1:100 molar ratio. QDs are made of CdSe/ZnS core/
shell with a polymer coating with carboxyl surface groups. Ce6 is an amphiphilic molecule and tends to interact with the
amphiphilic polymer of QDs surface,?” due to hydrophobic interaction between Ce6 molecule and a polymer.

Figure 3A depicts single photon absorption (SPA) and PL spectra of QDs and Ce6 solutions in RPMI-1640 medium.
The absorbance of QDs decreases from the UV to the red spectral region. The PL band of QDs has a symmetrical and
narrow peak at 625 nm. The absorption spectrum of Ce6 has four bands, but the most intense are the Soret band at 405
nm and the Q band at 650 nm. The fluorescence spectrum of Ce6 has a maximum of 660 nm. If QDs-Ce6 nanocomplex
was to be utilized as a “switch on” and “switch off” platform, the excitation of QDs-Ce6 by 980 nm would result in PL of
QDs only (diagnostic imaging). In comparison, excitation of 650 nm would result in excitation of Ce6 only (photo-
dynamic therapy).

Singlet oxygen and ROS are the main inducers of damage to cellular components such as proteins, lipids, DNA, and
carbohydrates, leading to cell death. To assess the ability of QDs-Ce6 to generate singlet oxygen, we used the SOSG
sensor, which is highly selective for singlet oxygen.”* In Figure 3B, the calculated SOSG fluorescence intensity (Asosc)
was depicted as a function of irradiation dose (J/cm?). As expected, upon irradiation of the xenon lamp (650/70 nm
bandpass filter), the Agosg increased in both the QDs-Ce6 and Ce6 samples. Surprisingly, the Agosg was 2.2-fold higher
in the QDs-Ce6 sample, although the concentration of Ce6 was the same in both samples. QDs without Ce6 did not cause
a change in the Algpgg, indicating that singlet oxygen was not produced.

TPA is a non-linear process that requires high photon intensity per area.”® In Figure 3C, the QDs-Ce6 nanocomplex
was suspended in RPMI-1640 medium and excited by continuous wave 980 nm laser (TPA conditions) with varying
excitation powers. As the excitation power increases, PL intensity also increases. Moreover, the PL intensity of QDs is
linearly dependent on the power of the laser once depicted at the logarithmic scale (Figure 3C, insert). Therefore, the
multiphoton excitation process is present with a k constant of 2.1171, indicating the absorption of 2 photons. Laser
excitation by 980 nm causes minimal fluorescence signal of Ce6, indicating that QDs-Ce6 can function as a versatile
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Figure 3 Characterization of the QDs-Ce6 nanocomplex. Normalized absorption and photoluminescence (PL) spectra of QDs and Ceé6 solutions in RPMI-1640 medium
(without phenol red) (A). The arrow at 490 nm indicates a wavelength used for SPA and corresponding TPA at 980 nm excitation of the samples. The line at 650 nm
indicates the absorption band of Ce6 used for PDT therapy. (B) — Singlet oxygen generation capacity of QDs-Ce6 detected by SOSG probe. Samples were irradiated with
xenon light (650/70 nm bandpass filter). (C) - Photoluminescence of QDs-Ceé nanocomplex in RPMI-1640 medium after excitation by 980 nm laser with varying power
(from 520 mW to 1520 mW). Insert of (C) shows derived data and mathematical approximation (straight line function) for assessment of multiphoton process. The stability
of the nanocomplex was assessed by measuring PL spectra after different time intervals of incubation: 0, 3, 6, and 24 hours in RPMI-1640 medium (D). Two excitation

wavelengths were used: Ae, = 980 nm and A, = 650 nm.

theranostic platform that can be selectively switched between diagnostic and therapeutic modes depending on the
excitation wavelength.

Since nanocomplex incubation with cells lasted 24 hours, the stability of QDs-Ce6 nanocomplex was also followed
for 24 hours. Figure 3D shows the time-dependent colloidal stability of the nanocomplex under excitation of 980 nm and
650 nm. After 3 hours and 6 hours, almost no change was observed in the PL intensity of Ce6, while a slight decrease in
the PL signal of QDs was observed (<8%). After 24 hours, PL signal of QDs continued to decrease, and reached 84% of
its initial intensity value. Ce6 signal did not change throughout the whole experiment.

