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Colloidal gold nanoparticles (AuNPs) are of interest as non-toxic carriers for drug delivery owing to
their advanced properties, such as extensive surface-to-volume ratio and possibilities for tailoring their
charge, hydrophilicity and functionality through surface chemistries. To date, various biocompatible
polymers have been used for surface decoration of AUNPs to enhance their stability, payloads capacity
and cellular uptake. This study describes a facile one-step method to synthesize stable AuUNPs loaded
with combination of two anticancer therapeutics, -bleomycin and doxorubicin. Anticancer activities,
cytotoxicity, uptake and intracellular localization of the AUNPs were demonstrated in HeLa cells.
We show that the therapeutic efficacy of the nanohybrid drug was strongly enhanced by the active
targeting by the nanoscale delivery system to HeLa cells with a significant decrease of the half-
maximal effective drug concentration, through blockage of HeLa cancer cell cycle. These results
provide rationale for further progress of AUNPs-assisted combination chemotherapy using two drugs
at optimized effective concentrations which act via different mechanisms thus decreasing possibilities
of development of the cancer drug resistance, reduction of systemic drug toxicity and improvement of
outcomes of chemotherapy.

In 2017, approximately 600,920 people were expected to die' because of cancer only in United States. Ovarian
cancer, a one of the deadliest gynaecological malignancy characterized by highest mortality rates, was identi-
fied by the National Institutes of Health (NIH) as a target disease for innovative nanotechnology? solutions.
Human papillomavirus (HPV) infections are attributed to ~70% of cervical cancers®. Gardasil®, Gardasil®-9,
and Cervarix® are clinically approved vaccines for cervical cancer and provide protection against all known HPV
infections®-®. However a lack of vaccination and the fact that vaccines are not distributed worldwide** mean
cervical cancer management remains problematic. Compared to the prophylactic vaccines, surgical resection
followed by chemotherapy is an ineffective treatment for ovarian cancer originating from HPV. Administration
of chemotherapy agents and multidrug resistance primarily attribute to severe side effects® including negative
gynaecological and obstetric outcomes’.

The absence of an anatomical barrier around ovaries® can cause tumor cells to metastasize through the lym-
phatic systems and blood vessels. Surgical resection and systemic chemotherapy affects the drug’s effectiveness.
Hence high chemotherapeutic doses are required to target the epithelial and mucosal membranes of the affected
cells. New treatment strategies against the disease are urgently required to overcome the high toxicity induced by
systemic chemotherapy. For clinical applications the optimizing of appropriate dose of drug is essential in order to
minimize possible side toxicity effects. Gold nanoparticles (AuNPs), as a kind of versatile and generally nontoxic
material®!?, have attracted widespread interest for therapeutic applications in humans'!. On the other hand, few

nstitute of Fundamental and Frontier Science, University of Electronic Science and Technology of China, 610054,
Chengdu, China. 2Materials Science Division, Argonne National Laboratory, Argonne, IL, 60439, USA. 3National
University of Science and Technology (MISiS), Moscow, 119049, Russian Federation. “Nanoscience and Technology
Division, Center for Nanoscale Materials, Argonne National Laboratory, Argonne, IL, 60439, USA. *Department
of Physics, International Islamic University Islamabad, Islamabad, 44000, Pakistan. ®School of Life Science and
Technology, University of Electronic Science and Technology of China, 610054, Chengdu, China. ’Department of
Biological Science, University of North Texas, Denton, TX, 76203, USA. 8Department of Physics, University of North
Texas, Denton, TX, 76203, USA. Correspondence and requests for materials should be addressed to M.U.F. (email:
ufbajwa@yahoo.com)

SCIENTIFICREPORTS| (2018) 8:2907 | DOI:10.1038/s41598-018-21331-y 1


http://orcid.org/0000-0003-2127-2374
mailto:ufbajwa@yahoo.com

www.nature.com/scientificreports/

research groups'>!® have reported of the AuNPs toxicity which is dependent on various factors, such as the parti-
cles size and morphology and effects of environments and, therefore, challenging to predict!*-'8.

