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Carboplatin (cis-diamine (1,1-cyclobutandicarboxylaso)-platinum (II)) is a second-generation antineoplastic
drug, which is widely used for chemotherapy of lung, colon, breast, cervix, testicular and digestive system
cancers. Although preferred over cisplatin due to the lower incidence of nephrotoxicity and ototoxicity, efficient
carboplatin delivery remains as a major challenge. In this study, carboplatin loaded alginate- poly(amidoamine)
(PAMAM) hybrid nanoparticles (CAPs) with mean sizes of 192.13 + 4.15 nm were synthesized using a micro-
fluidic platform, then EGF was conjugated to the surface of CAPs (EGF-CAPs) for the receptor-targeted delivery.
Hence, increased FITC" cell counts were observed in A549 spheroids after EGF-CAP treatment compared to CAP
in the 3D cellular uptake study. As such, the cytotoxicity of EGF-CAP was approximately 2-fold higher with an
ICs0 value of 35.89 + 10.37 pg/mL compared to the CAPs in A549 spheroids. Based on in vivo experimental
animal model, anti-tumor activities of the group treated with CAP decreased by 61 %, whereas the group treated
with EGF-CAP completely recovered. Additionally, EGF-CAP application was shown to induce apoptotic cell
death. Our study provided a new strategy for designing a hybrid nanoparticle for EGFR targeted carboplatin
delivery with improved efficacy both in vitro and in vivo applications.

1. Introduction

In recent years, clinical and preclinical applications of nanoparticles
(NPs) have been widespread, to navigate systemic, microenvironmental
and cellular biological barriers and offer the benefits of reduced toxicity
and enhanced efficacy compared to the ‘free’ drug [1]. Indeed, these
nanoparticles have the potential to improve drug solubility and stability,
eliminate drug aggregation and prolong circulation times to enhance
safety and efficacy [2,3]. The synthesis of nanoparticles by microfluidics
permits fast handling, small component requirements for the process,
and a well-controlled microenvironment [4]. Alginate is a naturally
occurring algal polysaccharide suitable to form the shell of the

nanoparticles synthesized with microfluidic platforms due to simple
gelation properties in divalent cations such as calcium (II) [5]. However,
the primary disadvantages of alginate/divalent ion-based nanogel sys-
tems are the lack of stability and dissociation because of the rapid ex-
change of calcium (II) cations with other cations under physiological
conditions [6,7]. Thus, their utility as delivery vehicles for nano-
medicine requires a second component to interact with alginate.
PAMAM dendrimers with higher surface functional group density
compared to conventional macromolecules are ideal for this purpose,
which in parallel can enhance the solubility of hydrophobic drugs [8].
Moreover, PAMAMs can be modified by polyethylene glycols, aptamers,
antibodies to direct drugs to specific tissues and reduce the devastating
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side effects, which is even more critical in cancer treatments. Epidermal
growth factor receptor (EGFR), is the first discovered receptor of tyro-
sine kinases of the ErbB family. The increased EGFR levels correlate with
poor prognosis in several types of epithelial cancers including non-small
cell lung cancer (NSCLC) [9,10]. Among cancer-mediated pathways,
tyrosine kinases play important roles in regulating cell signalling, and
activated tyrosine kinases can increase tumor cell growth, proliferation,
anti-apoptotic induction, and induce metastasis [11]. In the last decade,
several anti-EGFR treatment strategies including receptor-blocking
monoclonal antibodies (such as cetuximab, panitumumab) or small
molecule tyrosine kinase inhibitors (such as erlotinib, gefitinib) have
been clinically approved [12]. As of 2022, 114 mAb products have been
approved by the European Medicines Agency and US Food and Drug
Administration (excluding biosimilar products and Fc-fusion proteins),
and 11 of these mAbs are directed to tumor cell surface tyrosine kinase
receptors involved in survival and proliferation pathways such as HER2,
EGFR, PDGFRa [13]. In parallel to EGFR-inhibition therapies, potential
applications of various EGFR-targeted nanoparticles in in vitro [14-18]
and preclinical in vivo models [16-19] have shown promising results to
achieve tumor cell-specific drug delivery and internalization. Although
various EGFR-specific targeting ligands such as antibodies [20], anti-
body fragments [21,22], recombinant epidermal growth factor
[16,23-28], specific peptides [29,30] and aptamers [31] have been
developed to target EGFR through the functionalization of nanoparticle
surface, the use of native ligand epidermal growth factor (EGF) holds
promise for further anticancer nanomedicine strategy. The endogenous
ligand, EGF, is significantly smaller than both antibodies and fragments
and has a high binding affinity due to the low dissociation constant with
respect to EGFR, providing a unique target for anti-cancer drug appli-
cations [12,32]. In this study, we hypothesized that EGF conjugated
alginate-PAMAM hybrid nanoparticles loaded with carboplatin (EGF-
CAPs), could bind with EGFR due to the presence of the specific EGF
ligand on the EGF-CAPs surface. The binding of EGF on the EGF-CAPs
surface with EGFR overexpressed on the surface of NSCLC cells could
induce receptor-mediated endocytosis leading to an increase of cellular
uptake of nanoparticles and reduce the proliferation of cancer cells.
Thus, EGF conjugation was achieved via carbodiimide chemistry
following the microfluidic synthesis of CAPs, then the therapeutic po-
tential of EGF-CAPs were evaluated in 2D in vitro culture as well as 3D
spheroid culture and correlated to the antitumorigenic activities in in
vivo.

2. Material and methods
2.1. Materials

EGF (Recombinant Human Epidermal Growth Factor, Gibco™) and
EGF ELISA Kit (EGF Human Instant ELISA™ Kit, Invitrogen) were pur-
chased from ThermoFisher-Scientific, while alginic acid sodium salt
from brown algae (alginate), Polyamidoamine (PAMAM) dendrimer
(ethylenediamine core, generation 4.0, G4) solution, N-(3-dimethyla-
minopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), N-hydrox-
ysulfosuccinimide sodium salt (NHS) and all other chemicals were
obtained from Sigma-Aldrich. Carboplatin (150 mg/15 mL vial) was
obtained from Kocak Farma, Turkey. All cell culture reagents, Trypan
blue dye, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) and dimethyl sulfoxide (DMSO) were purchased from Sigma-
Aldrich (USA), live/dead cell staining kit was purchased from Molecu-
lar Probes, Invitrogen (USA). Promega DeadEnd™ Colorimetric
Apoptosis Detection System (TUNEL, Promega Corp. Madison, USA, Cat
No: G7130), and Biotinylated secondary antibody and streptavidin
conjugated horse radish peroxidase (Thermo Scientific Cas no: 85-9043)
were purchased from Zymed Laboratories. All chemicals used in the in
vivo experiment were of analytical grade.
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2.2. Synthesis of alginate-PAMAM hybrid nanoparticles

Firstly, the activation of alginate polymer has been carried out by
adding EDC (0.1 mmol) and NHS (0.05 mmol) reagents into 1 mL of
aqueous alginate (20 mg/mL) solution and mixing for 2 h in the dark.
The aliquot volume of carboplatin stock solution at 10 mg/mL concen-
tration was added to activated alginate, mixed and transferred to the 1
mL plastic syringe then pumped through the central channel (PFA
Tubing 1/16" O.D. x .010", Idex Health & Science) of a metal micro-
fluidic system (0.25 mm L.D. four lines connected crosses from VICI
Valco Instruments Co. Inc.) by a syringe pump (New Era Pump Systems
Inc.). The final carboplatin concentration at the outlet of the micro-
fluidic chip was set to 20 pg/mL and the initial carboplatin concentra-
tion requirement in the syringe was calculated separately for each flow
rate ratio (FRR) depending on the dilution rate through the microfluidic
synthesis. The continuous production of carboplatin-loaded (CAP) or
empty (AP) alginate- PAMAM hybrid nanoparticles was achieved by
pumping two aqueous PAMAM dendrimer solutions (at concentrations
of 0.04 mM or 0.08 mM) through the lateral inlets of the microfluidic
system and hydrodynamically focusing the central activated alginate
solution. For synthesis of AP alginate solution did not contain carbo-
platin in the syringe. While the central stream of alginate (20 mg/mL)
was pumped at a rate of 10 pL/min, PAMAM aqueous solutions were
pumped from the side streams at different flow rates of 200, 300 and
400 pL/min. Thus, the employed flow rate ratios, which is the ratio of
the flow rates of the side streams to that of the central stream, were
studied as 40, 60 and 80, respectively. CAP and AP nanoparticle solu-
tions were collected from the output channel and centrifuged at 8750g
(9000 rpm) (Eppendorf MiniSpin® plus). The pellet was washed two
times via dispersion in deionized water and centrifuged again to remove
the residues. The remaining nanoparticle dispersions were lyophilized.
Supernatant of CAP nanoparticles was analyzed to determine encapsu-
lation efficiency.

