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Abstract: Drug resistance remains a major obstacle in cancer treatment despite advances in
therapeutic regimens. To address this, we explored the potential of Doxorubicin (Dox) delivery in
poly (lactide-co-glycolic acid) (PLGA) nanoparticles to enhance DLBCL cell death. This research
investigates the potential of Doxorubicin (Dox) and advanced delivery methods. We used poly
(lactide-co-glycolic acid) (PLGA) nanoparticles with Oleyl cysteine amide (OCA); its amphiphilic
nature enables interfacial anchoring and thiol surface functionalization of PLGA NPs.Compared to
PLGA-NPs, PLGA-OCA-NPs enhance immunity and induce tumour cell death. They also show
significant apoptotic cell death and induced immune responses in DLBCL mouse models. Dox-
conjugated PLGA-OCA-NPs (DOX-NPs) exhibit significant in-vitro and in-vivo anticancer activity
compared to free DOX, showing remarkable antitumor effects with reduced systemic toxicity in
mouse models. Our findings underscore the promising potential of PLGA-OCA-NPs in DLBCL
treatment, offering a hopeful future in cancer therapy. These innovative delivery systems offer
enhanced immune responses and effectively address toxicity concerns, marking a significant step
forward in cancer therapy.

Keywords: doxorubicin-loaded PLGA nanoparticle; diffuse large B-cell lymphoma (DLBCL);
nanoparticle-mediated immunotherapy; drug resistance in cancer treat

1. Introduction

Considerable progress has been made in developing new effective regimens for treating
different cancer types. Drug resistance development is a major obstacle to successful cancer therapy
[1]. Great efforts have focused on elucidating the mechanisms responsible for the eventual failure of
promising targeted therapies, even though they induce initial tumor shrinkage [2].

DLBCL is the most common aggressive lymphoma, and it is the most prevalent (30-40%) non-
Hodgkin lymphoma at diagnosis.

In a substantial proportion of DLBCL cases, durable remissions can be achieved by combined
chemo-immunotherapy. However, about 30% of patients do not respond to therapy or relapse with
a resistant disease. Thus, strategies to improve frontline treatment, specifically for high-risk patients,
are needed.

New treatments studied in clinical trials (BiTE® antibody, CART cells) for patients who do not
respond to R-CHOP (rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone) first-
line therapy represent a significant addition to the treatment of DLBCL. However, approximately
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50% of cases do not respond to therapy [3] and thus there is still a true need for a new kind of targeted
therapy, particularly for those patients who do not benefit from conventional chemotherapy.

Doxorubicin (Dox) is a common chemotherapeutic agent used as first line therapy for numerous
cancers. While the mechanism of action for Dox is still investigated, suggested mechanisms include
DNA disrupting gene expression, generation of reactive oxygen species, and inhibition of
topoisomerase I [4] . Also Dox induce release of a membrane transcription factor, CREB3L1 [5] tumor
cells with an elevated level of CREB3L are sensitive to doxorubicin [6] .

Remarkably, the delivery method may influence the pathway activated by Dox. For example,
bolus injection caused G2 arrest, phosphorylation of p53, and increased levels of BAX and p21[7] and
significant apoptosis of treated cells. Cells exposed to constant levels of Dox showed decreased
apoptosis.

The most serious side effect of Dox treatment is irreversible cardiomyopathy, which
corresponding to the cumulative dose. About 4% of patients receiving dosages of 500-550 mg/m2
developed congestive heart failure, 18% with dosages of 551-600 mg/m2, and 36% with cumulative
dosages higher than 601 mg/m?2 [8]. Efforts to prevent Dox cardiomyopathy and other side effects
have been undertaken through liposomal drug delivery [9,10] .

Various types of polymers nanoparticles (NPs) were developed to minimize the loss and
degradation of therapeutic agents, improve bio-distribution, control drug release and reduce
unwanted side effects. Recently, there is a great interest in developing NPs based on biocompatible
and biodegradable polymers such as glycolic acid, poly (lactide-co-glycolic acid) (PLGA).These
polymers are degraded and eliminated through the normal metabolic pathways [11].

