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Abstract: Gold nanoparticles (AuNPSs) have attracted interest owing to their widespread biological and
technological applications. AuUNPs can enhance the targeted delivery of photosensitive and therapeutic
material to tumor cells. Curcumin, a bioactive secondary metabolite isolated from Curcuma longa,
exhibits favorable pharmacological properties, enabling synergistic activity with the therapeutic cargo.
This study aimed to determine the optimal concentration of curcumin needed to produce curcumin-
capped AuNPs that would best deliver FLuc-mRNA to cervical cancer cells in vitro. AUNPs were
reduced using varying concentrations of curcumin, functionalized with poly-L-lysine (PLL) for mMRNA
binding, and stabilized using polyethylene glycol. Nanoparticle characterization using UV-vis and
Fourier-transform infrared spectroscopy confirmed the synthesis and functionalization of the AuNPs.
Nanoparticle tracking analysis (NTA) and transmission electron microscopy (TEM) confirmed the
presence of spherical AuNPs of a favorable size for gene therapy. Adequate compaction and nuclease
protection of the mRNA by the AUNPs was evident using binding and nuclease protection assays.
Significant transgene expression was observed using the luciferase reporter gene assay, while the 3-
(4,5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium bromide (MTT) assay revealed high cell viability
(77%) in vitro. Overall, 1 mM curcumin-capped AuNPs demonstrated the most favorable attributes of
a gene delivery vehicle to be considered for future studies.
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1. Introduction

Cancer is the second leading cause of death worldwide, with an annual incidence and
mortality rate of 18.1 million and 9.6 million, respectively. Cervical cancer (CC) is the fourth
most common cancer in women globally, with an estimated 570,000 novel cases and 311,000
deaths annually [1]. Despite the many advances in cancer therapy, the disease's incidence and
mortality have not declined in the past 30 years [2-3]. Recent advances in nanomedicine have
created a niche for the development of anticancer strategies which target the tumor
microenvironment (TME) to inhibit tumor development, progression, and metastasis without
causing severe side effects [4].

In addition to physical and chemical nanoparticle (NP) synthesis, green synthesis using
bioactive plant compounds has shown great potential in reducing metal ion precursors to NPs.
Several anticancer agents with various modes of action have been extracted from plant sources,
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including Croton sparsiflorus, Ledebouria revoluta, Nigella sativa, and Curcuma longa [3,5-
7]. Among these biological extracts, curcumin, the principal curcuminoid obtained from the
rhizomes of C. longa, was first isolated in 1870. Curcumin has received immense attention in
the past two decades due to its biological properties such as antioxidant, hypotensive, anti-
inflammatory, anticoagulant, antifertility, antiulcer, antimicrobial, antivenom, antifibrotic,
antimutagenic, antidiabetic, anticarcinogenic and most importantly, anticancer activities [8].
Curcumin induces apoptosis while inhibiting the proliferation and invasion of tumors by
suppressing various cellular signaling pathways [9].

However, despite the anticancer properties of curcumin seen in thyroid, prostate, lung,
liver, myeloma, pancreatic, melanoma, colorectal breast, and cervical cancer, the use of this
multi-functional biomolecule is limited. This is due to curcumin's low cellular uptake and poor
aqueous solubility, resulting in its poor chemical stability and oral bioavailability [10-13].
Decreasing the size of the curcumin improves its solubility and, as a result, bioavailability,
which is the aim of most studies to date. This has led to the formulation of organic or inorganic
NPs enveloped by curcumin. Curcumin-capped NPs reduce the amount of the therapeutic
component needed, which improves therapeutic indices while reducing toxicity [14, 15].

Gold NPs (AuNPs) serve as potential therapeutic gene delivery vehicles due to their
favourable properties such as ease of manufacturing, tunable stability, resilience, low
cytotoxicity, biodegradability, biocompatibility, protection of the gene from systemic
degradation, and amenability to surface modification [16,17]. Rejinold et al. demonstrated
targeted delivery of therapeutic agents and enhanced apoptosis in colon tumor cells using
curcumin-reduced and capped chitosan-AuNPs [18]. Similarly, curcumin-capped AuNPs
effectively induced apoptosis in prostate and renal cancer cells [13,19]. Curcumin’s antioxidant
property facilitates the reduction of the gold salt to produce AuNPs [12]. Further stabilization
of the AuNPs can be obtained by functionalization with polymers such as poly-L-lysine (PLL)
and polyethylene glycol (PEG) [20,21]. PLL is a cationic polymer that electrostatically binds
to the negatively charged phosphate backbone of the nucleic acid [22]. The use of PEG
(PEGylation) enhances the therapeutic effect of the gene by reducing rapid renal clearance and
prolonging in vivo circulation time by preventing opsonization and removal by the
reticuloendothelial system (RES) [21,23]. This study examined varying concentrations of
curcumin to synthesize AuNPs, to optimize the safety and delivery of FLuc-mRNA to human
cervical carcinoma (HeLa) cells in vitro.

