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ABSTRACT: The design of targeted antiangiogenic nanovectors PT.X -

for the delivery of anticancer drugs presents a viable approach for ¥ s © -
effective management of nonsmall-cell lung carcinoma (NSCLC). 4 ! ’

Herein, we report on the fabrication of a targeted delivery oH N vs
nanosystem for paclitaxel (PTX) functionalized with a short L W
antimatrix metalloproteinase 2 (MMP-2) CTT peptide for 5 & ) &
selective MMP-2 targeting and effective antitumor activity in el ' b Control
NSCLC. The fabrication of the targeted nanosystem (CLA-coated \’/ (placebo)
PTX-SPIONs@CTT) involved coating of superparamagnetic iron- ET

oxide nanoparticles (SPIONs) with conjugated linoleic acid

(CLA) via chemisorption, onto which PTX was adsorbed, and subsequent surface functionalization with carboxylic acid groups
for conjugation of the CTT peptide. CLA-coated PTX SPIONs@CTT had a mean particle size of 99.4 nm and a PTX loading
efficiency of ~98.5%. The nanosystem exhibited a site-specific in vitro PTX release and a marked antiproliferative action on lung
adenocarcinoma cells. The CTT-functionalized nanosystem significantly inhibited MMP-2 secretion by almost 70% from endothelial
cells, indicating specific anti-MMP-2 activity. Treatment of tumor-bearing mice with subcutaneous injection of the CTT-
functionalized nanosystem resulted in 69.7% tumor inhibition rate, and the administration of the nanosystem subcutaneously
prolonged the half-life of PTX and circulation time in vivo. As such, CLA-coated PTX-SPIONs@CTT presents with potential for
application as a targeted nanomedicine in NSCLC management.

B INTRODUCTION has been shown to be implicated in lung cancer angiogenesis
regulation and tumor metastasis.'”'> MMP-2 expression is

Nonsmall-cell lung carcinoma (NSCLC) remains a global
linked to tumor-induced angiogenesis, where it is responsible

burden' owing to plateaued treatment modalities currently

available, including combinational chemotherapy, which for degrading the extracellular matrix (ECM) and releasing
presents with undesired cytotoxic side effects due to non- stored angiogenic factors (i.e., basic fibroblast and/or vascular
specificity.” Recently, nanotechnology and its application in endothelial growth factors) which propel angiogenesis, tumor
nanomedicine has gained major recognition in the develop- differentiation, and metastasis.">'* Thus, targeting MMP-2 and
ment of nanobased therapeutics for NSCLC.> As such, new downregulating its expression could halt tumor angiogenesis
therapeutic interventions for NSCLC are being devised, and and suppress proliferation and metastasis.

the focus is currently on targeted nanomedicines with high Accordingly, CTT peptide (CTTHWGFTLC) is an MMP-2
specificity, r})linimal side effects, and smaller size for tumor selective inhibitory peptide with reported antiangiogenic
penetration.” activity.'”> CTT is a cyclic peptide (~1.17 kDa) shown to

Interestingly, angiogenesis targeting presents a potentially
viable therapeutic intervention for NSCLC.> Angiogenesis is
fundamental in the proliferation and metastasis of tumor cells
as a key provider of nutrients and oxygen.” Hence, the
inhibition of tumor angiogenesis pathways is a prospective
therapeutic approach for NSCLC. Synthetic and natural
angiogenesis inhibitors which block new blood vessel
formation have been explored for tumor therapy,” and some
peptide-based inhibitors have demonstrated promising anti-
angiogenic activity.”~'" Matrix metalloproteinase 2 (MMP-2)

suppress MMP-2 and significantly block angiogenesis and
migration of endothelial and cancerous cells."”"” Primarily,
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Figure 1. Step-wise formulation of CLA-coated PTX-SPIONs@CTT (CTT nanosystem). Step 1 is the chemisorption (coating) of 10E, 12Z CLA
onto SPIONS. Step 2 is self-assembled loading of PTX via spontaneous hydrophobic interaction with 10E, 12Z CLA ends. Step 3 is —COOH
functionalization using DMSA (DMF facilitates the reaction between SPIONs —OH and DMSA through hydrogen bonding). Step 4 is the final

conjugation of CTT onto activated —COO~ via its terminal
bond formation and a growing peptide chain.

—NH, group, facilitated by EDC/NHS. The conjugation of CTT results in amide II

CTT selectively binds MMP-2 and blocks the endothelial cells
from degrading and remodeling the adjacent ECM, leading to
the disruption of neovascularization and ultimately tumor
growth regression.'® The selective targeting ability of CTT has
been leveraged to design targeted liposomal drug-delivery
nanosystems for other cancers, such as ovarian cancer and
fibrosarcoma, for targeting MMP-2 and MMP-9."® However,
no studies have explored the similar application of CTT in
NSCLC targeted therapy; thus, it was a suitable choice for this
investigation for targeting MMP-2 and halting tumor angio-
genesis. Evidently, various nanosystems that have been
investigated for drug delivery in NSCLC therapy are mainly
affected by nonspecificity, physicochemical instability, poor
bioavailability, and adverse drug effects, leading to poor
therapeutic efficacy.”'” As such, our CTT nanosystem was set
to overcome these challenges.

Previously, we formulated and characterized a nanosystem
comprising superparamagnetic iron oxide nanoparticles
(SPIONS) coated with trans-10, cis-12 conjugated linoleic
acid (10E, 12Z CLA) and loaded with paclitaxel (PTX) (self-
assemble) to yield a potent PTX nanovector which exhibited
enhanced PTX killing effect in lung adenocarcinoma cell
lines.”” SPIONs are excellent nanovectors with desirable
smaller size (<100 nm) and are easy to functionalize.”!
Meanwhile, the natural fatty acid 10E, 12Z CLA presents with
anticancer benefits”* and allows partitioning of hydrophobic
anticancer drugs like PTX for enhanced bioavailability and
antiproliferative activity.”® As such, in the present study, we
functionalized a CLA-coated PTX nanovector with the CTT
peptide via a series of favorable chemical reactions involving
carboxylic acid decoration and coupling chemistry to yield
CLA-coated PTX-SPIONs@CTT (CTT nanosystem) and
conducted in vitro analyses to show antiangiogenic and
antiproliferative activities in endothelial cells and lung
adenocarcinoma cells, respectively, and lung tumor target-
ability in the established lung xenografts in nude mice
following subcutaneous (SC) injection.
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B RESULTS AND DISCUSSION