Due to the “enhanced permeability and retention” (EPR) effect, NPs with diameters of <200 nm
infiltrate from the leaky tumor blood vessels into tumor cells [12,13]. Nanoparticles (NP), including
liposomes between 10 and 200 nm, are dependent on EPR for their accumulation in tumors. Pegylated
(Doxil®, Lipodox®) and unpegylated (Myocet®) formulations are being used in the clinic during recent
years.

Several studies have shown that dox can boost antigen presentation by APCs and increase
responses of CTLs and T helper cells. Also, DOX can inhibit myeloid-derived suppressor cells
(MDSCs) and induce their apoptosis [14].

Given the role of the immune system to eliminate cancer cells and to induce potent immune
responses against the tumor, a combination of chemotherapy and immunotherapy was used in the
present study.

2. Materials and Methods

2.1. Cells.

OCI-LY19, a diffuse large B cell lymphoma cell line, was grown in IMDM. 293T (HEK) cells were
grown in DMEM. Media were supplemented with 10% FCS, 100 units/mL penicillin, 100 pg/mL
streptomycin and 1 mmol/L l-glutamine.

2.2. Apoptosis and Cell Death Analysis.

Cell death was determined using annexin-V and propidium iodide (PI). Cells (5x10°) were
incubated with various treatments (NPs, chemotherapy) for 48 hours. Cells were then stained using
1 pug/ml annexin V-FITC (Abcam), washed once in annexin-V-binding buffer, stained with 0.5 pg/ml
PI and analyzed by flow cytometry (FACSCalibur, Becton Dickinson).

2.3. Caspase-3 Activity Assay.

Subcutaneous tumor samples were homogenized [30] and Caspase-3 activity in 50 pg protein
fractions was determined by the colorimetric CaspACE™ Assay System (Promega), according to the
manufacturer’s instructions.
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2.4. Preparation of Poly (lactide-co-glycolic acid) (PLGA) Nanoparticles (NPs).

Polymeric nanospheres, (nanoparticles, NPs) were prepared using a well-established interfacial
deposition method [31]. Briefly, the organic phase contained 150 mg of the polymer PLGA, MW
50,000 Dalton and 5 mg of the cross-linker OCA (oleylcysteineamide), synthesized and characterized
according to Karra et al [17], dissolved in 25 ml acetone prior to NP formation. For the preparation of
nanoparticles, the organic phase was added to 50 ml of an aqueous solution containing 50 mg Solutol®
HS 15. The suspension was stirred at 900 rpm for 30 minutes and the acetone fraction was then
evaporated with a rotor evaporator. The formulations were adjusted to pH 6.5-7.

2.5. Preparation of Doxorubicin Loaded NPs

200 ul of trimethylamine and 100 mg of DOX-HC was added to the organic phase. The
suspension was stirred at 900 rpm for 30 minutes and subsequently, evaporated the acetone fraction
by rotor evaporator. Following encapsulation, the non-capsulated DOX was separated, by vivaspin
filters (300k) at 4500 rpm of centrifugation in three cycles of washings. The yield of the encapsulation
was determined using UV detection method at wavelength of 475 nm.

2.6. In-Vivo DLBCL Subcutaneous Xenograft Model.

All experiments were approved by the institute animal care ethics committee (MD-16-14998-5).
Male NOD/SCID mice, 7-8 weeks old, were maintained under specific pathogen-free conditions. Mice
were injected sub-cutaneously with tumorigenic OCI-LY19-GLuc cells in the right flank. These cells
constitutively express GLuc, allowing photon flux detection by IVIS imaging. Mice were randomly
divided into treatment groups that received the following formulations: MTV-NPs, CD40L-NPs,
CD40L-MTV-NPs or PLGA-NPs. The formulations (200ul, 0.2 mg MTV/0.5 mg PLGA, 0.5 mg CD40L)
were injected into the mouse tail vein at days 4, 11 and 20 post tumor cell injection.