2. Materials and Methods

2.1. Materials.

Sodium dodecyl sulfate (SDS, Mw: 288.37 g/mol), ethidium bromide (EB) (10 mg/ml)
solution, ethylene diamine tetra-acetic acid disodium salt (Mw: 372.24 g/mol, EDTA),
phosphate-buffered saline tablets (PBS), tris (hydroxymethyl) aminomethane (Tris base, Mw:
121.14 g/mol), and trisodium citrate dehydrate (Mw: 294.20 g/mol) 2-[4-(2-hydroxyethyl)
piperazin-1-yl] ethane sulphonic acid (HEPES), 3-(4,5-dimethylthiazol-2-yl)-2.5-
diphenyltetrazolium bromide (MTT), and bromophenol blue (Mw: 669.96 g/mol), were
obtained from Merck (Darmstadt, Germany). RNase-free water (1 U/ul, with MnCl,) and
agarose were supplied by Thermo Fischer Scientific Inc. (Waltham, Massachusetts, USA).
Gold (111) chloride trihydrate (Mw: 393.83 g/mol, HAuCl4.3H20), poly-L-lysine hydrobromide
(Mw: 1000-5000, PLL), polyethylene glycol 2000 (PEG), bicinchoninic acid (BCA) Kit,

https://biointerfaceresearch.com/ 2 of 19



https://doi.org/10.33263/BRIAC135.484
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC135.484

curcumin (Mw: 368,38 g/mol), and dialysis tubing (MWCO 12 kDa), were purchased from
Sigma-Aldrich (St. Louis, MO, USA). FLuc-mRNA was produced by TriLink Bio
Technologies, Inc (San Diego, CA, USA). The human embryonic kidney (HEK293) and
cervical carcinoma (HeLa) cell lines were sourced from the American Type Culture Collection
(ATCC) (Manassas, VA, USA) and were used after the second passage. Sterile cell culture
plasticware was procured from Nest Biotechnologies (Wuxi, China), and the Eagles minimum
essential medium (EMEM), trypsin-versene, antibiotics (penicillin (5000 U/ml)/streptomycin
(5000 g/ml), were supplied by Lonza BioWhittaker (Walkersville, MD, USA). Gamma-
irradiated fetal bovine serum (FBS) was obtained from Cytiva Europe GmbH, Vienna, Austria.
The Promega Corporation (Madison, W1, USA) provided the luciferase assay Kit.

2.2. AuNP synthesis.

Four concentrations of curcumin, 0.25 mM, 0.5 mM, 0.75 mM, and 1 mM, were used
to synthesize AuNPs from HAuUCI4. Briefly, a curcumin stock was prepared in DMSO and
diluted to the desired concentrations with 18 MQ water, pH 9.3. The curcumin solution (1 mL)
was added dropwise (5 min intervals) with stirring to 9 ml of HAuCls (1 mM) at room
temperature. The sample was stirred for 2 h and matured in an opaque tube for three days at
room temperature. The sample was then pelleted at 10 000 rpm for 15 min to remove unreacted
curcumin, and the pellet was resuspended in 18 MQ water (Figure 1).

——

Washed at 10 000 rpm
for 15 minat 14 °C.

l HAuCl, Curcumin Extract
£ ; \
g
Curcumin extracted Dropwise addition'of 1 mi carcumi Mature at room
i temperature in the
and Isolated from the solution to 9 mL HAuCL4 (1 mM), daek for 3 days

root of C. longa under constant stirring at room

temperature.

Figure 1. Curcumin-mediated gold nanoparticle synthesis.
2.3. Modification of AUNPs with PLL and PEG.

AUNP-PLL (1:1 ratio) was prepared by gradually adding the AuNP solution to a 1%
PLL solution over 2 h, with constant stirring. The AuNP-PLL solution was dialyzed (MWCO
12 kDa) against 18 MQ water for 2 h to remove any unbound PLL. To produce a 2% (w/w)
AuUNP-PLL-PEG, PEG2000 (1 mg/ml) was added dropwise (3 min intervals) to AUNP-PLL
with stirring over 2 h [21]. Unbound PEG was removed by dialysis, and NPs were stored at
4°C.

2.4. FLuc-mRNA nanocomplex preparation.

To a constant amount of FLuc-mRNA (0.3 pg/ul), varying amounts of each
functionalized AuNP were added to produce increasing weight ratios. This was incubated at
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room temperature for 30 mins to allow for the formation of FLuc-mRNA:AuNP-PLL and FLuc-
MRNA:AUNP-PLL-PEG nanocomplexes.

2.5. Characterization.

Initial confirmation for the formation of the AuNPs and functionalized AuNPs was
obtained using UV-vis spectroscopy. Confirmation was based on changes in their surface
plasmon resonance (SPR) within a 200-700 nm wavelength range using a JASCO-V-730-
Biospectrometer (JASCO Corporation, Japan).