Formulation of CLA-Coated PTX-SPIONs@CTT (CTT
Nanosystem). The SPIONs, as the core of the nano-
formulation, were efliciently synthesized using a coprecipita-
tion method, yielding black Fe;O, nanoparticles with a mean
hydrodynamic size of ~51 nm. The working conditions
involved in the coprecipitation method, including inert
atmosphere and high temperature, were instrumental in
attaining the desired smaller size, morphology, and distribution
of the particles while limiting oxidation.””*> The overall
formulation scheme of the CTT nanosystem is depicted in
Figure 1 (step 1—4). The coating of the SPION surface with
10E, 12Z CLA was successfully achieved, owing to the
availability of the hydroxyl (—OH) groups on SPIONSs and the
carboxyl groups (—COOH) on CLA, allowing chemisorption.
The chemisorption of fatty acids such as linoleic acid, oleic
acid, palmitic acid, and glycerol monooleate onto SPIONS is a
well-established phenomenon that has been widely re-
ported.**7%¢

Accordingly, about 10.3% of 10E, 12 CLA was found to be
coated onto SPIONS. A range of 10—14% fatty acid content on
SPIONs has been reported from previous studies, employing
thermogravimetric analysis (TGA).”>***° The presence of
10E, 12Z CLA allowed maximal partitioning of PTX, with
98.5% adsorption efficiency, which was likely linked to the
hydrophobic nature of 10E, 12Z CLA complementing the
hydrophobic nature of PTX, allowing spontaneous hydro-
phobic—hydrophobic interaction. Meanwhile, the 9.8% drug
loading capacity achieved could be likely due to the large
surface area of SPIONS,”” and it is favorable, given that 10%
w/w PTX was applied in the formulation. The loading of
hydrophobic drugs into nanoparticles is generally challeng-
ing;28 however, in the present work, the choice of 10E, 12Z
CLA circumvented the problem. The availability of free —OH
groups on SPIONs allowed for further surface functionalization
with —COOH moieties from meso-2,3-dimercaptosuccinic acid
(DMSA) for CTT conjugation. Normally, SPIONs synthesized
via coprecipitation present with excess —OH groups.24

https://doi.org/10.1021/acsomega.3c06489
ACS Omega 2024, 9, 700-713


https://pubs.acs.org/doi/10.1021/acsomega.3c06489?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06489?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06489?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06489?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

A total of 64 per gram free —COOH groups were present on
the surface from the 1.6 M DMSA used. The proportion of free
—COOH obtained correlates with the concentration of DMSA
employed. A related study has reported free ~=COOH numbers
of nearly 8 per gram of the sample when 0.2 M DMSA was
employed and noted that the acid numbers increase when the
DMSA concentration is increased, until binding saturation is
reached.” The use of dimethylformamide (DMF), a polar
aprotic solvent, favored the DMSA grafting reaction by
1n1t1at1n§ hydrogen bonding without partaking in the
reaction.”” Also, to avoid displacing the CLA~PTX complex
on the SPION surface, DMF was ideal since the orientation
and conformation of bound CLA~PTX molecules may be
energetically stable in DMF, leading to reduced solubility.”*
The —COOH functionalization step was successfully achieved,
as well as the conjugation of CTT, yielding CLA-coated PTX-
SPIONs@CTT, as evidenced from the comparative Fourier
transform infrared (FT-IR) spectral analysis (Figure 3).

Overall Morphological Assessment of the CTT Nano-
system. The surface charge and average particle size and
dispersion were, respectively, determined through phase light
scattering and dynamic light scattering (DLS), with corre-
sponding recorded data shown in Table 1. Transmission

Table 1. Recorded Average Size, Surface Charge, and PDI of
CLA-Coated PTX-SPIONs@CTT (CTT Nanosystem) and
Pristine SPIONs

average
hydrodynamic size  zeta potential  polydispersity
nm) mV) index 5PDI)
CTT nanosystem 994 £ 2.0 -31.8 £ 0.5 02 £ 0.1
SPION (before 51.0 + 1.3 —243 + 13 04 + 0.1

modifications)

electron microscopy (TEM) further confirmed the respective
surface and basic structural morphology of the CTT
nanosystem (Figure 2b). A zeta potential of —31.8 + 0.5
mV and a polydispersity index (PDI) of 0.2 + 0.01 showed the
colloidal stability and reduced aggregation of the formulated
CTT nanosystem in aqueous media. Importantly, zeta
potential is a good determinant of the colloidal stability of
nanoparticle suspensions, with zeta potential values further
away from zero, between +30 and +40 mV indicative of a
stable nanoparticle system.”® The PDI recorded for the CTT
nanosystem was lower than that of pure SPIONs (0.4 + 0.1)
previously reported,”” indicating the effect of surface coating

with 10E, 127 CLA. Essentially, SPIONSs tend to aggregate due
to their magnetic behavior and therefore require to be surface-
modified to limit aggregation.”’ Various surface-coating agents,
including related fatty acids such as oleic and linoleic acids,
have been employed to circumvent SPION aggregation.””*°

The average hydrodynamic size recorded for the CTT
nanosystem was 99.4 + 2.0 nm (Figure 2a), which is an ideal
size for application in NSCLC. It is reported that nanocarriers
with a diameter range of 10—100 nm are ideal for lung tumor
penetration; meanwhile, carriers above 100 nm may be subject
to removal by alveolar macrophages.”> As such, maintaining a
size of not more than 100 nm was crucial in the present study.
The size, zeta potential, and PDI deviations were monitored
throughout the formulation process and involved modifications
(i, CLA coating and PTX loading). Accordingly, the size,
zeta potential, and PDI of the CLA-coated PTX-SPIONs were
96.5 + 0.6 nm, —27.3 + 1.9 My, and 0.1 + 0.02 PDI,
respectively. TEM characterization further supported that the
size of the final CTT nanoformulation was in the nm range and
confirmed that the CTT nanosystem exhibited a quasi-
spherical shape (Figure 2b).

TEM analysis was ideal in this regard compared to scanning
electron microscopy (SEM) since SEM did not give the best
resolution of the nanoparticles. Accordingly, the presented
TEM micrograph was captured at 7000X magnification from
isolated nanoparticles to clearly show the overall shape. The
shape could be associated with carboxylic functionalization
with DMSA, through which the DMSA short chains impart a
quasi-spherical conformation on iron oxides.”> It has been
reported that the shape of the nanoparticles may influence
their cellular uptake and biodistribution,>* and as such, the
quasi-spherical shape of the CTT nanosystem may influence
the cellular uptake of the nanosystem.