Gold nanoparticles (AuNPs), have become highly feasible materials for treating malignant tumors'” owing
to their unique quenching efficiencies?®*!, biocompatibility?>?* and significant surface modifiability**-?°. For
example, Astra Zeneca in partnership with Cytimmune, focused on AuNPs-based nanomedicine in cancer
treatment''. The PEGylated (polyethylene glycol) colloid gold particles based product, Aurimune (CYT-6091)"!
whose nontoxicity has been declared? is under current clinical trials. It can efficiently deliver the tumor necro-
sis factor alpha (TNFa) to tumor sites. Additionally, numerous other AuNPs-based chemotherapy mediators
such as Auroshell?** are striving for success in clinical trials'"?%-3°. AuNPs have promising biocompatibility*>??
along with tuneable physicochemical properties that is very attractive for design of advanced systems for cancer
treatment. In fact AuNPs due to their easy surface modification have been widely studied as drug delivery vehi-
cles®’~* and for targeting® specific cells or tissues. Researchers have developed modified drug delivery systems
based on AuNPs with enhanced in vivo stability and biodistribution®. Biopolymer-conjugated AuNPs are used in
cosmetic products®, delivery systems®, bio marker detection®, biosensing™, diagnostics* and theranostics®>*.
Colloidal AuNPs do not accumulate in the liver, resulting in no hepatic dysfunction in in vivo/in vitro models*'.
Furthermore, AuNPs shielded from phagocytes uptake via coating with PEG brush gradually clear from the
body*! and can be degraded within the cells?>. As multifunctional agents, AuNPs can be utilized for combined
therapy and diagnostics (theranostics) such as for photo thermal ablation of tumors*?, radiation sensitizers** and
in vivolin vitro real time imaging.

Recently hybrid AuNPs have been synthesized using dicarboxylic-terminated PEG by using a one-step tech-
nique®**, Herein, we adopted similar robust approach to synthesize high quality stable bleomycin (BLM) and
doxorubicin (DOX) capped AuNPs. BLM is one of the most effective and readily available anticancer drugs.
While details of BLM mechanism of activity are not completely resolved, it has been demonstrated that it acts
via metal ions-dependent production of reactive oxygen species (ROS) and DNA strand breaks*. Among the
most serious complications of BLM is lung injury*®. Surface-modified anticancer nanocarriers which cause no
or minimal side effects and at the same time provide enhanced drug loading capacity and enhanced blood circu-
lation time are of great interest for cancer therapy. Chemotherapeutic drug efficacy at the tumor site is hindered
either by poor bioavailability or dose-limiting side effects. Therefore, to further overcome these limits, we use a
combination-chemotherapy strategy through adding another drug doxorubicin (DOX) within the same drug
delivery nanocarrier to control the dose-limiting severe side effects. Mechanism of DOX anticancer activity is
believed to include intercalation of its chromophore part between two bases of a cancer DNA, arresting the pro-
cess of replication and therefore inhibition of macromolecules biosynthesis*".

The usage of BLM- and -DOX-decorated AuNPs could be prolonged if controlled and low dosage drug could
be delivered specifically to the target. Moreover, combination of two chemotherapeutics which act via different
mechanisms can reduce risk of evolving drug resistant cancer cells and, in addition, to overcome tumor hetero-
geneity, or “preferable” drug responsiveness of various cells within the same cancer type. We show that BLM- and
DOX- decorated AuNPs exhibit excellent colloidal stability, high drug loading capacity and enhanced cellular
uptake against HeLa cells. The toxicity and therapeutic effectiveness of the nanocarrier were evaluated by flow
cytometry, while cellular internalization was evaluated by laser scanning confocal microscopy (LSCM). Synthesis
of AuNPs decorated with two chemotherapy agents and study of their efficiency to carry anti-cancer drug to the
tumor site and sustainably cure diseases, was the main goal of this study.