Transmission electron microscopy (TEM) using a Jeol T-1010 TEM (Tokyo, Japan)
was used to assess the dry size and morphology of the NPs and nanocomplexes. For TEM,
carbon-coated copper grids (400-mesh, Ted Pella Inc. Redding, CA, USA) were submerged in
the respective samples and air-dried before viewing and capturing images using a Soft Imaging
Systems MegaView |1l side-mounted 3-megapixel digital camera. The zeta potentials,
hydrodynamic sizes, and polydispersity indices (PDI) of the diluted (1:100 in 18 MQ H20)
NPs and nanocomplexes (at optimally mRNA binding) were determined using nanoparticle
tracking analysis (NTA) (Nanosight NS500, Malvern Instruments, Worcestershire, UK).

Fourier-transform infrared (FTIR) spectroscopy was conducted using a Perkin Elmer
Spectrum 100 FTIR spectrometer in a 4000 - 400 cm™ wavelength range. The stability of NPs
was further evaluated for nine months at room temperature by measuring a change in SPR and
zeta potential.

2.6. Electrophoretic mobility shift assay.

The electrophoretic mobility shift or band shift assay [24] was utilized to determine the
optimum, sub-optimum, and supra-optimum binding ratios (w/w) of the FLuc-mRNA to the
functionalized AuNPs (AuNP-PLL and AuNP-PLL-PEG). Nanocomplexes were prepared
(Section 2.4), with mRNA:NP (w/w) ratios ranging from 1:0 -1:1.4 (Table 1).

Table 1. Preparation of nanocomplexes for the band-shift and nuclease digestion assays.

Components Ratios

1:0 1:0.2 1:04 1:0.6 1:0.8 1:1 1:1.2 1:1.4

mRNA (uL) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
(pg/pl) (0.30) (0.30) (0.30) (0.30) (0.30) (0.30) (0.30) (0.30)

AUuNP-PLL* (uL) 0 0.60 1.20 1.80 2.40 3.00 3.60 4.20
(pg/pl) (0) (0.06) (0.12) (0.18) (0.24) (0.30) (0.36) (0.42)
AUNP-PLL-PEG™ (uL) 0 0.59 1.18 1.76 2.35 294 3.53 411
(ng/ul) 0) (0.06) (0.12) (0.18) (0.24) (0.30) (0.36) (0.42)

Functionalized NPs diluted to a concentration of *0.1001 pg/pL and **0.1021 pg/pL

The positive control used was naked FLuc-mRNA (0.3 pg/upl). Nanocomplexes
containing 2 pl gel loading buffer (40% sucrose and 0.25% bromophenol blue) were added to
their respective wells in an agarose gel (1%, w/v) containing 2 pl of a 10 mg/ml stock of
ethidium bromide (EB). Electrophoresis was carried out for 30 min at 55 V in a Bio-Rad Mini-
Sub® electrophoretic apparatus (Richmond, VA, USA). Gel images were viewed and captured
using a Vacutec Syngene G-Box Biolmaging system (Syngene, Cambridge, UK).

2.7. Ethidium bromide displacement assay.

The EB assay evaluated the extent to which the functionalized AuNPs could condense
and compact the mMRNA [24]. The baseline fluorescence (0%) was first set by measuring the
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fluorescence of EB (2 pl of a 100 pg/mL stock) in 100 pl of HBS in a 96-well FluorTrac flat-
bottomed black plate (Greiner Bio-One, Frickenhausen, Germany) at an excitation wavelength
of 520 nm and an emission wavelength of 610 nm in a GloMax®-Multi Detection System
(Promega BioSystems, Sunnyvale, CA, USA). To this was added 1 pl of mRNA (0.3 pg/ul),
and the observed fluorescence was set as 100%. Aliquots (1 pul) of the respective functionalized
AuNPs were added, and fluorescence was measured until a point of inflection or a plateau in
readings was noted. The relative fluorescence (FR) was calculated as in equation 1 [25], where
Fi is the fluorescence reading after NP addition, FO is the reading of EB with no mRNA, and
Fmax is the reading after mRNA addition.

FR (%) =———x100 (1)

2.8. MRNA protection assay.

The nuclease protection assay indicated the level of protection offered to the mRNA by
the functionalized AuNPs against nucleases under normal physiological conditions [24]. Sub-
optimum, optimum, and supra-optimum nanocomplex ratios (w/w) (Table 2) were assessed.
Nanocomplexes were treated with FBS (10%, v/v) and incubated at 37 °C for 4 h. Nuclease
activity was terminated using 10 mM of EDTA, and the mRNA was liberated from the NPs by
adding 5% (w/v) SDS followed by incubation for 20 mins at 55 °C. Two controls were set up,
a positive control (P) with mRNA only and negative control (N) with mRNA treated with FBS.