Evaluation of Chemical Functionality and Trans-
formations toward Formulation of the CTT Nano-
system. The evaluation of chemical functionality of the
constituents of the CTT nanosystem and transformations
thereof was beneficial in ascertaining the successful formation
of the desired CTT nanosystem. FT-IR spectroscopy was
chosen as the technique of choice for precise deconvolution of
chemical bond transformations toward the formation of CTT
nanosystem, owing to its robustness in bond characterization
compared to other techniques.**® Importantly, this allowed us
to discern the chemistry involved in the formulation of the
nanosystem and ultimately verify our fabrication methodology.
Accordingly, the spectra from the FT-IR spectroscopy analysis
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Figure 2. (a) Representation of characteristic physical features of CTT nanosystem depicting the average hydrodynamic size distribution from DLS
measurement and (b) TEM micrograph on a scale bar of 150 nm (7000X magnification) showing a quasi-spherical shape of the formulated CTT
nanosystem (red circle). The TEM micrograph supported the size measurement from the DLS record, confirming that the particles were in the nm

range and <150 nm (within scale bar).

702 https://doi.org/10.1021/acsomega.3c06489

ACS Omega 2024, 9, 700-713


https://pubs.acs.org/doi/10.1021/acsomega.3c06489?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06489?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06489?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06489?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(a)

(b)

: . coo
= . -
—_ —_ = h~\ ' Jl -
53 2 = \ no
3 3 3 ./ { | ']]
§ - s s ) [ ‘f‘
£ E E ‘ T | l
E £ E !
g ._.-a"'\_/ E SH g / Hl]’ Il I
-OH || |
FeO —
T T T T T T L) o ) V! L) \
P . VO VAL TS Y P P . YA R SR % 4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm—7) Wavenumber (cm—1) Wavenumber (cm—')
] ( ) £=0 R'C(=0)NHR
z :
g 3
£ | NH, §
E k]
- E
5 - g
- -C-N s
=
1 [ FeO
4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm—7)

Wavenumber (cm—7)

Figure 3. FT-IR spectra showing chemical functionality mappings of (a) CLA-coated PTX-SPIONS, (b) only DMSA, (c) carboxylated (DMSA)
CLA-coated PTX-SPIONs, (d) CTT peptide, and (e) final CTT nanosystem.

are presented in Figure 3a—e. The spectra for pristine SPIONSs,
10E, 12Z CLA, and pristine PTX can be found from our
previous publication.”” The characteristic peaks of PTX (1244
and 3479 cm™', attributed to ester and —OH groups,
respectively) and those of 10E, 12Z CLA (1403 cm™' and
~2922-2852 cm™!, belonging to CH; bending and sym-
metrical/asymmetrical CH, stretches), as well as iron oxide
(FeO = 580 cm™') were evident in the CLA-coated PTX-
SPION spectrum (Figure 3a),”% confirming the coating with
10E, 12Z CLA and PTX loading onto SPIONS.

Likewise, major peaks at 1685 and 2561 cm™" (belonging to
—C=0 of the carboxyl groups and —SH of the thiol groups,
respectively)®® were present in the spectrum of DMSA (Figure
3b). A split and a shift in the DMSA peak (—C=0) from
1685 cm™ to around 1680—1675 cm™ (red marker) could be
seen in a DMSA-functionalized CLA-coated PTX-SPION
spectrum (Figure 3c), attributed to carboxylate ion (COO™)
vibrations when DMSA is linked onto SPION surface via the
carboxyl group.’®*® The pure CTT peptide (Figure 3d)
exhibited characteristic peaks for terminus primary amine
(=NH, = 3280 cm™"), —C=0 stretches (1625, 1518 cm™"),
and peptide bond stretch (C—N=1199—1134 cm™').*’ The
conjugation of CTT and the overall formation of the CTT
nanosystem was supported (Figure 3e) by the presence of
characteristic peaks of all constituents (red rectangular
markers) in the spectrum, with a visible amide II bond at
~1570 cm™' (dotted rectangular marker) emanating from
CTT conjugation via —NH, onto the reactive COO™ from
DMSA (Figure 1) and a wide peak at 3278 cm™" (red dotted
circle) belonging to the —N—H stretch from the new amide II
bond formed from CTT conjugation.

In Vitro Release Profile of PTX from the CTT
Nanosystem. The release of PTX from the CTT nanosystem
was evaluated over 24 h, and the attained profile is presented in
Figure 4. Varying levels of release were recorded at different
pH profiles, suggesting smart pH-responsiveness of the
nanosystem. Accordingly, a sustained and maximal release of
PTX was observed at pH 6.8; meanwhile a comparatively lower
release was recorded at physiological pH 7.4. An initial release
of nearly 30% (1 h) was recorded at pH 6.8, with a continuous
release up to a maximum of 99.2% at 16 h. Contrary, an initial
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Figure 4. A 24 h PTX release profile at pH 6.8 and pH 7.4. A highly
favored release at pH 6.8 could be observed compared to pH 7.4.
Data computed as mean + SD, sampled in triplicates.
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release of only 10.4% PTX could be recorded at pH 7.4,
reaching a maximal release of only 19.9% at 24 h, even lesser
than that recorded at 1 h at pH 6.8. Essentially, the favored
release at pH 6.8 could be associated with breaking of
hydrophobic interactions between PTX and CLA at acidic
conditions over time. Related studies have reported similar
observations when PTX was loaded onto hydrophobic oleic
acid and glycerol monooleate and found that hydrophobic
interactions are not permanent and are rapidly weakened at
acid pH.>**'

Evaluation of Antiproliferative Activity of the CTT
Nanosystem from the A549 Cell Viability Study. The
antiproliferative effect of the CTT nanosystem on AS549 cells
was ascertained by the determination of viable cells post
treatment. Figure 5 presents the viability assessment at

X%k *%k% X%k

100 -

80 1

60 -

% Cell viability

25 50

Conc. (ng/ml)
mUntreated mPTX = CLA-coated PTX-SPIONs@CTT

100

Figure S. Viability assessement of AS49 cells at predetermined
treatment concentrations of CLA-coated PTX-SPIONs@CTT (CTT
nanosystem) and PTX (positive control). Cell viability (%) was
computed after 72 h of incubation and is shown as mean + SD of
triplicate analyses. (*** denotes p < 0.001, statistically significant
against treatment groups, * denotes p < 0.0S, statistical significance
between PTX and CTT nanosystem at specified concentrations, and #
denotes p < 0.0S, statistical significance among CTT nanosystem
concentrations).

different concentrations. A concentration-dependent antiproli-
ferative activity was recorded, attaining % cell viability of 18.5,
15.2, and 12.4% at 25, 50, and 100 pg/mL, respectively. A
decline in the number of viable cells with an increase in the
treatment concentration is representative of a potent
anticancer medicine and correlates with previous studies that
have reported a dose-dependent cellular cytotoxicity from
various PTX nanoformulations in NSCLC."”*’ The cell
viability data obtained are comparable to the findings from
our previous study, where CLA-coated PTX-SPIONs were
shown to improve the antiproliferative effect of pristine PTX
by almost 3 folds,” and the similar experiments were repeated
in the present study, with pristine PTX as a positive control
exhibiting % cell viability of 31.2, 26.5, and 20.2% at
corresponding 25, 50, and 100 ug/mL concentrations,
respectively.