2.3. Characterization of alginate-PAMAM hybrid nanoparticles

Size distributions, polydispersity indexes (PDI) and zeta potential
values of synthesized alginate-PAMAM hybrid nanoparticles were
measured with the Malvern Zetasizer device (Nano-ZS, Malvern Inst.
Ltd., UK). The molecular structures were determined by FTIR (Fourier
Transform Infrared Spectroscopy) and XPS (X-ray Photoelectron Spec-
troscopy). FTIR spectra of alginate polymer, alginate- PAMAM hybrid
nanoparticles were determined by PerkinElmer Spectrum 100 instru-
ment between the wavelengths of 400-4000 cm™'. XPS analysis was
carried out by Thermo Scientific K-Alpha device using the Al Ko
monochromatic X-ray source (1486.68 eV) and 300 pm X-ray spot sizes.
SEM (Scanning Electron Microscopy) and DSC (Differential Scanning
Calorimeter) analyses were performed to study the surface morphology
and thermal characterizations, respectively. The nanoparticles were
coated with 10 nm gold-palladium under vacuum at Leica EM ACE600
sputter-coater and the SEM photographs were taken by FEG SEM
(Thermo Scientific, Apreo S, Netherlands). The DSC system (TA In-
struments, Q20) was flushed with pure dry nitrogen at a flow rate of 5
mL/min and samples (5 mg) were analyzed at temperature range of
20-350 °C with a heating rate of 10 °C/min. The separated supernatant
from the microchip was analyzed by high performance liquid chroma-
tography (HPLC) (Shimadzu LC-20A PDA) to determine the unencap-
sulated carboplatin concentration. Samples filtered through a 0.45 pm
filter were pumped to an ACE C18 column (250 mm x 4.6 mm x 5 pm in
size). The mobile phase was prepared at a concentration of 20 mM PBS
buffer (75 %) as the aqueous phase and acetonitrile (25 %) as the organic
phase. The flow rate of the mobile phase was adjusted to 1 mL/min and
the samples were injected into the system with an injection volume of
20 pL, while the injection time was 10 min (35 °C) and the detection
wavelength was 227 nm. Encapsulation efficiency (%) was determined
by using Eq. (1) where A; is the total amount of carboplatin used in
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nanoparticle preparation, and A, the amount of un-encapsulated car-

boplatin in the supernatant.

A — A
A

1

Encapsulation Efficiency (%) = x 100 1)

2.4. EGF conjugation to alginate-PAMAM hybrid nanoparticles

Conjugation of the EGF ligand to the surface of the hybrid nano-
particles was carried out by adding EDC (0.1 mmol), NHS (0.05 mmol)
and EGF (1, 2 and 3 pg) to the CAPs (4 mg) dispersed in 1 mL PBS and
mixed with a magnetic stirrer for 2 h in the dark.

The different EGF concentrations of 1, 2 and 3 pg/mL were tested to
optimize the EGF concentration in reaction media with respect to the
conjugation efficiency. After magnetic stirring, synthesized EGF-CAP
nanoparticles were centrifuged at 8750g (9000 rpm) (Eppendorf Min-
iSpin® plus) and the pellet was washed two times via dispersion in
deionized water and centrifuged again to remove the residues and un-
bound EGFs. Then the nanoparticles were frozen at —20 °C and lyoph-
ilized. The size distribution and morphology of EGF-CAPs redispersed in
PBS buffer were determined with the DLS (Dynamic Light Scattering) by
Zetasizer and SEM photographs taken by FEG-SEM, respectively. The
amount of conjugated EGF per mass of nanoparticle was measured with
the EGF ELISA kit. For the in vitro and in vivo experiments, APs, CAPs,
EGF-APs, and EGF-CAPs were tested in terms of dispersibility/inject-
ability in relevant media such as ultrapure water, PBS or cell medium.
Especially, during the in vivo animal experiments, the dispersed samples
in saline solutions were stored at 4 °C for 21 days. All samples were as
easily dispersible and injectable by 22G needles.

2.5. In vitro cytotoxic effect and cellular uptake of nanoparticles

2.5.1. Cell culture

Human epithelial lung adenocarcinoma cells (A549 CCL-185) and
human lung healthy bronchial epithelial cells (Beas-2b CRL-9609) were
obtained from American Type Culture Collection (ATCC, Mannassas,
VA, USA) and maintained in a Dulbecco's Modified Eagle Medium
(DMEM): Ham's F12 Medium (1:1) supplemented with 10 % Fetal
bovine serum, 1 % r-glutamine and 1 % Penicillin/Streptomycin (100x).
Cells were cultured as a monolayer in a humidified incubator with 5 %
COq at 37 °C, using T-flasks with filter caps (Corning, USA) until
reaching approximately 90 % confluence and splitted with 0.05 %
trypsin-EDTA. All cell culture experiments were carried out as three
independent replicates.

2.5.2. 2D cytotoxicity and cellular uptake

For cytotoxicity tests, in the first stage, A549 cells were seeded at at a
concentration of 1 x 10* cells/well in a 96-well plate and incubated
overnight. Thereafter, cell medium was removed and freshly prepared
free carboplatin (72, 36, 18, 9, 4.5, 2.25 and 1.13 pg/mL) and nano-
particles carrying equivalent doses of the drug (2, 1, 0.5, 0.25, 0.125,
0.063 and 0.031 mg/mL) were added in wells in 100 pL culture medium.
Also, empty nanoparticles were used at the same concentrations for
comparative results and a growth medium as a control was added to
each well. After dose-dependent 72 h of incubation, the culture medium
was removed, 10 % MTT solution in serum-free medium (from 5 mg/mL
stock solution) was added to each well and incubated at 37 °C for 3 h.
Subsequently, MTT solution was removed and 100 pL. DMSO was added
to each well to solve formazan crystals. The absorbance at 570 nm was

Percent hemolysis(%) =

absorbance of sample — absorbance of negative control
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measured with a microplate reader (BioTek, Korea) and the percentage
of cell viability and ICso values were calculated by using GraphPad
Prism 8.3.0 program. In the second stage, considering the calculated
ICsp value of free carboplatin by dose-dependent assay, time-dependent
incubations (24, 48 and 72 h) of EGF conjugated nanoparticles loaded
with/without carboplatin and free carboplatin were investigated by
MTT assay on both and A549 and Beas-2b cells [33,34].

For cellular uptake studies, A549 cells were seeded at a concentration
of 1 x 10° cells/mL in a 24-well plate and incubated overnight. After the
culture medium was removed, FITC-labelled nanoparticles carrying
equivalent doses of carboplatin at ICsy concentration were added to the
cells, the medium was refreshed after 6 h, and the cells were visualized
under a fluorescent microscope (Zeiss Axio Vert.Al) after a total of 72 h.

2.5.3. 3D cytotoxicity and cellular uptake

For the 3D cytotoxicity test, the formation of 3D spheroid structures of
A549 cells was first achieved using the 96-well ultra-low adhesion (ULA)
plate technique. For this, A549 cells were seeded in 96-well ULA plates
(Corning® CLS7007) at a concentration of 2 x 10* cells/well/150 pL,
spun at 200 g for 2 min for better self-assembly, and cultured in DMEM-
F12 medium for 96 h for formation of well-defined spheroids. After that,
culture medium was removed carefully and dose-dependent free car-
boplatin (72, 36, 18, 9 and 4.5 pg/mL) and nanoparticles carrying
equivalent doses of the drug (2, 1, 0.5, 0.25 and 0.125 mg/mL) were
added to ULA plate wells in 150 pL culture medium. In parallel, empty
nanoparticles were used at the same concentrations for comparative
results and a growth medium as a control was added to each well. After
72 h incubation, MTT assay was performed and dissolved formazan
crystals in DMSO from all wells was transferred to F-bottom 96-well
plate without spheroids. Then, the absorbance was measured at 570
nm and the percentage of spheroid viability and ICsy values were
calculated by using GraphPad Prism 8.3.0 program.

For 3D cellular uptake studies, after A549 cell spheroids were formed
in 96-well ULA plates, FITC-labelled nanoparticles carrying equivalent
doses of carboplatin at ICsy concentration were added to the wells in
150 pL culture medium. Then, the medium was refreshed after 6 h and
spheroids were visualized under a fluorescent microscope (Zeiss Axio
Vert.Al) after a total of 72 h.