Table 2. Sub-optimum, optimum, and supra-optimum (w/w) nanocomplex ratios obtained from the band-shift

assay.
Nanocomplexes Sub-optimal Optimal Supra-optimal
PLL-AUNP%% 1:1 1:1.2 1:14
PEG-PLL-AuUNP02 1:1 1:1.2 1:14
PLL-AuUNPO5 1:1 1:1.2 1:14
PEG-PLL-AUNP%5 1:1.2 1:14 1:.1.6
PLL-AuUNPO™ 1:1.2 1:1.4 1:.1.6
PEG-PLL-AUNP97 1:1.2 1:14 1:.1.6
PLL-AuUNP!? 1:0.8 11 1:1.2
PEG-PLL-AUNP!? 1:0.8 1:1 1:1.2

2.9. MTT cell viability assay

The cytotoxicity of the nanocomplexes was examined in the HeLa and HEK293 cells
using the MTT assay [25]. The cells were trypsinized and seeded into 96-well plates at a density
of 3 x 10° cells per well and incubated for 24 h at 37 °C. The medium was then replenished
with a complete medium (EMEM + 10% FBS + 1% antibiotics) containing the nanocomplexes
at the optimum, sub-optimum, and supra-optimum ratios (in triplicate). Two controls were
used, mMRNA only and untreated cells (used as 100% cell survival). The treated cells were
incubated at 37 °C for 48 h. The medium was thereafter replaced with MTT (10 pL, 5 mg/mL
in PBS) in 100 uL EMEM and cells were incubated at 37 °C for 4 h. Subsequently, the medium
was discarded, and DMSO (100 pL) was added to dissolve the formazan crystals. The
absorbance was measured at 570 nm in a Mindray MR-96A microplate reader (Vacutec,
Hamburg, Germany), using DMSO as a blank.
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2.10. Luciferase reporter gene assay.

Cells were seeded and treated as described in Section 2.9. Two controls, as in section
2.9, were employed. Following the 48 h incubation period at 37 °C, the medium was
disregarded, and cells were washed twice with 100 pL PBS. Thereafter, 80 uL of cell lysis
buffer was added to each well, followed by gentle shaking for approximately 15 mins. The cell
suspensions were centrifuged for 5 s at 12 000 xg. The supernatant (20 pL), together with 100
ML of the luciferase assay reagent in a white 96-well plate, was assessed for luminescence in a
GloMax®-Multi Detection System (Promega BioSystems, Sunnyvale, CA, USA). The
bicinchoninic acid (BCA) assay was used to determine the protein content of the cell lysates.
This was used to normalize the luciferase activity, which was finally reported as relative light
units (RLU) per mg of protein.

2.11. Statistical analysis.

All assays were carried out in triplicate, and the data were presented as means and
standard deviation (SD). The multiple-group comparisons of the means were performed using
a two-way analysis of variance (ANOVA). This was followed by Tukey's multiple comparisons
post hoc test. All statistics were performed using a 95% CI and were considered significant,
*p< 0.05 (significant), **p < 0.01 (highly significant), and ***p < 0.001 (very highly
significant).

3. Results and Discussion

3.1. Synthesis and characterization of AuNPs.

AuNPs have gained much attention due to their widespread biological and
technological applications. Their facile synthesis via green chemistry has gained momentum
[12,16,19]. This paper aimed to optimize the synthesis of spherical AUNPs using curcumin as
the reducing and stabilizing agent. UV-vis spectroscopic studies are one of the essential tools
used to confirm the formation of NPs. Under the UV region, gold NPs display a characteristic
absorbance band due to the excitation mode of their surface plasmons [26]. AuNPs were
successfully synthesized, capped with curcumin, and functionalized with PLL and PEG, as
initially confirmed by the UV-vis spectroscopy in Figure 2. A single peak indicated the
colloidal solution was free of by-products or contaminants [27, 28]. Nanostructured metallic
particles have a free electron abundance which migrates through the conduction and valence
band. This, together with the vibration within the gold metal in resonance with the light wave,
is responsible for SPR [29]. The plasmon bands are broadened with an absorption tail at longer
wavelengths, which may be due to the size distribution of the particles [26].

The curcumin-reduced and capped NPs produced a distinct peak at the maximum
absorbance wavelength of £525 nm [21]. However, the aggregation of AuNPs during the
reduction of its metal salt poses a significant challenge, enforcing the need for stabilization [30,
31]. Redshifts and broader peaks were observed for all the AUNP-PLL and AuNP-PLL-PEG,
indicating successful attachment and functionalization of the PLL and PEG motifs to the
AUNP.
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Figure 2. UV-vis spectra of (a) AuUNP, (b) AuNP-PLL, and (c) AuNP-PLL-PEG synthesized with 0.25 mM, 0.5
mM, 0.75 mM, and 1 mM curcumin.