Weight and tumor volume were measured every 2-3 days throughout the experiment. Tumors
were measured with a caliper and under IVIS. Mice were sacrificed when the one-dimensional tumor
diameter reached 1.5 cm (according to the animal ethics guidelines) and tumors were collected for
analysis.

2.7. Statistical Analysis.

Data from mice were expressed as mean + SE, and the results were analyzed using a two-tailed
Student's t test to assess statistical significance. For comparison of mice survival, Kaplan-Meier
survival analysis and log-rank test were used (Origin 2020, OriginLab Corporation, Northampton,
MA). Values of P < 0.05 were considered statistically significant.

3. Results

3.1. In Vivo Anticancer Activity and Cytotoxic Effect of Dox

Mice were injected subcutaneously with OCI-LY19-DLBCL cells and tumor volume was
measured. In this model. Tumors develop 7 days after injection of cells [15]. On days 4, 11 and 19 post
xenograft mice were treated with increasing dose of Doxorubicin (DOX). Tumor volume and body
weight were measured at the indicated time points (Figure 1A).
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Figure 1. DLBCL tumors were induced in mice as described above. Mice were treated with increasing
Doxorubicin (DOX) doses 4-, 11- and 20-days post xenograft. Tumor volume (left) and body weight (right) were

measured at the indicated time points. All mice of control and 5mg DOX groups were sacrificed by day 19.

All Untreated mice were sacrificed at day 19 when tumor diameter >1.5 cm. In mice treated with
5, 2.5 or 1.25 mg/kg DOX, tumors grew slowly, and were significantly smaller than tumors in
untreated mice (p = 0.0081,0.0087 and 0.0044 respectively, n=4). Change in body weight is an
important parameter to evaluate systemic toxicity. All mice treated with 5mg DOX were sacrificed
by day 19due to body weight loss (>20%). The mice also exhibited weakened movement and vitality.
Figure 1B shows that the body weight of mice treated with 1.25mg/kg DOX increased throughout the
experiment. The mice also remained vigorous and had a healthy appearance (not shown). In contrast,
there was notable body weight loss in the 2.5mg/kg DOX-treated group (p= 0.047, n=4) (Figure 1B).
Moreover, the mice in this group exhibited weakened movement and vitality.

Our conclusions from this experiment are that toxicity of doxorubicin was high at 5mg/kg dose
and intermediate toxicity was at 2.5mg/kg dose. Treatment of mice with DOX delayed tumor growth
and 1.25mg/kg is the best concentration in terms of effectivity with low toxicity.

3.1. PLGA-OCA Enhance Immunity and Tumor Cell Death.

To improve the delivery and efficacy of DOX for the treatment of tumors, we chose to conjugate
DOX onto PLGA surface-activated NPs.

We have previously used PLGA-NPs in vivo and evaluated their safety. PLGA-NPs [16] and
PLGA-NPs conjugated to a linker (OCA) [17] did not elicit any toxic effect in mice according to blood
sampling, clinical chemistry parameters and differential and histopathologic examination of mice
organs [16,17].

To test the effect of PLGA and PLGA-OCA in our model, Xenograft mice were treated once a
week with PLGA or PLGA-OCA beginning at day 4 after xenograft for 4 weeks (total 4 injections). At
day 23 mice were sacrificed, Subcutaneous tumors were removed and crude protein from tumor
lysates was analyzed for caspase 3 activity, an indicator of apoptotic cell death. caspase 3 activity in
tumors from mice that were treated with PLGA-OCA was 2.5 folds greater compared to mice treated
with PLGA (p =0.0018) (Figure 2A). This observation indicates that PLGA-OCA leads to induction of
apoptotic cell death and destruction of tumor cells, and furthermore confirms the ability of the
nanoparticles to target the tumors.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. OCI-LY19 DLBLC cells were injected s.c. into the right flank of NOD/SCID mice (N = 10). Mice were
treated with PLGA and PLGA-OCA at days 4, 11 and 20 after tumor cell injection.(A) Caspase-3 activity in crude
protein lysates collected from subcutaneous tumors (B) Serum interferon-y (IFN-y) levels were determined.