2.6. Assessment of hemolysis

The assay was performed using the international ASTM standard
practice F 756-00 [35] according to Dobrovolskaia et al. 2008 [36]. The
fresh blood (4 mL) was collected from New Zealand rabbits (weighing
2000-2500 g) in Li heparinized tubes (Ethic approval date: 29.11.2023,
no: 2019-079), centrifuged at 700g for 10 min and the pellet was washed
three times with cold PBS (pH 7.4) and centrifuged again at 700g for 10
min. Subsequently, the pellet was resuspended in the same buffer at 20
% blood volume of total volume. The drug loaded and empty nano-
particles were tested in four concentrations (72, 36, 18 and 9 pg/mL)
corresponding to the concentrations in cell culture studies. The samples
were incubated for 60 min at 37 °C in a shaking water bath and then
centrifuged at 700g for 10 min. Finally, the supernatant was measured at
540 nm by spectrophotometer to determine releasing hemoglobin
amount. Triton X-100 at a stock concentration of 1 % (10 mg/mL) and
PBS were used as positive and negative controls, respectively. The
percent hemolysis (%) was determined by using Eq. (2);

x 100 )

absorbance of positive control — absorbance of negative control
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According to the standard (ASTM F 756-00), percent hemolysis <5
% indicates that the test sample is not hemolytic, whereas >5 % he-
molysis indicates a hemolytic state.

2.7. In vivo experimental model

2.7.1. Animals

The experiment was approved by the Ege University Local Ethical
Committee for Animal Experiments (29.01.2020, no: 2019-079). All
procedures were carried according to the Ethical guidelines for in-
vestigations of experimental pain in conscious animals [37]. BALB/c
albino mice (6-7 weeks/20-25 g) were obtained from Ege University
Laboratory Animal Application and Research Center and housed in steel
cages at a temperature-controlled environment (22.0 + 2.0 °C), where
relative humidity was set at 45-65 % with 12 h light/dark cycles at Ege
University ARGEFAR. Food and water were available ad libitum. During
the study, the animals were fed with standard laboratory feed and water,
ad libitum. Feed and water were changed daily and cage hygiene was
carried out regularly. The animals were observed daily, and body
weights were measured before and during the study.

2.7.2. Experimental design

A549 CCL-185 tumor cells (1 x 107 cells in 0.1 mL PBS) were
injected subcutaneously into the right flank of BALB/c mice [38]. After
14 days of tumor implantation (tumor size reached approximately 50
mm?> diameter), animals were randomly divided into 6 groups (n = 6) as
listed below;

Control group: Mice were administered with 100 pL of saline (0.9 %
NaCl) intraperitoneally i.p. once every 3 days for 3 weeks (n = 6).
Free carboplatin group: Mice were administered 20 mg/kg carboplatin
in 100 pL of saline i.p. once every 3 days for 3 weeks (n = 6).

AP (Blank alginate-PAMAM nanoparticle) group: Mice were adminis-
tered 20 mg/kg nanoparticles in 100 pL of saline i.p. once every 3
days for 3 weeks (n = 6).

CAP (Carboplatin-loaded alginate-PAMAM nanoparticle) group: Mice
were administered 20 mg/kg carboplatin loaded nanoparticles in
100 pL of saline i.p. once every 3 days for 3 weeks (n = 6).

EGF-AP (EGF conjugated blank nanoparticle) group: Mice were
administered 20 mg/kg EGF conjugated nanoparticles in 100 pL sa-
line i.p. once every 3 days for 3 weeks (n = 6).

EGF-CAP (EGF conjugated carboplatin-loaded nanoparticle) goup: Mice
were administered with 20 mg/kg EGF-conjugated nanoparticle-
loaded carboplatin in 100 pL of saline i.p. once every 3 days for 3
weeks (n = 6).

2.7.3. In vivo imaging

To monitor the changes in tumor size during antitumor activity, 0.1
mL of 10 nmol/100 mL XenoLight RediJect 2-DG-750 Probe (Perkin
Elmer Inc., MA) were injected intravenously to tail veins of animals at
specified time intervals (0, 14 and 21 days). The images were taken
under isoflurane anesthesia after 3 h of injection by the In Vivo Imaging
System (IVIS Spectrum, Perkin Elmer Inc., MA) [39]. During the mon-
itorization, the IVIS Spectrum device was set as Binning = 8, f/stop = 2,
Excitation = 745 nm and Emission = 820 nm.

2.7.4. Biochemical analysis

At the end of 21 days, mice were sacrificed by taking blood from the
heart under ketamine + xylazine overdose anesthesia. The biochemical
analysis was performed with blood serum on Fyjifilm FUJI DRI-CHEM
NX500V IC device with Comprehensive S Panel kit including 13 pa-
rameters (Total protein-TP, Albumin-ALB, Globulin-GLOB, Glucose-
GLU, Alanine aminotransferase-ALT, Gamma-glutamyl transferase-GGT,
Alkaline phosphatase-ALP, Total bilirubin- TBIL, Total cholesterol-
TCHOL, Creatinine-CRE, Blood urea nitrogen-BUN, Calcium-Ca, Inor-
ganic phosphate-IP).
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2.7.5. Histochemical and immunohistochemical examinations

Tissues (liver, kidney, and brain) and tumor sites were removed from
each animal and collected in falcon tubes. After washing 2 times with
PBS, the tissues were kept in 4 % paraformaldehyde for one night and
subjected to a series of increasing degrees of alcohol and left to air dry.
Dried samples were passed through xylol 3 times for 30 min until they
became transparent. Paraffin-infused samples were kept in an oven at
58 °C for one night. The paraffin was renewed and waited for 2 h. This
process was repeated two times respectively. Then, the tissues were
embedded in paraffin and routine hematoxylin-eosin staining was per-
formed on 5-micron sections taken from paraffin blocks. The images
were taken and examined under the microscopy (BX5, Olympus, Tokyo,
Japan) [40].

Detection of apoptosis in tumor tissue was demonstrated by the
Promega cat G7360 with “DeadEnd™ Colorimetric Apoptosis Detection
System (TUNEL) System”. Sections were fixed in 4 % paraformaldehyde
and incubated for 25 min at room temperature. Subsequently, samples
were washed in PBS and permeabilized with 20 pg/mL Proteinase K
solution per slide. Sections were then incubated with the reaction
mixture containing biotinylated nucleotide and terminal deoxy-
nucleotidyl transferase (rTdT) for 60 min at 37 °C. At the end of the
period, the slides were washed with sodium chloride-sodium citrate
buffer (SSC) and PBS buffer. Streptavidin HRP (horseradish peroxidase)
was added to each slide and incubated for 30 min at room temperature.
The slides were then stained with a diaminobenzidine (DAB) system and
examined for the presence of apoptotic cells [41].

2.8. Statistical analysis

Statistical analysis of the experimental data was performed with
SPSS version 25.0 (IBM Corp., Armonk, New York, USA). Data were
expressed as the mean + standard deviation (SD). One-way analysis of
variance (ANOVA) followed by LSD test was performed for comparison
between the groups in vivo experimental model. Additionally, one-way
ANOVA Dunnett's multiple comparisons test and two-way ANOVA
Tukey's multiple comparisons tests were performed for 2D—3D in vitro
cytotoxicity assays. Values of p < 0.05 were regarded as statistically
significant.

3. Results

3.1. Synthesis and characterization of alginate-PAMAM hybrid
nanoparticles

Carboplatin loaded alginate-PAMAM hybrid nanoparticles (CAPs)
were synthesized by microfluidic platform and then characterised. The
effects of different PAMAM concentrations (0.04 and 0.08 mM),
different flow rates (FRR 40, FRR 60 and FRR 80) and the presence of
carboplatin drug on the size distributions of nanoparticles were exam-
ined (Fig. 1A). Increasing the PAMAM concentration from 0.04 to 0.08
mM led to a statistically significant (p < 0.05) increase in the mean size
of the carboplatin-loaded CAPs nanoparticles (CAP4 and CAP8), but this
trend was not valid for the empty counterparts (AP4 and APS8). In the
microfluidic platform based on the flow-focusing principle, the FRR used
exhibited a noticeable effect on the sizes of all the synthesized nano-
particle groups. As the flow rate of the PAMAM solution in the side
channels was increased, the sizes of the synthesized CAP and AP nano-
particles decreased due to the increasing FRR. For example, when the
FRR was increased from 40 to 60 and 80 in the empty nanoparticles
(APs) synthesized with PAMAM at 0.04 mM concentration, nano-
particles with average sizes of 252.90 + 12.86 nm, 191.50 + 3.65 nm
and 159.67 + 6.63 nm were obtained, respectively. Similarly,
carboplatin-loaded (CAPs) nanoparticles synthesized with PAMAM at
0.08 mM concentration were obtained with average sizes of 278.37 +
8.41 nm, 230.37 & 4.57 nm and 192.13 & 4.15 nm with the same FRR,
respectively. It is also important to note that the mean particle sizes of



E. Ilhan-Ayisigi et al.

International Journal of Biological Macromolecules 261 (2024) 129758

300
250
200
150
100

50

Size (nm)

Transmittance (%)

100 A

90

80 1

70 4

60 4

50 1

1000 2000 2500

cm!