PLL and PEG polymers have proven to be effective stabilizers of gold NPs. PLL creates
a positive charge around the AuNP, facilitating their binding to nucleic acids and their uptake
by the cell [28, 22]. PEGylation using the non-immunogenic, biocompatible PEG prevents the
immune recognition of the NPs and their opsonization by proteins. PEGylation further protects
the therapeutic agents from immune recognition and prolongs their blood circulation time [32].

Successful functionalization was further confirmed by FTIR, TEM, and NTA [20,21].
FTIR analysis identified the functional groups involved in reducing and capping the AuNPs
(Supplementary Figures S1-S3) [12]. The additional PLL and PEG peaks observed further
indicated successful conjugation of the PLL and PEG moieties. The important peaks are
summarized in Table 3. The asymmetric carboxylate stretching band at 1620-1640 cm™
represented the successful synthesis of AuNPs. The distinct peak at 1525.11 cm™ is the
aromatic rings' stretching vibration, confirming the enolic-H's replacement on the curcumin by
the AuNP. The carbonyl group of the enolic curcumin aids in reducing and capping the HAuCl4
[33,34]. The broad peaks observed at 2930.18 cm™ and 3236.45 cm™ indicate stretching of the
CH and an amide A group corresponding to the PLL conformation. This suggests the successful
conjugation of the PLL [20,35]. Successful PEGylation of PLL-AuNPs was indicated by
stretching of CH2 (2915.93 cm™) and C-O-C (1037.58 cm™) of the PEG chains [21,36].
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Table 3. FTIR spectra of chemically and biologically synthesized and functionalized AuNPs.

Supplementary Figures Wavenumber (cm™) Functional groups
Figure S1 1620-1640 C=0 stretching
Figure S2 3236.45 Amide A

2930.18 C-H stretching
Figure S3 1037.58 C-O stretching
2915.93 C-H stretching

TEM results further confirmed the successful synthesis and functionalization of the NPs
as visualized by an increase in size following the addition of each polymer (Figure 3). TEM
revealed well-distributed spherical and smooth NPs with little or no agglomeration. Studies
have revealed that particle size is essential for the permeation and retention into the TME,
influencing NP-mediated transfection by controlling NP adhesion and interaction with cells
[37]. This study's nanometer-sized particles (< 150 nm) are ideal for gene therapy applications.
TEM analysis revealed NP sizes between 10.58 and 11.86 nm, while the hydrodynamic sizes
(NTA) were significantly larger due to the hydrodynamic shell formed within the colloidal
solution and ranged from 70.0 to 153.9 nm (Table 4). The hydrodynamic sizes of the NPs
increased upon the addition of each polymer. This increase was consistent with the redshift in
the maximum wavelength observed under UV-vis spectroscopy. The TEM images illustrate a
decrease in the size of the AuNPs with an increase in the concentration of curcumin. The size
change could be due to the availability of more functional groups to stabilize the NPs [38,39].
However, variations of the shapes and sizes of the AUNP-PLL-PEG, as depicted by the TEM
(Figure 4C), could be due to the different phytochemicals used in green chemistry [40]. It was
observed that even plants grown in different geographical areas or harvested at different times
could produce bioactive constituents that have slightly varied properties [41].

5 TR
. ‘ ..u .ﬂ'u.;‘.“ »
i) ‘ . ‘ Y ’ .,‘4 %
o® o 0 .- sab. &
- (= v . S ;'& s,
20 nm i 20 nm 9 . 20nm 3 ::’ . . .‘

Figure 3. TEM images of 1 mM curcumin-capped AuNP and their functionalized AuNPs. (a) AuNP, (b)
AUNP-PLL, (c) AUNP-PLL-PEG, and (d) AUNP-PLL-PEG:mRNA. Bar = 20 nm.

The NTA further reported on the zeta potential, which is predictive of the NP's stability
within a colloidal system. The zeta potential measurements (Table 4) indicated that all
functionalized NPs and their nanocomplexes were relatively stable (> 20 mV). The favorable
zeta potential values further inferred the good colloidal stability of the nanocomplexes, which
is essential when they are exposed to the hydrodynamic environment within a host system
[42,43]. The zeta potentials of the curcumin-synthesized NPs were better than that reported
previously for citrate-reduced AuNPs. [21,44]. The polydispersity index (PDI), which indicates
NP size distribution, showed that all AuNPs and functionalized nanocomplexes exhibited low
PDI values. Low PDIs (< 0.1) confer a uniform distribution and size, whereas high indices (>
0.4) represent a broader size distribution and dispersity, increasing the likelihood of
aggregation [20,25,45]. From the results obtained, the NPs displayed favorable sizes for gene
delivery and high zeta potential charges suggesting good colloidal stability. This stability was
further confirmed in 3.2.
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Table 4. TEM and hydrodynamic sizes, zeta potential) and polydispersity index (PDI) of all NPs and
nanocomplexes at optimal binding ratios.