To sum up, we proved the capability of QDs-Ce6 to respond to TPA excitation by a 980 nm laser (imaging) and SPA
excitation by 650 nm (photodynamic therapy). Singlet oxygen generation was achieved upon photodynamic therapy
excitation (650/70 nm bandpass filter). The stability of the nanocomplex in the biological medium was appropriate;

therefore, we continued the experiments with CRC cells.
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Uptake and Localization of QDs-Ceé Nanocomplex in Cancer Cells

We next evaluated the cellular uptake and distribution of the QDs-Ce6 nanocomplex in each CRC cell line. The
transmission microscopy images revealed that all cell lines used in this study were similar in size, but different in
morphology. LS1034 and HCT116 form clusters, while SW620 and DLDI1 display spread-like growing pattern
(Figure 4A).

Figures 4B and C show PL signal overlay with transmission images at different magnifications. The nanocomplex is
observed to accumulate across all types of cells in vesicle-like structures inside the cytoplasm but not in the nuclei. For
a more precise analysis, spectral data of the nanocomplex accumulated inside the cells was collected from each region of
interest (Figures 4D and 3E). The excitation of the 488 nm laser resulted in PL spectra of two peaks: 626 nm, which can
be attributed to QDs, and 673 nm, which can be attributed to Ce6. It is important to mention that 488 nm excitation is
very close to 490 nm (TPA=980 nm) excitation used in spectroscopic characterization of nanocomplex in solutions
(Figure 3C). The obtained PL spectra from different regions of interest in cells (Figure 4E) are comparable to the PL
spectrum of QDs-Ce6 obtained in RPMI solutions (Figure 3C).

These observations reveal that the QDs-Ce6 nanocomplex is engulfed within 24 hours and localizes within cyto-
plasmic structures regardless of the heterogeneity of CRC cell lines.

Accumulation Dynamics and Biocompatibility of QDs-Ceé Nanocomplex

To determine the quantitative accumulation dynamics of nanocomplex in cells, time points of 1, 3, 6, and 24 hours were
selected to evaluate the uptake of QDs-Ce6 nanocomplex. The increase in fluorescence signal reflects the relative amount
of accumulated nanocomplex. 1 hour of incubation resulted in a detectable fluorescence signal of QDs-Ce6 in all CRC
cell lines (Figure 5A). Extended incubation time led to an even higher increase in the fluorescence signals, indicating
progressive accumulation of the nanocomplex. After 24 hours, the accumulation of nanocomplex was similar across all
cell lines, as indicated by the fluorescence signals (Figure 5B). A slightly higher signal can be registered in the DLDI cell
line. However, no statistical significance was proven (p=0.309).

The CCK-8 assay, measuring cell viability through metabolic activity, was used to evaluate the dark toxicity and
biocompatibility of nanocomplex in the CRC cells (Figure 5C). Cells were evaluated after 24 hours of incubation with
QDs-Ce6 nanocomplex at concentrations of 5 nM, 16 nM and 25 nM (QDs:Ce6 ratio 1:100). The nanocomplex was
biocompatible, except for 25 nM concentration in LS1034 cell line, where the viability was less than 70%.

Although CRC cells have different properties, their ability to accumulate the nanocomplex remains consistent. The
biocompatibility of the QDs-Ce6 nanocomplex is consistent at appropriate concentrations, supporting its further use in
this study. The concentration of 16 nM was selected to balance effective uptake and minimal cytotoxicity.

Photodynamic Efficacy of Nanocomplex Across Different Cancer Cell Lines
Before evaluating the therapeutic potential of the QDs-Ce6 nanocomplex, we decided to test the sensitivity of CRC cell
lines to standard chemotherapy drug 5-FU (Figure 6A). After 48 hours of 5-FU treatment, the viability measurement
highlighted DLD1 (IC50=2 pM) as the least sensitive cell line, compared to other cell lines, in which IC50 was almost 10
times lower (0.02-0.03 uM) (Table 1). Although HCT116 cells possessed high expression of stemness markers, high
CFE, and migratory capacity (Figure 2), they were ten times more sensitive to 5-FU than DLD1 (Figure 6B). This
variability in 5-FU sensitivity highlights the therapeutic challenges associated with pharmacological CRC treatment.
Since LS1034 and DLDI1 cell lines showed the most pronounced differences in molecular characteristics (Figure 2A—E)
and a ten-fold difference in sensitivity to 5-FU (Figure 6B), they were selected to assess the effects of nanocomplex-assisted
PDT. Cells were incubated with the nanocomplex for 24 hours and were irradiated with a xenon lamp at doses of 10, 20, and 30
J/em?. Cytotoxicity was evaluated using the CCK-8 assay. The results suggest that LS1034 and DLDI cell lines responded
similarly to nanocomplex-induced PDT (Figure 6C). Upon increasing the doses of light irradiation, the viability of CRC cells
has decreased. Despite varying subtypes and chemotherapy-resistant characteristics of LS1034 and DLDI, the efficacy of