3000 3500 4000

/‘\\250. 17°C
\
/ \
4

TN azs34C 251.35°C

206.21°C

N

a

o

" +85.30°C

Temperature (°C)

Counts/s

Counts /s

E

8.00E+04

6.00E+04

|

LY

4.00E+04 APs

APspviser i ey s
PN o pfrbarfessited \ s

2.00E+04

0.00E+04

O1s

L ML I RPRPTLY “ ‘

C1s

N1s (

7
[

et WY

1300 1200 1100 1000 900 800 700 600 500

O1s

|
|
“J|

8.00E+04

6.00E+04
aooe+04 | CAPS {
Mpragied J

Mgt

-
ey PR |
— y

WSV

2.00E+04

St | ‘

0.00E+04

400 300 200

82 78 74 70
Binding Energy (eV)

N1s |
“ 66

[

A

1300 1200 1100 1000 900 800 700 600 500

Binding Energy (eV)

400 300 200

40
395.216+83 nm

1 0.333PDI

20

10

Intensity (Percent)

0.1 10 100

Size (d.nm)

1000 10000

G

Fig. 1. Characterizations of synthesized CAPs and APs. Size distributions (two-way ANOVA Tukey's multiple comparisons test, ns;p > 0.05, *;p < 0.05) (A) and surface
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Instruments, Q20) (D) of alginate polymer (a) and APs (b). X-ray photoelectron spectra of CAPs compared to the APs (Thermo Scientific K-Alpha) (E). Size dis-
trubutions of EGF-CAPs (Malvern Nano-ZS) (F) and SEM micrographs of EGF-APs (a; bar scale 1 pym and b; bar scale 3 pm) and EGF-CAPs (c; bar scale 1 pm and d; bar
scale 3 pm) (Thermo Scientific, Apreo S) (G).
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hybrid nanoparticles containing carboplatin were significantly (p <
0.05) higher when PAMAM was used at 0.08 mM concentration than
their counterparts without carboplatin. On the other hand, the alginate-
PAMAM hybrid nanoparticles synthesized under all conditions had very
narrow distribution ranges (0.19-0.25 PDI values) and unimodal
Gaussian curves. The smallest CAPs exhibited a mean size of 159.80 +
14.79 nm with a PDI value of 0.192, which were synthesized with FRR
80 condition using a PAMAM concentration of 0.04 mM. The encapsu-
lation efficiency of these CAPs was calculated as 40.45 + 1.5 % and the
corresponding drug loading content (DL) was 36 pg carboplatin per mg
CAPs. The zeta potentials of CAPs were — 27.6 mV, —25.4 mV and —
23.8 mV with decreasing nanoparticle sizes, respectively, in conjunction
with increased FRR conditions. When diluted with PBS, a zeta potential
value of —55.7 mV was measured for the alginate due to negatively
charged carboxyl groups (-COOH), whereas +36.7 mV for PAMAM
dendrimer due to positively charged amine groups (—NH>). Thus, algi-
nate carboxyl groups probably predominated the surface of the syn-
thesized hybrid nanoparticles, but dendrimer amine groups were
partially present on the surface. Moreover, it was observed that not only
the zeta potentials of nanoparticles but also their drug-carrying prop-
erties were affected due to increasing FRR conditions. Encapsulation
efficiencies were 28.04 + 1.6 %, 32.03 & 0.33 % and 40.45 4+ 1.5 % for
FRR40, FRR60 and FRR80 conditions, respectively. Both carboplatin-
loaded CAPs and empty APs exerted spherical and smooth surface
morphologies (Fig. 1B).

In the FTIR spectrum of the alginate polymer used for synthesis, the
peak at 3327 cm ™! corresponds to the —OH stretching vibration, while
the bands at 1602 and 1414 cm ™! correspond to the asymmetric and
symmetrical COO— stretching vibrations of the carboxylate salt groups,
and the peak of 1110 em~! (C-0-C stretching) can be attributed to the
saccharide structure of alginate (Fig. 1C). According to the FTIR spectra
of the synthesized alginate-PAMAM hybrid nanoparticles, the band at
1405 cm™! was probably from the carboxylate group of alginate resi-
dues, and the bands at 1644 cm™! and 1575 cm ™! were from the amide I
and II (-CO-NH-) of PAMAM residues [42]. Moreover, new bands
appeared at 1460 cm ™! and 1726 cm™!. Thermal characterizations of
the synthesized hybrid nanoparticles were performed by DSC analysis
(Fig. 1D), and the thermogram of the alginate used in the synthesis re-
action showed an endothermic peak at 125 °C and an exothermic peak at
250 °C. On the other hand, in the thermogram of alginate-PAMAM
hybrid nanoparticles, a two-peak endothermic region at 85.20 °C and
206.21 °C and an exothermic peak at 251.35 °C were observed. The XPS
survey spectra of carboplatin-loaded or empty alginate-PAMAM nano-
particles (Fig. 1E) showed that both nanoparticles were mainly consisted
of C, O, and N. Accordingly, photoelectron peaks of carbon (C 1 s) at
~286 eV, nitrogen (N 1 s) at ~401 eV, and oxygen (O 1 s) at ~532 eV
were found. While empty samples did not have any Pt peaks,
carboplatin-loaded nanoparticles had Pt peaks at ~73-76 eV only after
etched 50 nm depth from the surface, which indicates that the carbo-
platin drug was embedded into the nanoparticle matrix rather than the
adsorption to the surface.

3.2. Synthesis and characterization of EGF-conjugated alginate-PAMAM
hybrid nanoparticles

After CAP nanoparticles were synthesized in the microfluidic plat-
form, EGF has been conjugated to the surface of CAPs to synthesize
EGFR-targeted EGF-CAPs. The mean sizes of EGF-conjugated nano-
particles increased to 395.216 + 83 nm (PDI 0.333) after conjugation
(Fig. 1F), possibly due to the use of magnetic stirrer rather than
microfluidic conditions. However, when the surface morphologies of the
EGF-conjugated nanoparticles were examined by SEM imaging
(Fig. 1G), the spherical morphology was observed to be preserved after
conjugation. EGF concentrations were tested as 1, 2 and 3 pg/mL in the
conjugation reaction and the amount of EGF conjugated to the nano-
particles were determined as 0.108 pg, 0.386 pg and 0.462 g per g of
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EGF-CAPs hybrid nanoparticles, respectively. The conjugated EGF on
the surface gradually increased with respect to its concentration in the
reaction media. Taking into account that the drug loading content was
considered as 36 pg carboplatin/mg EGF-CAPs, 0.462 ng EGF/g EGF-
CAPs were selected and used for in vitro cytotoxicity assays and in vivo
animal experiments.

3.3. Invitro cytotoxicity and cellular uptake of nanoparticles in 2D/3D
and hemolysis

In the framework of 2D in vitro cell culture assays, first of all, the
cytotoxic effect of free carboplatin on A549 lung cancer cells was tested
dose-dependently (72, 36, 18, 9, 4.5, 2.25 and 1.13 pg/mL) after 72 h
exposure based on MTT cell viability assay, where the ICsq value was
determined as 38.82 + 6.7 pg/mL (p < 0.0001) (Fig. 2A,a). Next, the
cytotoxic effects of nanoparticles that carry equivalent doses of carbo-
platin mentioned as CAP, EGF-CAP and carboplatin free EGF-AP, were
also measured dose-dependently (2, 1, 0.5, 0.25, 0.125, 0.063 and 0.031
mg/mL) on 2D A549 cells.