In contrast, the % cell viabilty from the CTT nanosystem
was found to be <20% at all specified concentrations. The low
% cell viability recorded translate to the enhanced antiprolifer-
ative action of the CTT nanosystem. Moreover, the ICy, for
the CTT nanosystem after 72 h exposure was computed to be
0.58 pg/mL, and for pristine PTX, it was 0.96 ug/mL. This
supported the significantly increased antiproliferative activity of
the CTT nanosystem compared to PTX. Likewise, an ICg, of
0.9 pg/mL has been previously recorded for PTX on AS49
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cells, indicative of the comparable cytotoxicity of the tested
PTX in the present study.™

Cellular Uptake of the CTT Nanosystem by A549
Cells. A good cellular uptake of the CTT nanosystem by the
AS49 cells was observed. The cells were identified through
nuclei visualization by DAPI staining (blue fluorescence)
(Figure 6a), and CLA-coated PTX-SPIONs@CTT were
tracked through fluorescein S$(6)-isothiocyanate (FITC)
excitation (green fluorescence) as they were labeled with the
probe (Figure 6b). A high accumulation of CLA-coated PTX-
SPIONs@CTT (green fluorescence) closest to the nuclei
(blue fluorescence) compellingly indicated uptake of the
nanoformulation by the cells (Figure 6c). This was
qualitatively higher than the uptake observed from the
nonfunctionalized nanosystem (without CTT) (Figure 6d).
The high uptake of the CTT nanosystem by A549 cells could
be presumed to emanate from the affinity of CTT to the
proteolytic MMP-2 enzyme secreted by the migrating cells,
allowing the nanosystem to recognize and penetrate the cells.**
Meanwhile, the limited uptake observed from the non-
functionalized nanosystem could be primarily due to the lack
of targeting ability. Additionally, the high cellular uptake
observed in the present study could be directly linked to
improved antiproliferative action demonstrated by the
formulated CTT nanosystem on AS549 cells (Figure S).
Accordingly, a sufficient concentration of the nanosystem
was internalized and reached the nuclei of A549 cells, eliciting
cytotoxic effects on the nuclei and resulting in cellular death.
Some studies report nuclei rupture as a common event when
sufficient cytotoxic agents are taken up by cancerous cells and
reach the nuclei.”*

Assessment of MMP-2 Targeting and Secretion
Levels by ELISA. Secretion levels of MMP-2 by human
dermal microvascular endothelial (HMEC-1) cells were
detected and quantified from the cell culture media using a
human MMP-2 ELISA kit. The endothelial cells were
appropriate for this study as they are involved in blood vessel
formation and secretion of signal factors involved in angio-
genesis, such as MMP-2."? Presented in Figure 7 is the MMP-2
concentration plot from untreated cells as well as cells treated
with antiangiogenic peptide functionalized (CTT nanosystem)
and nonfunctionalized (CLA-coated PTX-SPIONs) nano-
formulations. A highest MMP-2 concentration (1.68 ng/mL)
was recorded from untreated cells; meanwhile, the lowest
concentration (0.47 ng/mL) was recorded from cells
incubated with the formulated CTT nanosystem. Incubation
with CLA-coated PTX-SPIONs resulted in concentration
levels of 1.55 ng/mL. Higher MMP-2 secretion levels could
be expected from untreated cells, indicative of normal
uninterrupted endothelial cell growth. Endothelial cells secrete
MMP-2 to facilitate the removal of matrix barriers and initiate
signaling pathways that promote cell growth, including
angiogenesis.

A significant variation in MMP-2 secretion levels between
cells treated with the CTT nanosystem and cells treated with
CLA-coated PTX-SPIONs was an interesting revelation.
Essentially, the nonfunctionalized CLA-coated PTX-SPIONs
were solely employed for comparison with CLA-coated PTX-
SPIONs@CTT to discern the activity of the CTT peptide on
MMP-2 targeting. Accordingly, the lower MMP-2 secretion
levels recorded from the CTT nanosystem treatments
compellingly confirmed the MMP-2 targeting ability of the
peptide, resulting in MMP-2 arrest at active sites and
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Figure 6. Visualization of cellular uptake and internalization by AS49 cells. Micrograph (a) shows nuclei of AS49 cells as visualized by DAPI
staining and (b) shows CTT nanosystem (FITC-labeled) tracking, while (c) is the overlay of (a, b) showing the cellular uptake of the formulated
CTT nanosystem, and (d) is the cellular uptake of the nonfunctionalized (without CTT) nanosystem. The difference in the uptake of the CTT
nanosystem (c) vs nonfunctionalized nanosystem (d) is attributed to the lack of MMP-2 targetability in the latter. The untreated control cells were

also visualized, showing only the nuclei of cells (data not presented).
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Figure 7. MMP-2 secretion levels from HMEC-1 incubated without
and with CLA-coated PTX-SPIONs, and CTT nanosystem quantified
by the ELISA kit. Data are presented as mean + SD (* denotes p <
0.0S against CLA-coated PTX-SPIONSs and untreated).

inactivation of these endopeptidases that would promote
angiogenesis under normal circumstances and tumor angio-
genesis in cancers. Meanwhile, nonfunctionalized CLA-coated
PTX-SPION treatments yielded elevated MMP-2 levels, which
were comparable with untreated control cells, indicating that
the nanoformulation had negligible effect on MMP-2 secretion.
However, a slight change to 0.92 ng/mL could be the result of
cells experiencing mild shock from the introduction of a
foreign substance (CLA-coated PTX-SPION).

MMPs are largely implicated in cancer as an enabler of
tumor angiogenesis.11 Generally, inhibitors of MMPs, both
endogenous and synthetic, have been studied on various
cancers and shown to suppress angiogenic responses in vitro
and in vivo.**™* However, most of these inhibitors are only
selective for a general class of MMPs and lack specificity for
individual MMP family members.”” Therefore, a better
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understanding of specific MMPs and corresponding inhibitors
with precise targeting capabilities has been called for in
antiangiogenic approaches. Likewise, in this study, we have
identified and demonstrated in an endothelial cell line
(HMEC-1) that CTT is a potent and specific MMP-2
inhibitor. Although this has been achieved in vitro, an in
vivo evaluation of MMP-2 secretion levels would be ideal to
further substantiate the MMP-2 targetability of the CTT
nanosystem.