Nanoparticles TEM NTA (n=3)
(n=50)
Nanoparticle Nanocomplex
Size Hydrodynamic Zeta PDI Size Zeta PDI
(nm) £ SE size (nm) = SE Potential (nm) = SE Potential
(mV) + SE (mV) £ SE
0.25 mM Curcumin
AuNP 12.58 + 3.6 70.0+3.8 -24.4+0.2 0.06+0.001 - - -
AUNP-PLL 13.47+£1.8 96.5+1.1 37.1+£0.6 0.03+0.014 1269 +4.3 -34.0+0.2 0.01 £0.019
AUNP-PLL-PEG 1357 +0.6 103+ 246 36.8+0.8 0.155+0.021 | 1382+4.2 | -31.8+6.5 | 0.044+0.008

0.5 mM Curcumin

AUNP 11.89+1.9 64.7 £8.5 -19.6 £5.2 0.092 +£0.041 - - -
AUNP-PLL 12.22 +3.3 1048 +12.1 343+49 0.013 +£0.012 125.7 +5.8 -34.1+14 0.017 +£0.001
AUNP-PLL-PEG 12.87+2.1 147 £ 8.0 36.1+2.8 0.003+0.095 | 1539+7.8 -29.5+5.7 | 0.039 +0.003
0.75 mM Curcumin
AUNP 11.84+2.6 84.3+9.2 -30.2+1.2 0.009 + 0.004 - - -
AUNP-PLL 11.81+0.2 82.7+6.8 315+5.1 0.026 +0.001 | 1035+5.2 -30.8+1.1 | 0.019 +0.009
AUNP-PLL-PEG 125+2.4 1074 +7.2 35.3+4.2 0.016 + 0.008 112.7 £5.8 -29.7+x4.7 0.025 + 0.002
1 mM Curcumin
AUNP 11.89+19 74.4+10.0 -349+0.1 0.018 +0.020 - - -
AUNP-PLL 11.95+ 2.7 73.8+9.3 35.2+0.9 0.016 +0.040 88.8 +2.3 -27.3+2.8 | 0.019 +0.009
AUNP-PLL-PEG 12.19+3.2 120.8 £15.7 375+0.7 0.017 +£0.052 | 1295+6.3 -30.8+5.7 0.16 +0.008

3.2. Stability studies.

It is crucial to consider the stability of these curcumin-capped AuNPs for future in vivo
applications. The stability of the NPs was evaluated by monitoring the change in wavelength
and zeta potential of the NPs over 9 months (Figure 4). The wavelength change was found to
be +5 nm, while the change in zeta potential was less than 3 mV indicating that these NPs were
stable and had a long shelf life which bodes well for their future in vivo use [21]. This
demonstrated long-term stability is essential for therapeutic and economic purposes. The
bioprotective property of curcumin stems from its distinct chemical structure. Several reports
have shown the ability of curcumin to inhibit the generation of free radicals [19,34,46].
Although some studies have suggested optimal molar ratios of 1: 4 for AUNPs synthesis with
a Amax at 528 nm [33,47], our results indicated that the 1:1 molar ratio of curcumin to HAuCl4
with a Amax at 525 nm generated favorable NP sizes, excellent zeta potentials, and good

stability.
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Figure 4. Stability graph for (a) wavelength and (b) zeta potential of curcumin synthesized AuNPs in aqueous
solution over nine months.

https://biointerfaceresearch.com/ 9 of 19


https://doi.org/10.33263/BRIAC135.484
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC135.484

3.3 Band-shift assay.

The application of mRNA in cancer immunotherapy has revolutionized the
pharmaceutical industry by eliminating limitations in recombinant protein synthesis where
desired transient expression is required [48,49]. The band-shift was conducted to determine the
minimum amount (pug/pL) of functionalized and PEGylated NPs that were required to bind to
0.3 pg/pL of mRNA fully. These weight ratios were determined through the electrostatic
interactions between the negatively charged mRNA molecule and positively charged NPs. As
a result, the concentration of the mRNA remained constant, whereas the mass of the NP
increased in uniform intervals until an electroneutral complex was formed, resulting in the
nanocomplex remaining in the well instead of migrating into the agarose gel matrix (Figure 5).

Figure 5. Gel retardation assay of mRNA-nanocomplexes prepared using increasing amounts of NPs (Lanes 2-
8:0.06, 0.12, 0.18, 0.24, 0.30, 0.36 and 0.42 pg) and a fixed amount of MRNA (0.3 pg). Lane 1: Control (0.3 pg
mRNA). AuNP-0.25-PLL (a), AuNP-0.5-PLL (b), AuNP-0.75-PLL (c), AuNP-1-PLL (d), AuNP-0.25-PLL-
PEG (e), AuNP-0.5-PLL-PEG (f), AuNP-0.75-PLL-PEG (g), AuNP-1-PLL-PEG: FLuc-mRNA complexes (h).
Wells labeled in red indicate complete binding.