nanocomplex-assisted PDT is equally effective among these cells.
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Figure 4 Confocal microscopy images of the QDs-Ceé complex accumulation in colon cancer cell lines: LS1034, SW620, HCT116 and DLDI. (A) row represents transmission
images (TI) of the corresponding CRC cells; (B) row represents laser scanning confocal images combined with Tl: blue indicates nuclei, stained by Hoechst (A, = 404 nm) and red
indicates PL of QDs-Ce6 nanocomplex, (Aex = 488 nm); (C) row shows the zoomed view of the cells from images in (B); (D) row represents areas where spectra of the QDs-Ce6é
was registered and depicted in (E) row. Numbers 1, 2, 3 in (D and E) represent distinct intracellular regions of interest selected within single cells for QDs-Ceé photoluminescence
intensity measurements. Cell images are shown in a wide-field (A and B) and 4.4x zoomed (C and D) view. Scale bars in all images are 25 um.
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Figure 5 Accumulation dynamics and biocompatibility of the QDs-Ce6 complex in colon cancer cells. QDs-Ce6 complex accumulation in colon cancer cells after 1, 3, 6, and
24 hours incubation (A). Fluorescence intensity of QDs-Ce6 in histograms on the X-axis, Y — number of cells. Graphical representation of the accumulation dynamics of the
QDs-Ce6 complex in cancer cells by FIM (median fluorescence intensity) (B). Colon cancer cells were incubated in the dark with different concentrations of QDs-Ce6
nanocomplex (5 nM, 16 nM, 25 nM) for 24 hours and evaluated with CCK-8 cytotoxicity assay (C). Statistically significant differences compared to the control were
indicated by an asterisk (*¥) (*p<0.05; **p<0.01 **p<0.001; ****p<0.00001). U/0 - unlabeled.

Overall, these results demonstrate that the QDs-Ce6 nanocomplex offers a consistent photodynamic effect despite
diversity in CRC cell lines linked to inherent aggressiveness and provides an effective alternative or complementary
approach to 5-FU, especially for cells that are less responsive to chemotherapy.
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Figure 6 Treatment efficacy of 5-FU and QDs-Ce6 nanocomplex. Cytotoxicity experiments of 5-FU were performed to compare the sensitivity of SW620, HCT116, DLDI
and LS1034 cell lines to chemotherapy (A) and to estimate the inhibition values after 48 hours of treatment (B). Efficacy of nanocomplex-induced PDT was investigated by
applying 10 J/cm?, 20 J/cm? and 30 J/cm? light doses in DLDI and LS1034 cell lines (C). The concentration of QDs-Ceé was |16 nM. Statistically significant differences
compared to the control were indicated by an asterisk (¥) (*p<0.05).

Immunomodulatory Effect of Nanocomplex-Induced PDT on Tumor-Associated
Macrophages

Beyond the direct QDs-Ce6 nanocomplex cytotoxic effects on CRC cells, we further explored the potential of
nanocomplex-induced PDT to modulate the immune TME, specifically by assessing its influence on macrophage
phenotypes through conditioned media from treated CRC cells. DLD1 and LS1034 cell lines, selected for their distinct
levels of aggressiveness and drug sensitivity, were utilized in these experiments. We adopted THP-1-derived M2 (pro-
tumoral polarized) and MO (non-polarized) macrophage models to represent better typical resident TAMs and newly
recruited TAM of monocytic origin, respectively. M2-polarized or M0 non-polarized macrophages were incubated for
48 hours in a conditioned medium collected from PDT-treated cancer cells, mixed in a 1:1 ratio with fresh complemented
RPMI-1640 medium. The changes in gene expression upon incubation to conditioned medium were analyzed to evaluate
macrophage phenotype shifts towards either pro-tumoral or anti-tumoral state.