Antitumor Activity of the CTT Nanosystem on a Lung
Tumor Xenograft Mouse Model. Evaluation of the
antitumor activity of the formulated CTT nanosystem was
successfully carried out on the developed SC lung tumor
xenograft nude mouse model. Nude mice are generally
considered ideal for the development of cancer models since
they present with a compromised immune system with
increased susceptibility to tumor formation.'”*” In the present
study, tumors could be visualized as early as 20 days post
inoculation. The recorded tumor volumes (mm?®) post
treatment are presented in Figure 8a. Expectedly, tumors
from the control mice that received only phosphate-buffered
saline (PBS) exhibited enormous growth and reached 1484.7
mm? at the end of the study. The enormous %rowth could be
associated with the robustness of A549 cells.”

Meanwhile, tumors from mice treated with the CTT
nanosystem had their growth significantly regressed compared
to all other groups.

A tumor growth inhibition rate (%TGI) of 69.7% was
recorded from tumor-bearing mice treated with the CTT
nanosystem. Treatment with nonfunctionalized CLA-coated
PTX-SPIONS also showed a promising antitumor activity, with
%TGI of 52.8%. Contrarily, treatment with comparator Taxol
resulted in mild regression with %TGI of only 26.3%. A vivid
depiction of growth differences in tumors from the mice is
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Figure 8. Assessment of antitumor activity depicted by (a) tumor volumes and (b) excised tumors at the end of the study, where (i) are tumors
from the PBS cohort, (ii) Taxol cohort, (iii) CLA-coated PTX-SPIONs cohort, and (iv) CTT nanosystem cohort. In frame (a), days 0, 4, 8, and 12
are treatment cycles (1—4) and days 16 to 20 are the observation period. Tumor images in frame (b) clearly shows the variation in sizes
corresponding to growth inhibition in vivo. (Data displayed as mean =+ SD of sample size n = 3, where * denotes p < 0.0S, **is p < 0.01, and *** is
p < 0.001).

Table 2. Weight Measurements from Tumored Mice at the Beginning of Treatment Until the End of the Study”

groupsb
days PBS Taxol CLA-coated PTX-SPIONs CTT nanosystem
0 24.39 + 0.13 24.36 + 0.12 24.19 £ 0.21 2424 + 0.19
4 24.26 + 0.19 24.28 + 0.26 24.83 + 0.35 25.16 + 0.16
8 23.66 + 0.35 24.25 £ 0.19 24.65 + 0.31 25.12 £ 0.13
12 23.86 + 0.31 23.73 £ 0.22 24.79 + 0.25 24.64 + 0.39
16 23.09 + 0.28 23.83 £ 0.20 24.36 + 0.46 25.04 + 0.50
20 23.00 + 0.27** 2439 + 0.31 25.68 + 0.32 25.76 + 0.10

“Values are Mean + SD, n = 3 (mice exhibiting 10% and more weight loss would be removed from the study as per ethical guidelines). b p<
0.01, statistically significant weight loss compared to day 0.

presented in Figure 8b, where excised tumors were visually activity conferred by the nanosystem. Essentially, an adequate
compared and assessed for growth inhibition. The relatively therapeutic dose of PTX can reach the tumor microenviron-
high antitumor activity of the CTT nanosystem is attributed to ment and penetrate tumors via the nanosystem to elicit
tumor targetability conferred by the CTT peptide, which antimitotic activity and prevent tumors from rapidly dividing.
suppresses MMP-2 activity and halts signaling of angiogenesis, Previously, we had reported that CLA-coated PTX-SPIONSs
thus preventing rampant growth of tumors. Additionally, the enhance PTX antiproliferative action in vitro,”® and the current
combined anti-MMP2 activity with antimitotic activity of PTX findings support these claims as per the results obtained in the
presented by the CTT nanosystem is responsible for the AS549 cell xenograft mouse model. Although Taxol did not
observed tumor regression. demonstrate significant antitumor activity, the dosage
Similarly, the promising antitumor activity of CLA-coated employed was shown to be tolerated as no eminent side
PTX-SPIONS is associated with the enhanced PTX anticancer effects, such as major weight loss, were observed during the
706 https://doi.org/10.1021/acsomega.3c06489

ACS Omega 2024, 9, 700-713


https://pubs.acs.org/doi/10.1021/acsomega.3c06489?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06489?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06489?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06489?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Figure 9. Histopathological assessment of tumors from (a) PBS control mice and mice that received treatment with (b) PTX, (c) CLA-coated
PTX-SPIONS, and (d) CTT nanosystem. Tumor sections (c,d) show neoplastic degeneration (red arrows) emanating from treatment with our
nanoformulations, more pronounced from treatment with the CTT nanosystem. Micrographs captured at 100 ym plane, 6.3X magnification, H&E

stain.

study. Essentially, the maximum tolerated dose of Taxol has
been determined to be 20 mg/kg.”’ Commonly, the overall
weight loss from the adipose tissue and the skeletal muscle is a
primary indicator of manifestation of cancer and a side effect
reported from chemotherapy in mice studies.'”**" Presented
in Table 2 are the recorded body weights throughout the
study. A control group (PBS) exhibited significant weight loss
(~5%) toward the end of the study due to rapid progression of
the cancer.

Histopathological Analysis of Tumors from Treated
and Untreated Mice. A histopathological analysis of tumors
was primarily carried out to assess any structural variations
afforded by different treatments and further discern organelles
possibly affected by the treatments. Presented in Figure 9 are
micrographs of tissue sections of tumors from the PBS, Taxol,
CLA-coated PTX-SPION, and CTT nanosystem cohorts. A
multifocal inflammation around muscle fibers, linked to
aggressive tumor growth, was observed in tumors from the
PBS cohort (Figure 9a). Inflammation is often associated with
promoting various stages of tumorigenesis,”~ and such could be
inferred from the obtained micrographs. Additionally, about 29
mitosis could be identified from the tumor in 10-high-power-
fields/2.37 mm® Tumors from Taxol-treated mice presented
with a cystic space and scattered loose blood cells with a
decreased mitosis count of 17 identifiable mitosis in high-
power-fields (Figure 9b). The slight reduction in mitosis count
could be associated with PTX antimitotic activity and
correlates with the mild tumor regression observed from
PTX treatment in Figure 8.

Tumors from mice treated with our nanoformulations
(Figure 9¢,d) exhibited notable histological differences from
tumors of mice treated with pristine PTX and mice that
received PBS. Accordingly, areas of degeneration were present
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in the tumors (red arrows), more apparent in tumors from
mice that received the CTT nanosystem, amounting to over
60% of the mass. Moreover, a significant decline in the mitosis
count was recorded, with only 10 and 5 mitosis present in
tumors from mice that received CLA-coated PTX-SPIONs and
CTT nanosystem, respectively. The low mitosis counts
recorded from treatments with our nanoformulations could
be attributed to the enhanced activity of PTX as an antimitotic
agent, when in nanoformulation rather than in pristine form.
The significant degeneration of neoplastic cells arising from
treatment with the CTT nanosystem could be linked to the
inhibition of angiogenesis through MMP-2 arrest by the
nanoformulation, which limited the formation of new blood
vessels and meant that neoplastic cells could no longer get
nourishment (i.e., oxygen and essential nutrients) required for
growth and ended up deteriorating. In essence, this supports
the notion that MMP-2 is an important factor in the
promotion of tumor angiogenesis.