The ratio at which the minimum amount of NP is needed to bind the mMRNA completely
is referred to as the optimum binding ratio. The ratio below this is referred to as the sub-
optimum binding ratio, and the ratio above the optimum ratio is referred to as the supra-
optimum binding ratio. All NPs were able to bind to the mRNA at relatively low ratios. The
AUNPs synthesized used 0.75 mM and 1 mM curcumin produced low binding ratios (w/w).
Lower binding ratios are significant since high concentrations of gold can induce oxidative
damage to kidney and liver cells in vivo [50,51]. The AuNP-PLL has a higher binding affinity
due to the greater availability of cationic amine groups (positive charges), which
electrostatically bound the negatively charged mRNA [52].

3.4. Dye displacement assay.

In addition to favorable binding, the compaction of the mRNA should be tight enough
to ensure that it does not dissociate prematurely from the nanocarrier and degrade but not too
strong that it would prevent unpacking and lower transfection efficiency [49]. The EB
intercalation assay showed that gradually adding the AuNPs resulted in the displacement of the
EB as the positive charges of the PLL bound to the negative charges of the mRNA. This assay
has been used extensively to examine the ability of the cationic NPs to condense and compact
nucleic acids. EB fluoresces when it intercalates between the bases of the mRNA. This
fluorescence was taken as 100% fluorescence [25]. A stepwise decrease in fluorescence was
observed as the NPs bound to the mRNA, displacing the bound dye (Figure 6). This was due
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to the incremental addition of the NPs, resulting in the conformation of the mRNA structure
changing as it bound to the NPs. Hence, the affinity for the dye was reduced, resulting in a
decline in fluorescence. The functionalized NPs efficiently condensed and compacted the
MRNA at varying degrees [20]. All NPs exhibited a fluorescence decay greater than 50%.
AUNP-PLL displayed a compaction ability of 55 - 97%, whereas the AUNP-PLL-PEG showed
a slightly lower higher compaction ability between 50% and 95%. The 0.75 mM and 1 mM
curcumin AuNPs produced higher compaction.
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Figure 6. Ethidium bromide intercalation assay of functionalized AuNPs. (a) AUNP-PLL and (b) AuNP-PLL-
PEG. Black points and arrows indicate the point of inflection.

3.5 mRNA protection assay.

Under physiological conditions, AuNPs are subjected to various interactions with
biomolecules such as serum proteins. These interactions may affect the NP's stability,
physicochemical properties, or biological responses [21,53]. In this regard, the nuclease
protection assays served to highlight the protective abilities of these AuUNPs to their nucleic
acid cargo. The positive control (P) showed a distinct single band that indicated undigested
mMRNA, while the negative control (N) did not show a band, indicating complete digestion of
the nucleic acid (Figure 7). All nanocomplexes generated a distinct band similar to the positive
control, confirming the ability of the functionalized AuNPs to protect the mRNA [20,37,54],
boding well for in vivo delivery.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

Controls AuNP-0.23  AuNP-0.25 AuUNP-0.5 AuNP-0.3 AUNP-0.75  AuNP-0.75 AuNP-1 AuNP-1
PLL FLL-PEG PLL PLL-PEG PLL PLL-PEG PLL PLL-PEG

Figure 7. The enzyme protection assay of the AuNP: FLuc-mRNA nanocomplexes at their sub-optimum,
optimum, and supra-optimum ratios (lanes 1,2,3 and 4,5,6, respectively). P=positive control (untreated mRNA)
and N= negative control (FBS-treated mRNA).
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3.6 MTT cell viability assay.

Previous reports have shown that AuNPs synthesized by chemical or physical means
have induced significant toxicity to non-malignant cells. Metallic nanoparticles may adhere to
and damage cell walls and membranes due to the steady release of ions [55]. This study,
together with previous literature, confirms that green synthesized NPs have better
biocompatibility than chemically synthesized NPs due to the phytochemicals within the
curcumin producing a non-toxic coating on the AuNPs [9]. The cytotoxicity of the
nanocomplexes was evaluated in the HeLa and HEK293 cells using the MTT (3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium bromide) assay, which measures the metabolic
activity of the cell. The assay converts the yellow MTT salt into a purple formazan product
using the mitochondrial dehydrogenase enzyme found in living cells. The quantity of formazan
product is directly proportional to the number of viable cells and inversely proportional to the
degree of cytotoxicity [21, 56]. The results are expressed as the percentage of cell viability
against the control (100%). Figure 8 shows that all nanocomplexes were well tolerated in the
HeLa and HEK293 cells. The HEK293 cells were used as a model for kidney cells since NPs
tend to accumulate in the kidneys following systematic administration [57]. All nanocomplexes
displayed favorable cell viability (> 88%) in the HEK293 cells, suggesting that they will not
produce renal toxicity in vivo. However, higher toxicities in cancer cells were reported [58,59].
Although the NPs were well tolerated in the HeLa cells, a slight reduction in cell viability (>
70%) was observed, which could be attributed to the anticancer properties of curcumin [60].
Curcumin acts as a blocking agent altering the transcription factors, oncogenes, and signaling
proteins, which facilitates cancer cells' growth and metastasis at different stages of
carcinogenesis [61,62]. Furthermore, the unsaturated heptadiene chain of curcumin inhibits the
transcription factor of nuclear factor-kappa (NF-xB), BCL-2, cyclin D1, c-MYC, and TNFa,
giving curcumin its anticarcinogenic properties [63].
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Figure 8. Cytotoxicity in the (a) HEK293 and (b) HeLa cells. Data are represented as means = SD (n=3).
*p<0.05 and **p<0.01 were considered statistically significant between the corresponding means of each sub-
optimal, optimum, and supra-optimal nanocomplexes and the positive control (Tukey's multiple comparisons