The data suggest that conditioned medium from DLD1 and LS1034 cells, treated with nanocomplex alone or with
nanocomplex-assisted PDT, induced different phenotypical changes on M2 and MO macrophages, with notable variations
between the effects of each cell line (Figure 7). In the M2 macrophages (resident TAM model), conditioned medium from
LS1034 cells did not induce any significant changes in marker expression, with similar profiles observed for both
nanocomplex alone and nanocomplex+PDT treatments. There was a slight, non-significant trend towards increased

Table | Inhibitory Concentration (IC50) Values with
95% Confidence Intervals (Cl) of 5-Fluorouracil and
QDs-Ceb Nanocomplex-Induced Photodynamic
Therapy in Different Colon Cancer Cell Lines

5-fluorouracil

Cell line IC50 (uM) 95% CI (uM)
DLDI 1.53 0.67-3.84
LS1034 0.03 0.02-0.06
HCTI16 0.02 0.02-0.04
SW620 0.03 0.02-0.06

QDs-Ce6 nanocomplex-induced photodynamic therapy

Cell line IC50 (J/em?) 95% CI (Jlcm?)
DLDI 31 1.80-4.70
LS1034 375 0.00-15.66
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Figure 7 Macrophage phenotype changes after exposure to a conditioned medium from CRC cells treated with nanocomplex-induced PDT. M2-polarized or MO non-
polarized THP-1-derived macrophages were exposed for 48 hours to a conditioned medium collected from PDT-treated LS1034 (left panel) or DLDI (right panel) cell lines
ina |:| ratio with fresh complemented RPMI medium. The log2-transformed relative gene expression levels are depicted in the heatmap with different color intensities. Each
square represents the mean relative expression value from two independent experiments with two technical repeats normalized to the expression levels in macrophages
exposed to medium from untreated CRC cells. Significant changes (p < 0.05) are marked with an asterisk (*). LS - LS1034 cell line, DLD - DLDI cell line.

expression of CD163 in both conditions. In contrast, conditioned medium from DLDI1 cells had a more pronounced
effect, inducing a modest but significant reduction in IL-10 following exposure to the nanocomplex alone. Upon PDT
treatment, DLD1-conditioned medium led to a notable, biologically relevant decrease (over twofold) in the M2 markers
CD206 and CD163, accompanied by an increase in the antigen presentation molecule MHC 11, suggesting a shift from
a pro-tumoral to a more anti-tumoral phenotype in resident TAM model.

In the MO macrophages (recruited TAM model), LS1034-conditioned medium appeared more effective than in M2
model, suggesting that unpolarized macrophages (M0) may be more susceptible to phenotype shifts than pre-polarized
M2 macrophages. Both nanocomplex alone and nanocomplex+PDT treatments notably increased the M2 marker CD163,
and the nanocomplex+PDT condition significantly upregulated the immunosuppressive checkpoint molecule PD-L1. On
the other hand, conditioned medium from DLD1 cells treated with the nanocomplex alone already showed a reduction in
the M2 marker CD206 and a significant decrease in IL-10 in MO macrophages. Following PDT, this phenotype persisted,
along with further upregulation of MHC II, similarly as in the M2 model.

These findings reveal that QDs-Ce6 nanocomplex-induced PDT directly targets CRC cells and reprograms macro-
phages within the tumor microenvironment. Conditioned medium from DLD1 cells, a chemotherapy-resistant line with
high stemness and immune evasion properties, proved especially effective in shifting macrophage phenotypes: it
significantly reduced pro-tumoral markers and increased MHC II expression in both M0 and M2 macrophages, indicating
a reprogramming towards an anti-tumoral state. In contrast, LS1034-conditioned medium primarily affected MO macro-
phages, with limited impact on M2 macrophages. These results highlight the potential of the QDs-Ce6 nanocomplex in
modulating TAMs, particularly in aggressive and resistant CRC types like DLD1, to enhance immune responses.