Blood was drawn from NOD/SCID mice at indicated days, 5ul of serum were assayed for IFN-y levels.

PLGA-OCA Treatments can induce immunological response in immunodeficient mice as
measured by of interferon-y levels, attributed to NK cells since these mice do not have other immune
cells [18]. At the end of the experiment (25 days), significantly High levels of interferon-y were
detected in the serum of mice treated with PLGA-OCA (p=0.046 compared to PLGA-treated) while in
PLGA-treated mice interferon-y serum levels were the same as that of untreated mice (Figure 2B).
Complete blood count (CBC) shows a percentage increase of lymphocytes and monocytes compared
to decrease in neutrophils cells (Figure 3). This result shows that INF-y levels increment in PLGA-
OCA-NPs treated mice were in association with immune system cells response,
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Figure 3. Mice were treated once a week with PLGA-NPs and PLGA-OCA-NPs (total 3 treatments), a day after
the third treatment mice were bled from facial vein and the percent of A) neutrophils, B) lymphocytes, and C)

monocytes were determined in in the peripheral blood.

3.2. DOX-NPs Induce Cell Death In-Vitro and In-Vivo.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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To improve the delivery and efficacy of DOX for the treatment of tumors, we next conjugated
DOX onto PLGA surface-activated NPs and OCI-LY19 DLBCL cells were used to evaluate the effect
of DOX-NPs on cell survival. Treatment with DOX (2uM, 24h) significantly induces apoptosis in OCI-
LY19 determined by annexin V staining and flow cytometry (p=4.9E-6, n=5 replicates). DOX-NPs (xx,
24h) also induced highly significant apoptosis of OCI-LY19 (p=8.4E-8, n=5 replicates) (Figure 4).
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Figure 4. OCI-LY19 DLBCL cells were treated with PLGANPs or DOX-NPs or DOX (2uM) for 24hr. Apoptosis
was determined by annexin V staining and flow cytometry.

The therapeutic potential of DOX-NPs treatment was evaluated in-vivo using the DLBCL model
[15]. Mice were injected subcutaneously with OCI-LY19 cells and tumor volume was measured
(N=10). On days 4, 11 and 20, mice were treated with PLGA-NPs (0.5 mg PLGA), DOX (1.25 mg/kg)
and DOX-NPs (1.25mg/kg DOX/ 0.5 mg PLGA) (Figure 5),

All untreated controls died due to tumor diameter exceeding 1.5 cm by 21 days after tumor cell
inoculation, mice were sacrificed at days 21-23.

Significant antitumor activity was measured by tumor volume in mice treated with DOX-NPs
compared to PLGA-NPs at day 21 and 23 (p= 0.00196, n=6) (Figure 5A).

DOX-NPs-treated tumors grew slowly, and 21- 23 days after injection they were significantly
smaller than DOX (p =0.034, n=6).

Subcutaneous tumors were removed and crude protein from tumor lysates was analyzed for
caspase 3 activity, an indicator of apoptotic cell death. High level of caspase 3 activity was found in
tumors from mice treated with DOX and DOX-NPs (p 0.030 and 0.047 compared to PLGA-NPs
respectively, n=6) This observation indicates that DOX-PLGA leads to induction of apoptotic cell
death and destruction of tumor cells, and importantly confirms the ability of the nanoparticles to
target the tumors [15] (Figure 5).

Change in body weight is an important parameter to evaluate systemic toxicity of treatment,
there was notable body weight loss in the DOX-treated group (Figure 5) (p=2.7E-3, n=10). Moreover,
the mice in this group exhibited weakened movement and vitality.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. OCI-LY19 DLBLC cells were injected s.c. into the right flank of NOD/SCID mice (1 = 10). Mice were
treated with PLGA-NPs, DOX-NPs, or free DOX (1.25 mg/kg) at days 4, 11 and 20 after tumor cell injection. (A)
Tumor measurements were obtained every 2 to 3 days umors were lysed and caspase-3 activity was determined
in the lysis (B) Tumor average volumes at day 25. (C)Change in body weight during the experiment (21 days).