Results and Discussion
Here we focused on the development of the following gold nanoparticles-based drug delivery systems: AuNPs
covered by PEG carrying carboxylic groups, PEG-AuNPs linked to DOX, PEG-AuNPs linked to BLM, and, finally
PEG-AuNPs linked to both DOX and BLM (referred to as S1, S2, S3 and S4, correspondingly). PEG-capped Au
NPs (S1) and their functionalization with DOX (S2) were synthesized with some modification to the previously
described procedure®®. Next, the S1 and S2 samples were used for conjugation with BLM through carbodiimide
chemistry. As shown in Fig. 1(a,b), BLM was immobilized on AuNPs surface through an amide bond between
the carboxylic and amino- groups of the PEG residue and BLM, respectively. Further, the S1 were conjugated
with both of the therapeutic payloads DOX and BLM to enable active targeting of HeLa cells. Moreover, cellular
uptake of two chemotherapeutics is observed significantly decreases in cancer cell’s acidic environments (at pH
6.0 uptake is 50% less to that observed at pH 7.0) which is significantly limits the drug impact in the cell nuclei.
As result, direct release of drug into the cytoplasm could decrease drug the half-maximal effective drug concen-
tration (EC50) values. Anticancer therapy efficiency can be significantly enhanced by using S1 as nanocarriers.

The structure of as synthesized AuNPs was confirmed by using X-ray Diffraction (XRD) technique. The XRD
pattern can be seen in Fig. 2(a) with observed diffraction peaks at 26 =22.68°, 38.41°, 44.86°, 64.80°, 77.90° and
82.65° with corresponding lattice planes (110), (111), (200), (220), (220), (311) and (222). The observed diffrac-
tion peaks were compared with JCPDS cards (JCPDS # 04-0784) which revealed the composition of crystalline
gold with predominant orientation plane (111) that could be assigned to spherical AuNPs*. Figure 2(b) shows
the FTIR spectra and confirms the surface modification of Au NPs. Characteristic peaks (Fig. 2b) at around 2900,
1690 and 1355 cm ™! with a slight shift in wave numbers were observed which are assigned to —~CH, amide I and
I1I bonds respectively, extra peaks at around 1560 and 1429 cm ™, showing the presence of primary ~-COO~ and
CH, groups. However the peaks at 1159, 1030 and 710 cm ™! were also observed and corresponding assigned to
C-0-C, ether and C-H bending respectively. The relative intensity decline, characteristic signals from presence of
functional groups and slight shift in wave numbers indicates the drug conjugation on the Au NPs surface.

The successful conjugation and interaction between BLM and AuNPs were also verified by UV-visible spec-
troscopy as summarized in Fig. 2(c) and Table 1. The 517 nm peak was observed for S1 AuNPs which is similar
to nearly ~10 nm in core diameter of AuNPs***. A strong absorption band at around 550 nm was observed after
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Figure 1. Synthesis of PEG-AuNPs NPs. (a) Chemical structure of DOX and BLM and steps involved in
conjugation to SI surface; (b) Schematic illustration of S2, S3 and S4 NPs formation.
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Figure 2. (a) XRD spectra of PEG-AuNPs; (b) FTIR spectra of PEG-AuNPs and Bleomycin conjugated PEG-
AuNPs; (c) Recorded UV-Vis spectra of all PEG-AuNPs.
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S1 13.04+0.3 —23.7+2.1 14.6+0.1 13.24+0.4 11.3+0.1
S2 142+0.1 —72+£3.0 15.3+0.3 13.7£0.2 10.1£0.3
S3 13.54+0.2 —6.0+£0.6 11.6+0.3 13.3+0.2 11.4+0.3
S4 13.740.1 5.0%0.7 11.9+0.3 11.8+0.3 11.74+0.3

Table 1. Zeta-potential and hydrodynamic diameter of synthesized PEG-AuNPs dispersed in different media.
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Figure 3. TEM images to verify the morphologies of the synthesized Au NPs. (a,b) TEM image and particle size
distribution of plain Au NPs; (d,e) TEM images of DOX and BLM conjugated PEG-AuNPs; () HRTEM image
with crystalline lattices of Au{111}, Au{200} and Au{220}.

coating the S1 surface with BLM which could be associated with refractive index change of the AuNPs. The
absorption intensity and peak position of localized surface plasmon (LSP) spectra strongly depends on the mor-
phology, size, shape and accumulation of AuNPs*%. The spectral data on $4 clearly show that the nanoparticles
surface modification had taken place with characteristic red-shift red-shift in LSP position®>%.