Based on the results, carboplatin-free EGF-AP showed no cytotoxic
effect on cells at all concentrations tested (above 70 % cell viability
limit, p > 0.05), while the IC5y values were calculated as 30.07 + 6.11
pg/mL for CAP (p < 0.0001) and 24.64 + 2.96 pg/mL for EGF-CAP (p <
0.0001) nanoparticles (Fig. 2A,a). Then, the cytotoxic effect of CAP,
EGF-AP and EGF-CAP nanoparticles carrying equivalent doses of car-
boplatin at ICsg value (38.82 + 6.7 pg/mL) on both A549 lung cancer
cells and Beas-2b healthy lung cells were tested time-dependently (24,
48 and 72 h) by using MTT assays. Carboplatin, CAP and EGF-CAP
nanoparticles inhibited mostly A549 cancer cells in a time dependent
manner, whereas no effective inhibition of carboplatin-free EGF-AP
nanoparticles was observed for both A549 and Beas-2b cells (Fig. 2A,b).
After 72 h, carboplatin and CAP reduced cell viabilities of A549 cells to
51.8 % and 50.8 %, and Beas-2b cells to 57.8 % and 56.9 % without any
cell selectivity in a non-significant manner (p > 0.05). However, EGF-
CAP nanoparticles inhibited the viability of A549 cancer cells to 37.4
% with a significant manner compared both to carboplatin inhibition at
72 h (p < 0.05) and to Beas-2b cells at 72 h (p < 0.0001) indicating a
selective effect (Fig. 2A,b). Thereafter, A549 cellular uptake studies of
FITC stained CAP and EGF-CAP nanoparticles were carried out to vali-
date the superiority of EGF conjugation. The fluorescent microscope
images at 72 h showed that, EGF conjugation increased the cellular
uptake of EGF-CAP nanoparticles with an increased number of cells
containing more FITC, thus indicating increased drug cytotoxicity by
further inhibiting A549 cell viability (Fig. 2A,c). Additionally, the
bright-field images of cellular uptake of FITC-labelled CAP and EGF-CAP
nanoparticles (Fig. S1) show cell positions clearly.

Within the scope of 3D in vitro culture studies, the cytotoxic effect of
dose-dependent free carboplatin, EGF-AP, CAP and EGF-CAP nano-
particles were tested in A549 cancer cell spheroids with MTT assay at 72
h exposure. The ICsy values were determined as 36.1 + 19.6, 67.86 +
19.24 and 35.89 + 10.37 pg/mL for free-carboplatin (p < 0.001), CAP
(p < 0.01) and EGF-CAP (p < 0.001), respectively, while carboplatin-
free EGF-AP nanoparticles again showed no cytotoxic effect on spher-
oids at all concentrations tested (Fig. 2B,a). Moreover, an increase in
cellular uptake of FITC+ cells was observed in A549 spheroids after
EGF-CAP treatment compared to CAP, confirming the success of EGF
conjugation strategy in a 3D setting (Fig. 2B,b). Apart from in vitro
administration of the formulated nanoparticles, hemolysis test was
carried out to observe the effects on erythrocytes (Fig. 2C). None of the
concentrations of CAP and EGF-CAP have shown hemolysis on rabbit
erythrocytes, while the two highest concentrations of EGF-AP (1 and 2
mg/mL) showed slightly hemolytic effects (5.6 % and 5.4 % respec-
tively), as the results showing <5 % hemolysis are regarded as non-
hemolytic and higher than 5 % hemolysis are regarded as haemolytic
according to the international ASTM standard practice (F 756-00) [35].
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Fig. 2. Dose-dependent cytotoxic effects of free carboplatin and CAP, EGF-AP and EGF-CAP conjugated nanoparticles on A549 cells (For all values below the 70 %
viability limit, one-way ANOVA Dunnett's multiple comparisons test was performed versus each controls in all own groups, ***p < 0.001, ****p < 0.0001) (a), time-
dependent cytotoxic effects of free carboplatin CAP, EGF-AP and EGF-CAP conjugated nanoparticles on both A549 and Beas-2b cells (two-way ANOVA Tukey's
multiple comparisons test, ns;p > 0.05, *;p < 0.05, ****p < 0.0001) (b), the fluorescence microscopy images of the cellular uptake of FITC-labelled CAP and EGF-CAP
nanoparticles by A549 cells (bar scale 100 pm, Zeiss Axio Vert.Al), white arrows show representative uptake cells) (c) for 2D monolayer culture (A). Cytotoxic effects
of EGF-conjugated nanoparticles compared to the CAP and free carboplatin (For all values below the 70 % viability limit, one-way ANOVA Dunnett's multiple comparisons
test was performed versus each controls in all own groups, *p < 0.05, **;p < 0.01, ***;p < 0.001, ****p < 0.0001) (a), and the fluorescence microscopy images of the
cellular uptake of FITC-labelled CAP and EGF-CAP nanoparticles by A549 spheroids (bar scale 100 and 200 pm, Zeiss Axio Vert.A1) (b) for 3D culture (B). Percent
hemolysis (%) + SD of nanoparticles at different concentrations from three repetitive experiments (nc: PBS treated negative control; pc: Triton X-100 treated positive
control, dashed lines shows 5 % hemolysis standart) (C).
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Table 1
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Total body weight values of animals in experimental groups starting from day 0 to 35, where tumor injection on day 14 is regarded as day O for the treatment.

Treatment groups Total body weights (gram) (mean + SD)

Day 0 Day 7 Day 14 Day 21 Day 28 Day 35
(day 0) (day 7) (day 14) (day 21)
Control 26.4 + 0.98 27.2+1.41 26.6 + 1.18 26.3 +1.21 26.0 + 0.89 26.2 + 1.58
Carboplatin 27.8 £1.31 27.3 £0.90 26.4 +£0.97 26.4 +£1.01 26.6 = 1.00 27.1 +£1.78
AP 27.9+1.18 29.4 +2.12 27.1 +£217 26.3 +1.26 28.3 + 2.32 29.6 + 2.98
CAP 28.7 +2.29 28.2 +1.92 27.3 +1.58 25.4 + 2.20 26.4 +1.87 27.7 £ 1.35
EGF-AP 27.7 £1.30 27.3+2.70 269 +£2.14 27.1 £2.15 26.8 £1.98 27.5+1.74
EGF-CAP 28.6 + 2.32 28.5 4+ 2.01 27.7 £ 2.10 26.3 + 1.99 26.8 + 1.56 26.7 + 1.45
F 0.856 1.977 1.230 1.023 0.482
P 0.095 0.143 0.354 0.166 0.826

3.4. In vivo experimental model

3.4.1. Total body weights

During the study, weight losses not exceeding 20 % of the initial
weights were noted (Table 1), whereas no deaths were observed in the
experimental groups. The tumor injection on day 14 was accepted as day
0 for the treatment, and no statistically significant differences were
noted with respect to the body weights in any of the treatment groups
when compared to the control.

3.4.2. In vivo imaging

The IVIS images of animals were captured on day 0, 14 and 21
(Fig. 3) and the region of interest (ROI) values were presented to eval-
uate the cancerous regions (Table 2). The decreases and increases in
cancerous areas of animals in groups were compared by proportioning
total ROI values of days 0 and 21. When the comparative images taken
with the IVIS imaging system on day O and 21 are examined, tumor

Day 0

Day 14

Control

Carboplatin

AP

tissue volumes were observed to increase by 117 % in the free carbo-
platin and 234 % in blank AP groups but not as much as saline control
group (285 %). On the other hand, CAP decreased tumor volume by 61
% from day O to 21, and tumor tissues of mice completely disappeared in
the EGF-CAP group at the end of 21 day treatment. It is worth to mention
that renal metastases supporting lung metastasis were observed in
control animals in ex-vivo studies (Fig. S2).

3.4.3. Biochemical analysis

Various parameters were evaluated as part of the biochemical anal-
ysis of the blood taken from the mice in the experimental groups at the
end of the treatments (Table 3). Considering the control group and the
reference values of the specified breeds [43], it was observed that in-
dicators (TP, ALB) of general physical conditions were both within
reference values for animals in all experimental groups and the general
health status of the animals were found to be good.

Day 14

Day 21

EGF-CAP

Fig. 3. In vivo imaging of tumors in experimental animal groups at day 0, 14 and 21. After 3 h of injection, the images were captured on the IVIS Spectrum with

binning = 8, f/stop = 2, excitation = 745 nm and emission = 820 nm.
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Table 2

The region of interest (ROI) values of animals in experimental groups.