test).

3.7. Luciferase reporter gene assay.

The transfection efficiency of the nanocomplexes was assessed using the luciferase
reporter gene assay (Figure 9). All the nanocomplexes elicited significant mRNA expression
in both cell lines, with the luciferase activity higher than that of mRNA alone. The
nanocomplexes with the best stability and cellular uptake contained 0.75 mM and 1 mM
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curcumin. Nanocomplex properties such as the favorable size, good zeta potential, protection
of mMRNA from nucleases, and low cytotoxicity further enhanced cellular uptake of the
nanocomplexes [21,25]. The PEGylated NPs showed better luciferase activity than their AUNP-
PLL counterparts, with the nanocomplexes containing 1 mM curcumin displaying the best
transfection efficiency in both cell lines. The hydrophilic nature and low surface energy of PEG
can create steric repulsion and form a hydrated cloud around the nanocomplex, allowing it to
evade foreign substances, opsonization, and premature phagocytosis, further increasing its
biocompatibility [32,64]. This promotes successful delivery to the TME by increasing the
circulation time of the nanocarriers within the body [21]. Overall, these AuNPs depicted higher
cellular uptake in HeLa cells than in HEK293 cells, suggesting a degree of cell specificity.

Although the formulation of curcumin-conjugated nanoparticles has tremendously
improved curcumin's bioavailability, there are still several issues to be addressed regarding its
potency and specificity. As a result of the low efficacy, higher doses are required to achieve a
therapeutic response, which increases the adverse effects and reduces patient compliance.
Furthermore, there is a lack of clinical studies to evaluate the safety and efficacy of these
curcumin delivery systems in humans. Current drug delivery systems for curcumin lack cell
specificity. Tissue-specific curcumin delivery would enhance the drug concentration at the
target site, producing higher efficacy (with lower doses of curcumin) and fewer adverse effects.
Cell specificity can be induced by employing targeting moieties such as folic acid (FA), which
has displayed great promise as a stabilizing agent due to its biocompatibility, cell proliferation,
replication control, and synthesis of proteins [25]. Moreover, it has a high affinity toward FA
receptors which are overexpressed in breast and cervical cells [49,54,59,65,66].
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Figure 9. Luciferase activity in (a) HEK293 and (b) HeLa cells. Data are represented as means £ SD (n=3).
*p<0.05 and ***p<0.001, and **p<0.01, considered statistically significant between the corresponding means of
each of the sub-optimal, optimum, and supra-optimal nanocomplexes and the positive control (Tukey's multiple

comparison test).
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4. Conclusions

AUNPs have become increasingly popular due to their appealing physical, chemical,
and biological properties. Their synthesis via green chemistry has gained momentum in recent
years. This research was carried out on a cervical cell model as a proof-of-concept study to
determine which concentration of curcumin used in capping the AuNPs was superior in gene
delivery. The study confirmed curcumin's ability to be solubilized at an alkaline pH without
using any external agent and to reduce and stabilize HAuCls to form AuNPs. The size and
dispersity of the AuNPs can be controlled by varying the concentration of curcumin. All the
synthesized curcumin encapsulated AuNPs were stable for up to nine months under ambient
conditions, allowing them to be stored over long periods, which is attractive for
commercialization. All nanocomplexes were non-toxic, protected the mRNA, induced
favorable transgene expression, and hence showed great potential as vehicles for facilitating
MRNA delivery. The use of mRNA in a vaccine was highlighted during the COVID-19
pandemic, and novel systems such as this are central to furthering their use in vaccinations for
other diseases. Overall, the 1 mM curcumin-capped AuNP demonstrated the highest transgene
expression and would be chosen for further studies. Although there is still limited knowledge
of the long-term risks of curcumin, these curcumin-capped AuNPs provide an exciting prospect
for use in gene or drug delivery studies.
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Figure S1. FTIR spectra of curcumin synthesized AuNP (1ImM).
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Figure S2. FTIR spectra of PLL-AUNPs.
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Figure S3. FTIR spectra of PEG-PLL-AuUNPs.
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