Pharmacokinetics Profile of PTX in Plasma. Pharma-
cokinetics (PK) evaluation was carried out to assess the
absorption and circulation profiles of PTX when in the CLA-
coated PTX-SPIONs@CTT nanoformulation. Essentially, an
ideal nanomedicine should be able to afford the active
pharmaceutical ingredient's adequate absorption circulation
time in the body for eliciting desired therapeutic action.””>*
Accordingly, single SC injections of the CTT nanosystem and
comparator Taxol were administered in mice, and PTX
concentrations were quantified from plasma. The PK profile
is shown in Figure 10, and PK parameters are listed in Table 3.
A relatively high plasma concentration of 19.7 pug/mL was
recorded at 0.5 h of Taxol injection; meanwhile, 15.2 pug/mL
was recorded at the same time point for CLA-coated PTX-
SPIONs@CTT. This suggested that PTX in the nano-
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Figure 10. PK profile of PTX from plasma following a single SC
administration of commercial Taxol and our formulated CTT
nanosystem. Data are shown as mean + SD, n = 3.

Table 3. PK Parameters of PTX from Taxol and the CTT
Nanosystem in Plasma®

Coax 48/ T  Tip Ky AUC)_4
mL) (h) (h) () (ug/mL.h)
CTT 48.8 + 4.3 4.0 16.8 0.04 659.6
nanosystem
Taxol 32.5 £ 3.7 1.0 9.0 0.07 365.4

“Ky, elimination rate constant; AUC,,, area under the curve
(concentration vs time).

formulation is slowly released and absorbed into plasma when
injected subcutaneously, which correlates with the demon-
strated sustained release in vitro.

Furthermore, comparator PTX reached the maximal plasma
concentration (C,,,,) of 32.5 ug/mL at 1 h, whereas from our
nanosystem, a C,, of 48.8 ug/mL was recorded at 4 h. These
corresponded with a half-ife (T,,,) of 8.9 h from Taxol and
Ty, = 16.8 h from CLA-coated PTX-SPIONs@CTT. The
prolonged half-life and higher C_,, recorded for PTX from the
nanosystem exhibited the ability of the nanosystem to limit the
exposure of PTX to nonspecific binding and presystemic
degradation. Essentially, PTX is known to present with
nonspecific protein binding, enzymatic degradation, and
rapid clearance, which affect its bioavailability.3 Moreover,
the current commercial Taxol enhancer (Cremophor EL;
polyoxyethylated castor oil and anhydrous alcohol) presents
further undesired side effects which need to be averted.*’
Therefore, the formulated CLA-coated PTX-SPIONs@CTT
presents a promising PTX delivery nanosystem as a potential
nanomedicine for NSCLC management.

B CONCLUSIONS

A targeted PTX delivery nanosystem with anti-MMP-2 activity
was successfully formulated, and it exhibited suitable character-
istics for potential application as a potent nanovector of PTX
with tumor targetability in NSCLC. A safe-by-design method-
ology was established to achieve efficient conjugation of the
CTT peptide on surface-modified SPIONs. The formulated
CTT nanosystem exhibited high PTX adsorption efficiency,
site-specific sustained in vitro PTX release, enhanced PTX
antiproliferative activity, and excellent cellular uptake for
potential application as a nanomedicine in NSCLC therapy.
The nanosystem possesses active tumor targetability and
antiangiogenic activity, as supported by a tumor growth

inhibition of 69.7% resulting from neoplastic cell degeneration
in vivo, owing to possible angiogenesis inhibition.

Moreover, the nanosystem depicted a relatively improved
half-life of PTX and prolonged its plasma circulation time
following SC administration. In essence, our formulated CTT
nanosystem exhibits relatively stronger physicochemical
properties (i.e., <100 nm particle size, 98.5% drug adsorption
efficiency, and aqueous stability) and favorable therapeutic
attributes (considering the low dosages employed) compared
to some reported PTX delivery polymeric nanoparticles
designed for NSCLC.”****” Accordingly, the in vitro and in
vivo merits displayed make the nanosystem a potential
alternative candidate for targeted nanotherapy in NSCLC.
Additionally, the magnetic core of the nanosystem, which is
known to have imaging benefits, could be explored in the
future for potential theragnostic application in NSCLC therapy
for guided magnetic resonance imaging to provide precise
diagnosis and treatment.

B EXPERIMENTAL SECTION

Materials. Iron precursors comprising iron(II) chloride
tetrahydrate (FeCl,-4H,0) and (III) chloride hexahydrate
(FeCl;-6H,0), reagents, conjugated (10E, 12Z)-linoleic acid
ethanol solution, DMSA, N-hydroxysuccinimide (NHS), 1-
ethyl-3(3-(dimethylamino)propyl) carbodiimide (EDC),
FITC, paclitaxel (Taxol), and solvents and general chemicals,
dimethyl sulfoxide (DMSO), DMF, PBS tablets, and sodium
hydroxide (NaOH) were procured from Sigma-Aldrich Corp.
(St. Louis, MO, USA). The CTT peptide (95% purity) was
acquired from Peptron Inc. (Daejeon, South Korea). All
solvents were of analytical standard and utilized as obtained.

Formulation of CLA-Coated PTX-SPIONs. CLA-coated
PTX-SPIONs were formulated using an established method by
Ngema et al.’’ Briefly, SPIONs were synthesized via a
coprecipitation technique from an aqueous solution of FeCl,-
4H,0 (0.3 mol) and FeCl;-6H,0 (0.6 mol) under an inert
(N,) atmosphere. Following was the coating of SPIONs with
10E, 127 CLA in a single-step reaction, and the CLA content
on SPIONs was quantified bg TGA (TGA 4000, PerkinElmer
Inc., Waltham, MA, USA).”” PTX was efficiently loaded by
self-assembling onto CLA via spontaneous CLA~PTX hydro-
phobic interaction, facilitating PTX adsorption on the CLA
hydrophobic ends. The amount of PTX used for loading was
fixed at 10% w/w of the nanoparticles. The %AE of PTX and
the %DLC of the nanosystem were determined using UV
spectrophotometry (Cary 50, Varian Inc, Palo Alto, CA,
USA). Briefly, following an established and direct method,*®
the nanosystem was completely air-dried and vigorously
ruptured by probe sonication in S mL of 70% methanol and
filtered for UV quantification at 227 nm, and computation of %
AE and %DLC was performed using formulas 1 and 2,
respectively””*®:

Dq
%AE = — X 100
D, (1)

D
%DLC = — X 100
W, (2)

where D, denotes the amount of drug as quantified by UV
spectrophotometry, D is the amount of drug initially loaded,
and W is the overall weight of formulation in mg.
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Carboxylic Acid Functionalization of CLA-Coated
PTX-SPIONSs. Following a functionalization step by Dilnawaz
et al.,”* the method with adjustments was carried out for the
surface functionalization of CLA-coated PTX-SPIONs. This
involved the addition of carboxylic acid (COOH) groups to
the surface of the SPIONSs to aid the conjugation of the CTT
peptide. Accordingly, CLA-coated PTX-SPIONs (15 mg) were
mixed with 500 pL of 1.6 M DMSA dissolved in DMF and
kept under continuous magnetic stirring (MSHI10, Labcon,
Mogale City, SA) for 20 h. The resulting suspension was
subjected to centrifugation (~14,000 rpm, 10 °C) on a TC-
MiniSpin Centrifuge (TopScien, Ningbo, China) for 30 min
and washed three times with ethanol. The resultant pellet was
lyophilized and analyzed on a FT-IR spectrometer (Spectrum
100, PerkinElmer Inc, Waltham, MA, USA) to confirm
functionalization, and double-titration was performed to
work out acid numbers.”*

Conjugation of CTT to CLA-Coated PTX-SPIONs. CTT
peptide was conjugated to carboxylic acid-bound CLA-coated
PTX-SPIONs using EDC and NHS (EDC/NHS chemis-
try).>**** Briefly, 10 mg of COOH-bound CLA-coated PTX-
SPIONs was added into S mL of PBS (0.01 M, pH 7.4). EDC
and NHS solutions (1 mg/mL in PBS, pH 7.4) were
constituted, and 250 uL of each was introduced into the
sample. The reaction was allowed to proceed with stirring (200
rpm) at ambient temperature for 4 h and precipitated with a
permanent magnet. The supernatant was decanted, and 2 mL
of PBS (0.01 M, pH 7.4) and 200 L of CTT (1 mg/mL) were
added into the pellet and left for 2 h at room temperature
before overnight incubation at 4 °C. Thereafter, upon use of a
magnet, the supernatant was withdrawn, and the resulting
pellet was washed three times with PBS to remove and
determine the unbound peptide. The resultant CLA-coated
PTX-SPIONs@CTT was air-dried at ambient temperature,
and CTT conjugation was confirmed by FT-IR spectroscopy.

Analysis of Chemical Structural Transformations.
Comparative FT-IR spectra of the formulated CTT nano-
system and precursors were recorded and used to infer any
changes in the structural integrity and to identify functional
transformations on the components of the CTT nanosystem.
All spectra were acquired over 20 scans from 4000 to 550 cm™"
at 100 psi pressure.

Determination of Size, Surface Charge, and Overall
Morphology of the CTT Nanosystem. The surface charge
and hydrodynamic size of CLA-coated PTX-SPIONs@CTT
were confirmed by a ZetaSizer (Malvern NanoZS, Panalytical,
Malvern, UK) using a dried sample (10 pg) suspended in
distilled water (1 mL). The suspension was sonicated for S min
before analysis at 25 °C. The hydrodynamic size and PDI were
recorded using a disposable cuvette, and zeta potential was
measured using a special DTS 1070 cuvette. The same sample
was used (aliquot) to ascertain the morphology of the CTT
nanosystem using TEM (FEI Tecnai T12, FEI Technologies
Inc., Hillsboro, OR, USA). A mounting copper grid (200 mesh
with carbon coating) was dipped in the sample and allowed to
dry for TEM analysis.

In Vitro Analysis of PTX Release from the CTT
Nanosystem. In vitro release of PTX from the CTT
nanosystem was investigated over 24 h at pH 6.8 and
physiological pH 7.4.° A suspension of 3 mg of previously
dried CTT nanosystem in buffer solutions (2.5 mL, 0.1 M;
0.1% v/v tween) was pipetted into the SnakeSkin dialysis
membrane (3 500 MWCO). The dialysis membrane was
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submerged in 30 mL of the respective release buffer (pH 6.8
and 7.4). The samples were incubated in an orbital shaker
(LM-530, YIHDER Co., Ltd., Taipei, Taiwan) at 37 °C, with
sampling done over a 24 h interval at t = 1, 2, 4, 8, 12, 16, and
24 h. The sampled volume (2 mL) was analyzed with a UV
spectrophotometer (Cary 50, Varian Inc., Palo Alto, CA, USA)
at 227 nm (PTX absorbance), and the medium was
replenished with 2 mL after each sampling.

Evaluation of Antiproliferative Action on A549
Cancer Cells. A general protocol for cell culturing was
applied to culture lung adenocarcinoma (AS49) cells for the
study.”® Accordingly, a growth medium comprising Dulbecco’s
modified Eagle medium, fetal bovine serum (FBS, 10% v/v),
and 1% v/v penicillin-streptomycin antibiotic was prepared for
growing the cells in a T-25 culture flask at 37 °C and 5% CO,
in a humidified incubator. Cells were allowed to grow to 90%
confluence and then seeded (2.5 X 10* cells/mL, 90 uL each
well) in a 96-well plate and adhered under incubation for over
24 h. Subsequently, the test cells were dosed with 10 uL of
varying concentrations (i.e., 25, 50, and 100 pg/mL) of CLA-
coated PTX-SPIONs@CTT in triplicate prepared in PBS
(0.2% DMSO). Likewise, control cells were treated with
corresponding concentrations of pristine PTX in 0.2% DMSO
in PBS. Thereafter, the cells were incubated for 72 h for cell
viability assessment using a 3-(4,5-dimethylthiazole-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay (MTT Cell
Proliferation Kit I, Roche, Basel, Switzerland). As per a
standard MTT protocol, each well was filled with 10 L of
MTT solution (5 mg/mL), and the plate was further incubated
at 37 °C, 5% CO, for 4 h. A solution of acid-isopropanol
solubilizing agent (100 uL) was introduced to dissolve the
formazan crystals, and the plates were subjected to overnight
incubation (37 °C and 5% CO,). The results were recorded on
a multiplate analyzer (Victor X3, PerkinElmer, Waltham, MA,
USA) at 570 and 620 nm reference wavelengths. The
absorbance readings were used to determine % cell viability
(CV) from eq 3. Blank wells contained only growth medium
and solubilizing agent. The ICy, values were generated using
the standard ATT Bioquest ICs, calculator.

_Atest—Ablank

A

%CV = X 100

control—Ablank (3)
where Ay Aconmop and Ay are absorbance from test,
control, and blank wells in nm.