International Journal of Biological Macromolecules 261 (2024) 129758

Treatment Groups

(Total ROI values +SD) x 10°

ROI value changes (%) from day 0 to day 21

Day 0 Day 14 Day 21
Control 1.540 + 0.109 4.073 £ 0.030 5.937 + 0.224 285
Carboplatin 1.583 + 0.096 3.348 £ 0.135 3.440 + 0.092 117
AP 1.692 + 0.201 4.103 + 0.213 5.667 + 0.242 234
CAP 1.468 + 0.098 1.271 £ 0.117 0.573 £+ 0.098 —61
EGF-AP 1.939 + 0.168 2.235 + 0.075 2.273 £ 0.134 17
EGF-CAP 1.421 £+ 0.082 1.212 £+ 0.120 - —100
Table 3
Biochemical analysis values of animals after the nanoparticle treatments.
Biochemical parameters Treatment groups
Control Carboplatin AP CAP EGF-AP EGF-CAP
Total Protein (g/dL) 4.8 +£0.31 5.2 +0.16 5.0 £ 0.47 4.8 +£ 0.33 4.8 +£ 0.54 4.9 £ 0.15
ALB (g/dL) 2.6 £0.14 3.1 +0.40 2.4 +0.28 2.4 +£0.12 2.6 £0.16 2.2 +£0.22
GLOB (g/dL) 2.2+0.17 2.1+0.18 2.6 £0.25 2.4 +0.16 2.2+0.19 2.7 £0.20
GLU (mg/dL) 178 +£10.0 190 + 15.9 182 +11.3 174 £ 13.7 210 + 18.4 156 + 8.9
ALT (U/L) 55 + 3.96 41 £7.76 32 £6.41 142 +12.8 37 £5.62 39 +8.55
GGT (U/L) <10 35 £5.72 <10 <10 <10 <10
ALP (U/L) <14 <14 <14 <14 <14 <14
TBIL (mg/dL) 1.1 £0.31 3.1 +0.34 1.0 £ 0.15 1.1 £0.14 1.9 £+ 0.40 0.7 £ 0.23
TCHOL (mg/dL) 90 + 6.89 72 £ 4.78 86 + 5.81 88 +5.49 53 +£3.17 69 + 7.00
CRE (mg/dL) 0.20 £ 0.02 0.40 £ 0.03 0.26 + 0.01 0.27 £ 0.03 0.29 £ 0.02 0.42 £ 0.04
BUN (mg/dL) 17.5 £ 1.29 21.1 £1.54 16.8 +£ 1.58 24.7 £1.11 22.6 £ 0.95 19.8 + 1.44
Ca (mg/dL) 8.9 +£1.03 < 4.0 < 4.0 < 4.0 < 4.0 < 4.0
1P (mg/dL) 7.7 £ 0.16 5.6 + 0.81 6.3 +0.34 5.2+ 0.28 6.7 +0.33 6.1 +0.19

3.4.4. Histological findings

When the liver tissues were evaluated in terms of general histological
parameters, diffuse vascular congestion and edema were observed in the
vena centralis, vena porta interlobularis, and sinusoids in the control
group (Fig. 4A). Vacuolar degeneration and hepatocytes with pycnotic
nuclei were prominent in the periphery of the hepatic lobule. Also,
Kupffer cell activation was noteworthy. In the carboplatin treated group,
leukocyte infiltration with diffuse vascular congestion and edema was
observed in the vena centralis, vena porta interlobularis and sinusoids.
Necrotic hepatocytes were densely seen in the remark cords surrounding
the vessels. In addition to focal leukocyte infiltration, an increase in
Kupffer cell activation was observed clearly (Fig. 4B). Vascular
congestion and edema were noted in the vena centralis, vena porta
interlobularis and sinusoids in the AP group, less than the carboplatin
group, however at the same level as the control group. In the periphery
of the hepatic lobule, hepatocytes with eosinophilic cytoplasm were
prominent. In addition to focal leukocyte infiltration, an increase in
Kupffer cell activation is noteworthy (Fig. 4C). In the hepatic lobule in
the CAP group, hepatocytes arranged as cords (Remark cords) spreading
from the vena centralis to the periphery of each lobule, sinusoids,
Kupffer cells covering the sinusoids, and round or polyhedral shaped
hepatocytes exhibited normal appearances. As such, stromal areas
exhibited normal appearances (Fig. 4D). The EGF-AP group had similar
histological features with that of CAP group (Fig. 4E). The liver tissue of
the EGF-CAP group was also observed to have histological features like
CAP and EGF-AP groups (Fig. 4F).

With respect to lung tissues, stromal and parenchymal areas were
evaluated as normal in the control group. Histological appearances of
terminal bronchioles, respiratory bronchioles, ductus alveolaris and
alveoli pulmonalis were also normal. Focal histological changes were
observed in the stromal and parenchymal areas in the carboplatin group.
Inflammation was observed in terminal bronchiole lamina propria and
multiple alveoli. In addition, intraalveolar hemorrhages were note-
worthy. In addition, intraalveolar edema with alveolar wall congestion
and alveolar wall thickening were noted in some alveoli. Lung tissues of
the AP group showed similar histological findings with that of the car-
boplatin group, with signs of minor inflammation in the alveoli and

intraalveolar hemorrhage. On the other hand, inflammation was
detected in the terminal bronchiole lamina propria of the lung tissue of
the CAP group and in many alveoli. In addition to intraalveolar hem-
orrhages, very intense intraalveolar edema with alveolar wall conges-
tion and alveolar wall thickening were evident in multiple alveoli. When
this group was compared with carboplatin and AP groups, these findings
were considered quite severe. The lung tissues of EGF-AP group were
found to have histological features close to the control group. Also in this
group, intraalveolar hemorrhage and edema were seen in small number
of alveoli. Stromal and parenchymal areas in the lung tissue of the EGF-
CAP group were observed to be in normal appearance. The histological
appearances of terminal bronchiole, respiratory bronchiole, ductus
alveolaris and alveoli pulmonalis were normal.

In all experimental groups, the stromal and parenchymal areas of the
kidney tissue cortex and medullary layers were evaluated in terms of
histological parameters, and the stromal areas in the cortex and
medullar regions were observed to have normal appearances. As such,
Bowman's capsule, Bowman's space and glomeruli forming the renal
corpuscle exhibited normal appearances in the parenchymal areas of the
cortex layer. Proximal and distal tubules and tubules epithelial cells
appeared normal as well. The tubules and tubule epithelial cells in the
medullary areas were also evaluated to have normal histological struc-
tures (Fig. 4, right column). In all experimental groups, tumor tissue
shrinkage was detected in the EGF-AP and EGF-CAP treatments when
compared to the control group (Fig. SA-F, top panel). These findings were
in consistent with the IVIS images. However, the highest TUNEL
immunoreactivity was detected in the EGF-CAP group (Fig. 5A-F, bottom
panel).

4. Discussion

Carboplatin and cisplatin, which are platinum-based drugs, have
been used in the treatment of many malignancies. As a second-
generation antineoplastic drug, carboplatin is widely recommended
especially for chemotherapy in lung, colon, breast, cervix, testicular and
digestive system cancers [44]. Even though the overall drug efficacy
between the two agents is similar, differences in drug-related toxicity
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Fig. 4. Histological examination of liver, lung, and kidney tissues at all experimental groups (A: Control group; B: Carboplatin group; C: AP group; D: CAP group; E:
EGF-AP group; F: EGF-CAP group). R, Remark cords; h, hepatocyte; cv, vena centralis; v, vena porta interlobularis; k, Kupffer cell; s, sinusoid; et al., vacuolar
degeneration; p, pycnotic nucleus; e, eosinophilic cytoplasm; *, congestion and edema; L, leukocyte infiltration. Rc, Renal corpuscle; bc, Bowman's capsule; ba,
Bowman interval; gl, glomeruli; pt., proximal tubule; dt, distal tubule. t, terminal bronchiole; r, respiratory bronchiole; ap, arteria pulmonalis branch; da, ductus
alveolaris; sa, saccus alveolaris; a, alveoli pulmonalis; *, hemorrhage and edema; i, inflammation. Magnification, X20; dye, Hematoxylin- Eosin.
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Hematoxylin- Eosin

TUNEL

Fig. 5. Histological examination of tumor tissue at all experimental groups (A: Control group; B: Carboplatin group; C: AP group; D: CAP group; E: EGF-AP group; F:
EGF-CAP group). Magnification, X10. Hematoxylin- Eosin (Two top panels). TUNEL immunohistochemistry stainings depicting the tumor tissue shrinks in the EGF-
AP and EGF-CAP groups and the highest TUNEL immunoreactivity in the EGF-CAP group (Two bottom panels).