A strong absorption band at around 528 nm was observed when S1 were conjugated with DOX (S2, shifted
for bound DOX comparing to 480 nm for the free DOX). Subsequently similar to longitudinal plasmon oscilla-
tions*, an intense resonance band was observed at approximately 750 nm. However, in the case of the $3 sample
the resulting solution was transparent and therefore a significant decrease in spectral intensity with red-shifted
peak was observed. The red shift from 750 to 764 nm indicated the presence of BLM. The UV-Vis spectrum
clearly proved successful conjugation of S1 with anticancer drugs. The quantitation of drug-loading efficiency was
estimated from UV-Vis absorption (see Supplementary Fig. S1). For this, an excess of DOX (9.0 ug) was added
to various concentrations of the S1 to prepare S2 and S4 products. After filtration, the residual amounts of DOX
were determined to be around ~ 7.5 g in S2 and S4 products. The drug loading AuNPs calculated using eq. (1)
was found to be 33% with the drug entrapment efficiency was about 83%. The efficient DOX loading indicates
potential use of BLM decorated AuNPs as nanocarriers.

The morphology of as synthesised NPs as well as the presence of aggregation was inspected by TEM analysis
(Fig. 3). Figure 3(a) shows that AuNPs were well crystallized, spherical in shape, without particle accumulation
and having an average particle diameter of 13 nm. Inset (Fig. 3a) depicts that the Au NPs were highly dispersed.
Figure 3(b) represents the particle size histograms of synthesised Au NPs in the absence of any thiol capping
ligand. After DOX conjugation, the nanostructures exhibited spherical shape (Fig. 3c) with slight particles aggre-
gation. When BLM was added to the DOX conjugated S2 product solution, a similar trend was observed as
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Figure 4. Nanoparticle tracking analysis of AuNPs after 24 hour’s exposure and dispersed in PBS (a,b); FBS
(c,d); DMEM (e,f); (a,c,e) control experiments’ data were deducted and then curves were normalized from 0 to
1; (b,d,f) variances of sample maximal concentration.

shown in Fig. 3(d). Figure 3(c,d) also shows the effect of ligands addition in Au NPs solution. In the presence of
ligands, dispersity as well as size of the Au NPs were decreased. The crystal structure of the synthesised was also
inspected with high-resolution transmission electron microscopy (HRTEM). Figure 3(e) shows that Au {111}
planes were prominent with a lattice spacing of ~0.23 nm whereas Au {200} and Au {220} crystallographic planes
were also present with d-spacing of ~0.20 and 0.13 nm, respectively®>. Dominant Au {200} crystallographic planes
were found with a growth direction of <001> (Fig. 3e). It is possible that some cluster accumulation was caused
by steric effects and electrostatic forces between BLM and PEG-AuNPs surface. However, during TEM sample
preparation, solvent evaporation may possibly have also led to cluster accumulation. BLM-particle interactions
can influence drug release owing to the PEG chains presence and/or electrostatic interactions. In general, colloi-
dal solution was stabilized by DOX/ BLM loading onto the S1 (Fig. 3¢,d).