Assessment on Uptake and Internalization by A549
Cells. The cellular uptake and internalization of the CTT
nanosystem was evaluated using an FITC-labeled nano-
formulation. FITC labeling was achieved through a method-
ology of Kumar and Srivastava (2018), with modifications.*’
Accordingly, 1 mg/mL FITC solution was consituted in
methanol: dichloromethane (50:50) and added into a 5 mL
suspension of 2.5 mg of CTT nanosystem in distilled water.
The sample was allowed to continuously stir, and the solvent
was evaporated in the dark for 20 min at room temperature.
Subsequently, the sample was washed by centrifugation (X3
distilled water) for 15 min at 14 000 rpm and 10 °C (MiniSpin
TC Centrifuge, TopScien, Ningbo, China). FITC-labeled CTT
nanosystem was collected for cell work. The nonfunctionalized
nanosystem was similarly labeled with FITC and compared
with the CTT nanosystem.

Following a standard cell culture protocol, A549 cells were
cultured and seeded in a 6-well plate at S X 10* cells/mL
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seeding density. The wells were fitted with presterilized
coverslips, and each contained 800 uL of cell suspension.
The cells were incubated for 24 h, followed by treatment with a
FITC-CTT nanosystem (200 gL of 1 mg/mL in PBS) and
further 24 h incubation at 37 °C and 5% CO,. Subsequently,
the cells were spiked with SO0 L of paraformaldehyde (PFA,
4%) for 3 min for cell acclimatization. Thereafter, the well
contents were aspirated, a further 1 mL 4% PFA was added per
well, and the cells were incubated for 20 min for cell fixation.
The fixed cells were washed with 1x PBS (2 mL, four times)
before staining with 300 uL of DAPI (300 nM) and incubating
in the dark at room temperature for 5 min. Further four washes
with 1XPBS were done before the coverslips were removed
and fixed on glass slides using cool glycerol (80% v/v) and
allowed to dry overnight. The slides were then analyzed on an
Olympus IXS51 fluorescent microscope, super 40X objective
(Olympus Corporation, Tokyo, Japan), with images captured
at 517 and 416 nm for FITC green fluorescence excitation and
DAPI (blue fluorescence), respectively.

Evaluation of MMP-2 Targeting Activity. An Invitrogen
human MMP-2 ELISA kit was employed to assess the binding
ability of CLA-coated PTX-SPIONs@CTT onto MMP-2 on
HMEC-1. A typicall MCDB 131 medium with special
supplements of 10% v/v FBS, 1 ug/mL hydrocortisone, 10
ng/mL human EGF recombinant protein, and 10 nM L-
glutamine was used to culture HMEC-1 cells in a T-25 flask.
The cells were cultured at 37 °C, 5% CO, until 90%
confluence, and 800 uL of cells were seeded in two 6-well
plates at a seeding density of § X 10* cells/mL and allowed 24
h to adequately adhere. A concentration of 50 ug/mL CTT
nanosystem, CLA-coated PTX-SPIONS, and pristine CTT was
used to treat the experimental cells for 24 h. Post 24 h
incubation, the cell culture supernatant was collected and
immediately subjected to centrifugation for 20 min at 14,000, 4
°C (Eppendorf S415R, Merck, Darmstadt, Germany). The
ELISA analysis was conducted using the supernatant, following
the manufacturer’s protocol. A Victor X3 multimodal micro-
plate analyzer was utilized to read the absorbance at 450 nm.

Establishment of Subcutaneous Lung Tumor Xeno-
graft Model. Female Athymic nude mice (MF1-nu/nu; 4—6
weeks old; 18—22 g) were acquired with approval from the
University of the Witwatersrand’s Animal Research Screening
Committee, ethical certification number 2020/11/01/B. Mice
were first anaesthetized with isoflurane gas (2% in oxygen) and
then subcutaneously injected with 3.9 X 10° A549 lung cancer
cells in PBS at the right flank, with each mouse receiving S0 L
of the suspension. The mice were housed under controlled
temperature and humidity on a 12 h light/dark cycle with food
and water provided ad libitum. Tumors developed after 20
days and were routinely measured using a digital caliper until
the desired volume (90—100 mm?®) was reached and treatment
could commence.

Evaluation of Antitumor Activity of the CTT Nano-
system. Mice with solid tumors were treated with prepared
doses of the CTT nanosystem, CLA-coated PTX-SPIONSs, and
a comparator PTX (Taxol), while a placebo group received
only PBS. Mice were randomly grouped into four groups (n =
3) and injected (SC; 20 mm away from tumor) with 100 uL
corresponding to a dosage of 12 mg/kg CTT nanosystem,
CLA-coated PTX-SPIONSs, and 1.2 mg/kg Taxol (tolerated
dose corresponding to 10% PTX in our formulation,
accounting for ~10% DLC). Meanwhile, a placebo group
received 100 uL of PBS. The sample size (n = 3 per group) was
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adopted from previous reports'®®’ to adhere to ethical

regulations and obtain reliable and statistically sound data.
Mice received injections every 4 days on days 0, 4, 8, and 12."
Tumor volumes and animal weight were measured before
every treatment cycle and every 4 days after each cycle until
the last day of the study (day 20). Tumor growth inhibition
rate (%TGI), measured relative to the control/placebo group,
was determined at the end of the study. On day 20, the mice
were humanely euthanized and tumors excised for further
analysis.

Tumor Histopathological Assessment. Excised tumors
were timely placed in 10% neutral buffered formalin and
thereafter carefully transferred into paraffin for sectioning (4—S
um). The tissues were stained with hematoxylin and eosin
(H&E staining), and histology analysis was conducted.

Plasma PK. Mice were randomly grouped into three groups
(n = 3) and accordingly received a single SC injection of 12
mg/kg CTT nanosystem, 1.2 mg/kg Taxol, and 100 uL PBS
for the control group. Mice were humanely euthanized at
different time points, namely, t = 0.5, 1, 4, 8, and 24 h. Blood
was acquired via cardiac puncture into microcentrifuge tubes
flushed with heparin, then centrifuged at 11,000 rpm for 15
min, 10 °C (MiniSpin TC Centrifuge, TopScien, Ningbo,
China), and plasma collected for extraction and high-pressure
liquid chromatography (HPLC) analysis (Flexar LC UV/vis,
PerkinElmer Inc., Waltham, MA, USA). A liquid—liquid
extraction method was adopted, and samples were analyzed
using a validated HPLC method.®”

Statistical Analysis. GraphPad prism 9 was utilized to
perform two-tailed Student’s t-test for data analysis (GraphPad
Software, Inc., San Diego, CA, USA). Criteria for statistically
significant data were set at p < 0.0S. Data collected for three
data points (n = 3) are represented as mean values + standard
deviation.
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