Discussion

This study highlights the potential of the QDs-Ce6 nanocomplex as a tool for both direct cancer cell eradication and
modulation of the non-cancer cells in TME. The demonstrated cytotoxic effect of QDs-Ce6 nanocomplex-induced PDT
on CRC cell lines, including the chemotherapy-resistant DLD1, was further investigated through conditioned medium
experiments in TAM models, revealing that the nanocomplex treatment also influences macrophage phenotypes. These

International Journal of Nanomedicine 2025:20 hetps: 9801



Butkute et al

findings suggest the potential translational relevance of our study, simulating a scenario where cancer cells internalize
nanoparticles, undergo PDT, and subsequently upon cell death release factors that modulate TAMs, the most abundant
cells in TME.

Numerous studies have proven the high quantum yield and photostable luminescence of QDs, which can be applied
for long-term cell tracking or labeling.**>® Ce6 is a second-generation photosensitizer with a very efficient singlet
oxygen generation.’'** The complex of QDs and Ce6 has become a convenient nanomedicine tool. It can be easily
assembled and broadly applied in biomedical studies to explore the theranostic features of nanoparticle-photosensitizer
constructs.”'%?” We aimed to use this well-established nanocomplex and explore its immunomodulatory potential
together with eradication of aggressive types of cancer cells. When QDs are assembled into a nanocomplex with Ce6,
they efficiently generate singlet oxygen, a form of ROS.***** In our study, we compared the singlet oxygen generation
capacity of Ce6 and QDs-Ce6, revealing QDs-Ce6 superiority. Moreover, we used a continuous-wave 980 nm laser
source to demonstrate the two-photon absorption (TPA) effect in the QDs-Ce6 nanocomplex. In a typical single-photon
excitation, the QD absorbs a photon whose energy matches the energy gap between its ground state and an excited
electronic state.”® In TPA, the QD absorbs two photons simultaneously instead of a single photon with enough energy to
bridge the gap.*® In our study, we chose to use 980 nm laser, because it is often used in biological imaging, as it allows
for deeper tissue penetration with less photodamage due to the use of longer-wavelength excitation.*®

The idea of theranostic nanoplatforms with decoupled diagnostics and therapy has been proposed in our previous
article.® Other studies have also explored the development of theranostic nanoparticles by combining near infrared
fluorophores (for diagnostics and treatment monitoring) with therapeutic drugs.>’** In this study, we used 980 nm
(infrared) laser and xenon lamp with bandpass filter 650/70 nm (red) to activate the nanocomplex in the tissue
transparency window.>” 980 nm laser activates the photoluminescence of QDs, while only a minimal portion of Ce6 is
excited (absorption of Ce6 is minimal at 980/2=490 nm). The excitation of QDs via TPA has been documented before,*
but in the current study, for the first time, a continuous wave 980 nm laser induced a non-linear optical process in QDs.
Moreover, PL signal of QDs increased when laser power was elevated and the k constant of linear function equaled to ~2,
indicating a two-photon process. Using a femtosecond pulsed laser with much higher power density could result in three-
or even four-photon absorption.*' Colloidal stability measurements of the nanocomplex in RPMI-1640 medium showed
that nanocomplex is stable enough for 24 hours. Other studies also documented that the self-assembled nanocomplex
retains its stability for 24 hours, but longer incubation of QDs-Ce6 in cell medium might result in a loss of PL signal.'”

To fully evaluate the therapeutic and diagnostic potential of QDs-Ce6 nanocomplex, we explored its effects on
a diverse panel of CRC cell lines. This approach allowed us to understand how CRC heterogeneity influences the
nanocomplex’s efficacy and offers insights into its application across various tumor subtypes. Consensus molecular
subtypes (CMS) classification of CRC tumors defines four categories: immune-mediated CMS1 subtype, canonical
CMS?2 subtype, metabolic CMS3 subtype, and mesenchymal CMS4 subtype.>® This classification is based on differential
transcriptomic profiling and refers to specific tumor biology and clinicopathological features. In our study, we selected
CRC cell lines, earlier stratified according to the CMS subtypes: DLD1 as CMS1, LS1034 as CMS2, HCT116 and
SW620 as CMS4.>