4. Discussion

Immunotherapy is an evolving field in the treatment of diffuse large B-cell lymphoma (DLBCL)
[1]. Rituximab, a monoclonal antibody that targets CD20-positive B cells, is commonly used in
combination with chemotherapy for DLBCL [19]. Studies are exploring the efficacy of rituximab in
various treatment regimens [19]. Chimeric Antigen Receptor (CAR) T-cell therapy, such as
axicabtagene ciloleucel (axi-cel) and tisagenlecleucel, has shown promising results in treating
relapsed or refractory DLBCL [20,21]. Studies are being conducted to evaluate its role in frontline
treatment [20,21] Identifying biomarkers that predict treatment response or prognosis allows for
more personalized treatment approaches [22]. Research is focusing on investigating more intensive
chemotherapy regimens or dose-dense approaches to improve outcomes in high-risk patients [23].
The role of targeted therapies, such as inhibitors of specific signaling pathways or genetic mutations,
in combination with standard treatments is also being evaluated [23]. Autologous stem cell
transplantation (ASCT) is being studied as part of frontline treatment strategies for eligible patients
[23] The role and optimal use of radiotherapy in treating DLBCL, especially in high-risk patients, are
also being examined [23]. Various trials are investigating new drugs, combination therapies, and
treatment strategies [24].

This study using a DLBCL mice model highlights the dose-dependent effects of DOX on tumor
growth. Slowed tumor progression and identification of the optimal 1.25 mg/kg concentration
emphasize crucial considerations for clinical applications.

Conjugating DOX onto PLGA-OCA nanoparticles proves effective in inducing apoptotic cell
death, showcasing potential in targeted DLBCL therapy. Elevated interferon-y levels in PLGA-OCA-
treated mice suggest a dual benefit of enhanced immune responses.

DOX-NPs demonstrate the ability to induce apoptosis in vitro and sustain antitumor activity in
vivo, outperforming DOX alone. Caspase 3 activity measurement confirms their potential as an
effective therapeutic intervention for DLBCL.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Contrasting body weight changes between DOX and DOX-NPs highlights the latter's potential
for mitigating toxicity. Preservation of body weight and vitality in the DOX-NPs group suggests a
more favorable side effect profile, crucial for patient tolerance.

Liposomal drug delivery systems for doxorubicin (Dox) have been developed to reduce
cardiotoxicity and other side effects associated with the conventional form of the drug [25].
Cardiomyopathy is a well-known side effect of Dox, and liposomal formulations are designed to
enhance drug delivery to the tumor while minimizing exposure to normal tissues, including the
heart [25]

The encapsulation of Dox within liposomes can limit its release in the bloodstream, reducing the
direct exposure of the heart to the drug [26]

Poly(lactic-co-glycolic acid) (PLGA) has been extensively utilized in the development of drug
delivery systems for various antitumor drugs. Some notable examples include the encapsulation of
Doxorubicin (Dox), Paclitaxel, Cisplatin, Camptothecin, and Methotrexate within PLGA
nanoparticles [27]. These formulations aim to improve drug solubility, enable controlled release, and
enhance targeted delivery to tumor sites, ultimately contributing to improved therapeutic efficacy
and reduced systemic toxicity [28]

PLGA's biodegradable and biocompatible nature makes it an attractive choice for designing
nanocarriers that offer sustained release capabilities and protect the encapsulated drugs from
premature degradation [29]. Ongoing research in this field focuses on optimizing PLGA-based
formulations to address challenges in cancer treatment, with the aim of achieving better treatment
outcomes and minimizing adverse effects [26].

This article provides comprehensive insights into DOX and innovative delivery systems (PLGA-
OCA and DOX-NPs) for DLBCL treatment. The identified optimal dosage and promising outcomes
of nanoparticle-based approaches contribute to ongoing efforts in refining cancer treatment
strategies.
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