profiles are apparent. Cisplatin is associated with emesis, nephrotoxi-
city, and neurotoxicity, whereas the myelosuppressive effects of carbo-
platin lead to hematologic toxicities [45]. As such, multiple doses might
be administered in multiple cycles (over six cycles) to achieve necessary
tumor inhibition. Therefore, various attempts have been devoted to in-
crease the effectiveness of platinum compounds and thereby reduce the
number of required dosing cycles [44]. For example, conjugation of
PAMAM with cisplatin resulted in relatively higher drug loading content
[46]. However, there are limited studies with respect to carboplatin
formulated drug delivery systems. In one of these studies, carboplatin-
loaded nanoparticles were synthesized using poly(p-lactide-co-glyco-
lide) (PLGA) [44] and polymethylmethacrylate (PMMA) [47], but drug
loading contents were very low, thereby the efficient carboplatin
loading and targeting with nanoparticles still remains as a major chal-
lenge. The targeting of a developed drug delivery system to a specific
tissue or cell can be performed actively or passively. Active targeting is a
strategy that occurs by binding specific ligands for receptors that are
overexpressed in cancer tissues to the surfaces of drug carrier nano-
particles. The ability to increase the accumulation, adhesion, and
cellular uptake of the nanoparticles and thus the drug in specific tissues
is the basis of this receptor-targeted ligand-binding strategy. EGFR as a
receptor tyrosine kinase is frequently overexpressed in non-small cell
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lung cancer (NSCLC), which constitutes the majority (about 75 %) of
lung cancers, and NSCLCs are still difficult to treat due to pathological
mechanisms that are not well understood. Current research on EGFR-
targeted nanoparticles includes antibodies and antibody fragments,
such as cetuximab and trastuzumab, which are FDA-approved antibody
immunotherapies [48,49]. In parallel with antibody-mediated EGFR
targeting, there has been increasing interest in using the natural ligand
of EGFR, EGF. Such a small size compared to the antibodies has made
EGF an attractive targeting ligand for nanoparticular systems. Addi-
tionally, unlike the natural ligand EGF, the use of antibodies for tar-
geting can trigger severe immune responses that lead to cytotoxicity
[12]. In this study, EGF conjugation to the surface of carboplatin loaded
alginate-PAMAM hybrid nanoparticles was performed with the EGF
ligand for active targeting, which increases the accumulation, adhesion
and cellular uptake of the synthesized nanoparticles, thus carboplatin
drug specifically in tumor tissues instead of healthy tissues. Due to its
protein structure, EGF contains both carboxylic acids and primary
amines (C- and N-termini, as well as amino acids found in the side chains
of EGFs). Therefore, the aim was to form an amide bond between the
alginate carboxylic groups on the surface of hybrid nanoparticles and
the amine groups of EGF using carbodiimide chemistry using EDC and
NHS. Achieving monodispersity is another milestone during
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nanoparticle synthesis. Compared to the traditional preparation tech-
niques, microfluidic platforms enable the production of nanoparticles
with narrow size distributions [50]. For the synthesis of carboplatin-
loaded alginate-PAMAM hybrid nanoparticles in the flow-focusing
microfluidic platform, increase in the PAMAM concentration has led
to a statistically significant (p < 0.05) increase in the mean size of CAP
nanoparticles (CAP4 and CAP8). In consistent with this result, the lowest
size of anthocyanin loaded silica/PAMAM hybrid nanoparticles have
been obtained using the lowest concentration (5000-fold dilution) of
PAMAM dendrimer (G4) as an inorganic precursor in our previous study
[51]. In the microfluidic platform based on the flow-focusing principle,
the mean sizes of the synthesized CAP and AP nanoparticles decreased as
the FRR increased from 40 to 80. This might be associated to the shorter
residence times at relatively high FRRs for the growth of the nano-
particle matrix, which occur due to the chemical bonding and electro-
static interactions between the lateral PAMAM dendrimer flows and the
central alginate flow in the flow-focusing region [52-54]. The negative
charges of alginate-PAMAM hybrid nanoparticles (—23.8 to —27.6 mV)
were less than alginate polymer (—55.7 mV) alone, probably positively
charged amine groups of the dendrimer have reduced the domination of
the negative charge of alginate carboxyl groups on the surface of the
synthesized hybrid nanoparticles. The highly negative surface charge
can enhance particle stability by avoiding particle aggregation and
fusion through electrostatic repulsion forces [50,55]. As mentioned
earlier, the high FRR condition provides a much shorter time for the
alginate and PAMAM components to bind for particle nucleation and
growth, as well as for the diffusion of carboplatin molecules from the
central polymer phase to the aqueous PAMAM phase coming from the
side channels. Thus, possibly encapsulation of larger amounts of drug
could be achieved. The hypothesis that nanoparticles can encapsulate
more drugs with decreasing size is also compatible with a similar study
in the literature in which chitosan nanoparticles loaded with thymo-
quinone and r-ascorbic acid were developed [56]. Moreover, the car-
boplatin loading content of EGF-CAPs (36 pg/mg) was quite higher than
in previous studies using PLGA (drug loading content of 3.46 pug/mg)
[44] and PMMA (drug loading content of 8.6 ug/mg) [47]. To hybridize
the alginate polymer chain with the PAMAM dendrimer, the alginate
carboxyl groups (-COOH) must be activated and then covalently
attached to the -NH; amino groups on the PAMAM dendrimer surface by
carbodiimide chemistry. The new band appearing at 1460 cm ™" in the
FTIR spectrum of alginate-PAMAM hybrid nanoparticles showed the
formation of an amide II (bandd N—H bending) bond formed by car-
bodiimide chemistry between the alginate-COOH and dendrimer-NHj
groups, while the new band appearing at 1726 cm™! was derived from
the carbonyl group (C = O). Thermal characterization of alginate-
PAMAM hybrid nanoparticles by DSC analysis revealed a two-peak
endotherm region, which is considerably wider than polymeric algi-
nate, thought to be associated with high water loss due to both moisture
residues in the nanoparticles and dehydration of the alginate saccharide
structure. The exothermic and endothermic peaks of the alginate poly-
mer used in the synthesis reaction were in agreement with the literature
[57]. In both hybrid nanoparticles and alginate in polymer form, very
similar exothermic regions have occurred at about 250 °C corresponding
to depolymerisation and decarboxylation of the polymer chain. XPS
analysis showed that the carboplatin drug was embedded into the
alginate-PAMAM hybrid nanoparticle matrix because 50 nm etching
depth was used in our study, even if elemental composition analysis of
XPS is performed at 10 nm from the top surface generally [58]. The
encapsulated drug location in the nanoparticle matrix or its crystalline/
amorphous structure in nanoformulations could affect the release profile
of the drug depending on the release media. Our previous study on
resveratrol-loaded silica-PAMAM inorganic hybrid nanoparticles
showed that the local arrangement of resveratrol in crystalline form in
the silica-PAMAM matrix led to a slower release at both pH values of 1.2
and 7.4, where the cumulative releases were <25 % within 2 h [59].
Moreover, the release of encapsulated biomolecules from a nanoparticle
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matrix is generally governed by matrix erosion or diffusion [50]. Thus,
the degradation rate of the nanoparticle matrix or diffusion coefficient of
biomolecule across the matrix plays a major role in the release rate.

After the conjugation of EGF ligand to the surface of CAPs, EGF-CAP
hybrid nanoparticles still exhibited spherical morphologies with mean
sizes of 395.216 + 83 nm (PDI 0.333). Although the mean size of EGF-
CAPs increased after conjugation, still remained smaller than 400 nm,
thus retaining their extravasation potentials into tumor tissues with the
EPR effect [60]. The content of conjugated EGF on the surface of EGF-
CAP hybrid nanoparticles was evaluated using the EGF ELISA-kit, as
in another study [19], our results showed that the conjugated EGF on the
surface gradually increased with respect to its concentration in the re-
action media. It was calculated that a maximum of 0.462 pg EGF was
conjugated on the surface of EGF-CAPs per gram of nanoparticles. The
quantity of covalently linked EGF on the amine-functionalized hollow
mesoporous silica nanoparticles has also been found to gradually
increased with respect to increasing concentration of EGF in the reaction
media [14]. This result indicates that the amount of EGF-ligand could be
controlled in the conjugation stages by changing the EGF concentration.

The cells are more robust and aggregated into a clump in 3D spheroid
culture compared to 2D monolayer culture, and the interaction of the
cells remaining in the inner parts with the drug is restricted. Thus, both
the evident cellular uptake ratio and cytotoxic effects of drugs are
slightly less visible in 3D [61-63]. With targeted nanoparticular delivery
systems, better drug uptake into 3D spheroids can be achieved. The size,
surface charge, morphological condition, deformability, conjugated-
ligands and other chemical/physical properties of the nanoparticles
affect these mechanisms [64]. As such, inducing receptor-mediated
endocytosis by ligand binding to the surface of nanoparticles is a
viable strategy to facilitate tumor cell-specific internalization [65].
Tumor cells are known to overexpress various receptors on their surface,
where binding of ligands to these receptors is involved in multiple sig-
nalling cascades that aid tumor growth and proliferation, angiogenesis,
survival at different oxygen levels and pH conditions, apoptosis resis-
tance, and metastasis [66]. EGFR, a receptor tyrosine kinase, is
frequently overexpressed in NSCLC. EGF, the natural ligand of EGFR, is a
6-kDa protein made of 53 amino acid residues. Its small size, three di-
sulfide bonds and tryptophan-tyrosine residues make it an attractive
targeting ligand for nanoparticular systems [12,15,67]. As a result of the
functionalization of the surfaces of carboplatin-loaded EGF-CAP hybrid
nanoparticles with EGF as a ligand, higher cytotoxicity values were
achieved in both 2D and 3D tumor cells, compared to free carboplatin
and unconjugated nanoparticles. Nonetheless, carboplatin-loaded EGF-
CAP hybrid nanoparticles even at the highest concentration have not
exerted any hemolytic effect.