Building on the already reported CMS classification, we also observed differences in aggressiveness-related features
in selected CRC cell lines, including stemness properties (clonogenicity and migration), specific surface phenotype, and
drug sensitivity. HCT116 and DLD1 cell lines had higher colony formation efficiency, suggesting stronger proliferative
potential compared to the SW620 and LS1034 lines. Cell migration, a hallmark of tumor progression and metastasis, is
stimulated by growth factors and chemokines that activate complex signaling pathways involved in cell motility.** Our
results show that cell migration occurred in all CRC lines upon wound formation, but their migratory potential differed.
Migration in HCT116 and SW620 cell lines can be determined by their CMS4 mesenchymal molecular subtype and high
expression of stemness markers - CD133 and CD44.**** This assumption is supported by the surface phenotype findings,
as HCT116 cells showed high expression of CD44 and CD133, and the SW620 line showed expression of CD133.
Migration of DLD1 cells is associated with an increase in SNAIL1, which causes changes in the morphology of these
cells and reduces the expression of the epithelial phenotype marker E-cadherin, leading to increased motility and
invasiveness of these cells.*> Furthermore, our surface marker expression studies showed that the SW620, HCT116,
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and DLDI cell lines highly express the ESA marker. Overexpression of ESA enhances the properties of cellular adhesion
and contributes to increased cell migration and closely correlates with tumor progression.*® The LS1034 cell line is less
aggressive than other CRC lines due to its lower proliferation and invasion. This cell line typically exhibits reduced
metastatic potential and lower expression of markers associated with cancer stemness and epithelial-mesenchymal
transition, both critical in promoting tumor aggressiveness and spread.*’

The phenotypic and functional diversity among CRC cell lines provided a basis for evaluating the QDs-Ce6 nanocomplex’s
efficacy across different cells. Before performing PDT effect by 650 nm light irradiation, we evaluated the dark toxicity of QDs-
Ce6 nanocomplex and explored the accumulation dynamics. Currently, there is no data in the literature on the biocompatibility of
the QDs-Ce6 nanocomplex with CRC cell lines. Our results showed that at concentrations of 5 nM and 16 nM, the viability of all
cell lines was greater than 73%, indicating good biocompatibility in the dark. According to ISO 10993-5 standards,*®
nanoparticles are considered non-toxic when cell viability exceeds 70% after treatment. Based on the obtained results and
literature,”* we conducted accumulation studies of the nanocomplex at a concentration of 16 nM. Our results showed that the QDs-
Ce6 nanocomplex can accumulate in all CRC cell lines, regardless of their molecular characteristics, and the amount of the QDs-
Ce6 nanocomplex in the cells depends on the incubation time. Microscopy images revealed a vesicular uptake pattern across all
CRC cell lines and were in good agreement with our previous studies: QDs-Ce6 accumulate in human skin mesenchymal stem
cells MSCs)' cancer cell lines such as MiaPaCa2 and’ MDA-MB-231."° Spectral imaging of CRC cells proved the presence of
typical QDs-Ceb6 spectral bands inside vesicular structures.

In assessing the response of CRC cells to the chemotherapeutic drug 5-FU, the DLDI1 cell line appeared to be least
sensitive across all tested cell line (IC50=2 uM in DLDI1 vs 0.03 uM in others). Since the aggressiveness of cancer cells
has been related to the development of drug resistance,*” the DLD1 cell line emerged as the most aggressive and able to
withstand 5-FU treatment. Resistance to 5-FU is linked to high stemness properties in cancer cells.’® The stronger
stemness characteristics (clonogenicity, migration, surface phenotype) observed in DLDI1 cell line (compared to LS1034)
likely contribute to lower sensitivity to 5-FU.

The comparison of nanocomplex-induced PDT and 5-FU on two CRC cell lines with varying levels of aggressiveness
(LS1034 and DLD1) revealed the consistent, dose-dependent cytotoxic effects of QDs-Ce6-mediated PDT, independent
of the intrinsic cell line molecular properties. This consistency contrasts with the variable responses observed in 5-FU
chemotherapy among different molecular subtypes of cancer cells’’ and highlights the PDT as an effective approach for
cells that are less responsive to chemotherapy.

As a final step of our study, we evaluated the effect of PDT-assisted treatment for resident and recruited TAMs. Various
therapies targeting cancer cells also affect other cells in TME.>*> Moreover, nanoparticle-based chemodynamic therapy has been
shown to trigger immunogenic death of cancer cells, thereby reversing the immunosuppressive TME and enhancing antitumor
immune responses.” TAMs, an abundant and plastic population of tumor-infiltrating cells, are a potential target for remodeling
the immunosuppressive tumor microenvironment.>* We investigated macrophage phenotype changes after exposure to condi-
tioned medium from CRC cells treated with nanocomplex-induced PDT. Despite the similar quantitative response of different
CRC cells, LS1034 and DLD1, to nanocomplex-induced PDT, we observed that their conditioned medium exerted distinct effects
on TAMs. The resident and recruited TAMs were represented by induced M2 and MO states of THP-1 monocytes. Furthermore,
our results suggest that the nanocomplex has the potential to modulate the function of naive recruited MO macrophages by
influencing their polarization and subsequent role in immune responses. The results showed that the conditioned medium of
LS1034 cells after nanocomplex-induced PDT did not induce significant transcriptional changes in M2 macrophages. On the
contrary, the conditioned medium of PDT-treated DLDI1 cell line significantly decreased the gene expression of the M2 markers
CD206 and CD163 and significantly increased the gene expression of the antigen presentation molecule MHC II in M2
macrophages. Similar effect was also observed in unpolarized MO macrophages - the conditioned medium of PDT-treated
DLD1 significantly decreased the expression of major immunosuppression orchestrator — IL-10. These results support the
assumption of the anti-tumor immunomodulatory effect of the theranostic nanocomplex-induced PDT-treated aggressive cancer
cells which can reshape TME by repolarizing macrophages from pro-tumoral to anti-tumoral state. Notably, the observed effects
of DLDI cell line align with its characteristics of immune activation and CMS1 subtype classification.

So far, several theranostic nanodrugs designed to directly target macrophage were reported in the in vivo models of

55-57

atherosclerotic plaque, as macrophages play a central role in mediating inflammation at every stage of atherosclerosis. In
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cancer research, although various studies have explored the impact of nanoparticle treatments on macrophage polarization,”® !

there is still no standardized method to assess these effects. Factors such as surface functionalization, chemical composition, and
size can influence macrophage response. Iron nanoparticles, for example, have been shown to strongly induce antitumoral
phenotype in TAMs,** highlighting the potential of nanoparticle design as key factor for modulating immune responses.
Theranostic nanoplatforms designed to induce PDT may enhance macrophage activation within the TME, as the photodynami-
cally killed tumor cells could indirectly stimulate macrophages’ antitumor activity.”> As a proof of principle, intravenously
injected monosaccharide-conjugated Ce6 was shown to kill cancer cells and shift TAMs into M1 upon inducing PDT in vitro and
in mouse subcutaneous tumor model.***> Ce6 photosensitizer coupled with small molecule as a self-assembly nanomedicine in
breast cancer model also proved effective in antitumoral macrophage polarization.® A study using AGuIX nanoparticles with
porphyrin as the photosensitizer demonstrated preferential uptake by M2 macrophages over M 1. Following PDT, the secretome
from treated glioblastoma cells induced a shift in THP-1-derived M2 macrophages toward an M1 phenotype.®’

Conclusion

In the current context, our study stands out by demonstrating the theranostic functionality of QDs-Ce6 nanocomplex by
using a “switch on” and “switch off” approach with two different sources of light: 980 nm for imaging and 650 nm for
eradication of all types of CRC cells and reprogramming TAMs. Unlike previous studies that rely on simpler photo-
sensitizers or specific molecular conjugates, our approach leverages a versatile theranostic nanoplatform that enables
separation between imaging and PDT modes. Moreover, despite molecular and functional differences in CRC subtypes,
the accumulation and PDT effect of QDs-Ce6 was comparable, contrary to chemotherapy effect by 5-FU. QDs-Ce6
proved successful in eradicating the aggressive chemotherapy-resistant DLD1, and subsequently induced antitumoral
phenotype in both TAM and recruited macrophages post-PDT.

Despite emerging potential of QDs-Ce6, our study has several limitations. First, it is conducted in vitro, which may
not fully capture the complex interactions of an in vivo environment and therefore calls for further validation in more
physiologically relevant contexts, such as 3D cultures or animal models. Future studies should also address the in vivo
biodistribution and biosafety profile of the nanocomplex to support its translational applicability. Additionally, testing the
versatility of nanocomplex outside of colorectal cancer could confirm its broader applicability.
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