Modeling human tumors in animals for cancer research is a widely
used approach [68,69]. Cancer treatments including surgery, radiation,
chemotherapy and all related procedures can damage the healthy tissues
as well as the cancerous tissues. Animal models coupled with nano-
based treatments can enable targeting to specific cancer tissue by
accumulating at the tumor location with different administration routes
of drugs [70]. The use of imaging systems allow the monitoring of cancer
cells in living animals for prolonged periods depending on the treatment
duration. To verify the results we obtained in 3D in vitro cell culture, in
vivo antitumor activities of carboplatin, AP, CAP, EGF-AP and EGF-CAP
were evaluated in an A549 cell line induced xenograft tumor animal
model and followed up with in vivo imaging, which is indispensable,
allowing high tissue penetration up to a few centimeters deep. Quanti-
tative analysis of tumor tissue showed that the fluorescence intensity
determined by the in vivo imaging in tumor tissue treated with EGF-CAP
was much lower, indicating a smaller tumor size than in other groups. In
vivo targeting ability of EGF-conjugated-CAPs is in agreement with the
study of Tseng et al. (2007), where an additional amount of EGF-
bonded-gelatin nanoparticles was reported to accumulate in the
cancerous lung of CB-17/lcrCrl-scid-bg mice via EGFR targeting [16].
According to the IVIS imaging, while free carboplatin could not exert
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any antitumorigenic effect on the A549 cell line-induced xenograft
tumor animal model, CAPs probably extravasated into tumor tissues
with the EPR effect and exerted anti-tumor effect. Interestingly, a similar
trend was also observed in EGF-conjugated AP blank nanoparticles,
where tumor volume was decreased by 67 %, whereas 322 % increase
was noted for AP nanoparticles. Thus the decrease is not associated with
the presence of alginate-PAMAM but rather internalization of EGF-APs
due to the binding of EGF ligand to EGFR receptor on the surface of
tumor cells [12]. As expected, the tumor tissue of mice completely dis-
appeared in the EGF-CAP administrated group at the end of day 21. In a
previous report, the growth inhibitory rate of EGF-conjugated pacli-
taxel-loaded polymeric lipid-based nanoparticles was significantly
higher than their non-EGF-bearing counterparts [17]. When high-
density lipoprotein (HDL)-mimicking peptide-lipid nanocarriers were
directed to EGFR with EGF ligand conjugation, it was observed that a
coordinated dual receptor (EGFR and SR-BI) targeting phenomenon led
to enhanced cargo delivery [71]. Furthermore, EGFR-overexpressing
MDA-MB-468 tumors in athymic Nu/Nu mice treated with the recom-
binant murine EGF conjugated 4-(N)-stearoyl gemcitabine nanoparticles
grew significantly slower than in mice treated with untargeted nano-
particles [18].

Determination of biochemical parameters provides vital information
not only about the clinical status of the animals but also the metabolic
functions of tissues and organs. The metabolic state of all tissues is
completely different. As such, different physiochemical and pharmaco-
kinetic profile of drugs effect the fate in the body. On the other hand,
particle size is a key factor on efficacy, uptake by organs, prolonged
blood circulation time and bioavailability in the body [72]. Variations in
the biochemical parameters of rodents may be related to species, strain,
and genotype, which might be influenced by other factors such as age,
diet and environment [73]. Therefore, we included 6-7 weeks of BALB/c
mice weighing about 20-25 g to eliminate some of the variations.
Although reference values cannot be specified for many parameters, we
evaluated biochemical parameters of the experimental groups consid-
ering the control group and reference values of the specified breeds [43].
Total protein (TP) is an important determinant of metabolic homeostasis
due to proteins found in all components of cells. Indeed, TP forms the
basis of both the structure and the function, which is commonly evalu-
ated in conjunction with ALB and GLOB [74]. In the present study, TP
and ALB values, which are indicators of general physical condition, were
both within reference values for animals in all experimental groups and
the general health status of the animals were found to be good. However,
as indicators of the hepatic system GGT and TBIL were significantly high
in the free carboplatin group. The states of oxidative stress like carci-
nogenesis was reported to increase glutathione and GGT levels [75], and
inhibition of GGT activity completely blocks the nephrotoxicity of
another platinum-containing drug, cisplatin [76]. Thus, the changes in
liver histology in free carboplatin group suggests that the increase of
GGT and TBIL levels are related to carboplatin administration. Addi-
tionally, ALT level was significantly high in the CAP group (142 + 12.8
U/L) compared to the control (55 + 3.96 U/L), which generally in-
dicates hepatic lesions and damaged hepatocytes [73]. Nevertheless, the
other hepatic system indicators, GGT and TBIL were at normal ranges,
and liver histology displayed a normal appearance in the CAP group.
Considering EGF-CAP group, both ALT and GGT levels decreased to 39
+8.55U/Land < 10 U/L, respectively and a 4.4-fold decrease was noted
in TBIL value compared to the CAP group. Since EGFR is known to be an
important regulator of hepatocyte regeneration [77,78], the conjugation
of EGF to the surface of CAPs might have induced ligand-mediated re-
ceptor endocytosis in the nontumor-bearing liver, possibly resulting in
the recovery of hepatic system indicators. This idea has been supported
by the liver histology with the normal appearance in the EGF-CAP
group. Renal function evaluation was based on measurement of CRE
and BUN. Indeed, BUN produced in the liver is the major nitrogen
metabolite derived from protein breakdown, where 90 % are excreted
by the kidneys [73]. We also quantified BUN levels in all treatment
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groups as nephrotoxicity is commonly associated with platinum-based
drugs [79]. In our study, when renal system indicators (BUN, CRE,
IP), vascular system (TCHOL) and bone system indicators (Ca, IP) were
evaluated, the application groups showed values compatible with the
control group and the reference values. In this study, the biochemical
analysis was performed with Comprehensive S Panel kit including 13
parameters (TP, ALB, GLOB, GLU, ALT, GGT, ALP, TBIL, TCHOL, CRE,
BUN, Ca, IP). However, new biosensor designs based on localized sur-
face plasmon resonance (LSPR) technology for the detection of similar
biomolecules such as ALT and histamine have been of interest in recent
years [80,81].

Finally, histological analysis was used to evaluate possible toxic re-
actions and tumor inhibition effects of all treatment agents. In accor-
dance with the IVIS images and the results of biochemical analysis, the
histological findings showed that the tumor tissues in EGF-CAP groups
were more suppressed compared to other groups with reductions in
tumor sizes. In addition to these findings, the highest TUNEL immuno-
reactivity was elicited in the EGF-CAP group, indicating the induction of
apoptotic cell death. Sha et al., (2020) showed that cell apoptosis was
significantly increased with carboplatin in both in vitro and in vivo assays
[82]. Overall, findings of histological analysis pointed out significant
pathological changes occurring in liver and lung tissues. However, these
changes decreased in EGF-CAP group. All these results suggest that the
tumor inhibition effect of EGF-CAP administration was far superior to
that of the carboplatin or CAP administration groups alone.

5. Conclusion

Receptor-mediated targeting of nanoparticles to lung adenocarci-
noma represents a promising approach in cancer therapy. In this study,
EGF was conjugated to alginate-PAMAM hybrid nanoparticles contain-
ing carboplatin for the treatment of non-small cell lung cancer tumors
and EGF-CAP exerted the highest therapeutic potential in in vivo animal
model. Indeed, the EGF-conjugated alginate-PAMAM nanoparticles offer
several advantages, including increased drug stability, prolonged cir-
culation time, and reduced side effects by minimizing exposure to
healthy tissues. Targeting EGFR overexpressed on lung adenocarcinoma
cells enhances the specificity of carboplatin delivery, potentially
improving therapeutic outcomes. While this approach shows promise,
during translation of the results to clinical setting, challenges may
include potential off-target effects, mainly due to variations in EGFR
expression among patients. In spite of that, receptor-mediated targeting
of EGF-conjugated alginate-PAMAM nanoparticles to lung adenocarci-
noma is a sophisticated strategy that holds potential for improving the
precision and effectiveness of cancer therapy. However, ongoing
research and clinical studies are essential to validate and optimize this
approach for practical clinical applications.
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