Table 1 and Fig. 4 summarize the effective diameter, Zeta-potential and hydrodynamic diameters of all the
products after 24 hours dispersion in three different media: PBS, FBS and DMEM. Overall hydrodynamic diame-
ters measured by Nanoparticles Tracking Analysis (NTA) in cell culture media were slightly larger than the ones
measured by TEM (Fig. 3). This increase in hydrodynamic diameter was associated with PEG coating on the
AuNP surface or high salt environment of cell culture media. NTA results revealed that all products were stable
with no aggregation observed after 24 hours of incubation at room temperature in typical cell culture media.
As observed in Fig. 4, no significant changes in diameter were recorded in the case of FBS and DMEM supple-
mented with 10% FBS. Hydrodynamic diameter and surface potential on all NPs samples were also measured
using DLS and Zeta potential. After conjugation of BLM or DOX, it was found that hydrodynamic diameter
increased slightly and these results are in good agreement with previously reported work>¢. S1 have a negative
potential charge of —23.7042.11 mV and hence confirm the existence of carboxylic group on the AuNPs surface.
The zeta potentials on various concentrations of AuNPs are summarized in Table 1, and on the basis of these data
it is possible to conclude that all samples were stable. Thus, we can hypothesize that in future in-vivo studies these
nanoparticles will be stable after intravenous administration. Therefore, our synthesized PEG-AuNPs have the
physicochemical properties suitable for enhanced accumulation and active targeting against HeLa cells.

Figures (5 and 6) illustrate the flow-cytometric analysis of HeLa cell following 24 hours exposure against vari-
ous concentration of the NPs. The dose-response relationship in Fig. 5(a) shows that the half-maximal lethal con-
centration (LC50) values decreased when BLM was loaded into S1. Additionally, while HeLa cells were actively
targeted with S4, the decrease in LC50 values was obvious. Hence targeting with BLM capped AuNPs (S4) have
shown increase in cytotoxicity as compared to S1, S2 and S3 products (Fig. 5a,b). However, the half-maximal
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Figure 5. LC50 and EC50 determination. (a) Flow cytometric analysis of HeLa cells after 24 hours exposure

at tested concentrations of NPs; (b) LC50 values (black) of S1, S2, S3 and S4 NPs, EC50 (red) assessment

of individual BLM, BLM loaded onto S3, S4; (c) HeLa cell exposed to various concentrations of BLM; (d)
Percentage of live cells analysis after HeLa cell exposed for 24 hours. Inset: drug release percentage (%) overtime
in various dispersing media at 37 °C.

effective drug concentration (EC50) values for BLM, S3 and S4 were also measured for comparison. The indi-
vidual effect of BLM drug was also tested (Fig. 5¢) and its EC50 values were compared with effects of the drug
delivered from S3 and S4. Based on this comparative analysis, it is feasible to conclude that the combination of
the two anticancer therapeutics in the S4 delivery nanovehicle resulted in improved cytotoxic effect at relatively
lower concentrations. Figure 5(d), shows that the chemotherapeutic effect of actively targeted BLM-modified
PEG-AuNPs was significantly higher against HeLa cells. Cytotoxicity and percentage of live cells after 24 hours
expose to Sland S2 were also assessed (Fig. 5d). As presented in Fig. 5(d), no significant cytotoxicity was
observed, which reflects the non-toxic nature of the nanocarrier. The inset Fig. 5(d), provides an additional exper-
imental data on time-dependence of the drug release from concentrations and pHs (4.5, 7.0) Thus, the acidic
environment at pH 4.5, typical for a caner tissue environment, stimulated drug release, while neutral and higher
pH values showed negligible effect on the drug release. However, 2.3% drug release was calculated after three
hours and after that it remained constant, as shown in inset of Fig. 5(d). HeLa cells exposed to various concen-
trations of PEG-AuNPs exhibited significant evidence of apoptosis (Fig. 6 and Table 2). As it presented in Fig. 6,
at remarkably low concentrations, cell population shifts towards G2/M-phase upon exposure of HeLa cells to
the S4 product. Thus, G2/M-phase cell cycle arrest and cell apoptosis were ultimately associated with combined
anticancer drugs activity. A slight change in cell population towards the G2/M phase was also observed in case of
the S3. On the contrary, negligible cell apoptosis and change in cell population were observed at relatively higher
drugs concentrations when cells were treated with the S1 and the S2. These findings are in agreement with the
LC50/ EC50 values and verify advantages of Au-nanoparticles-assisted combined anticancer therapy approach.
Cell proliferation and drug release were observed using laser scanning confocal microscopy (LSCM). Figure 7
shows the proliferation of HeLa cells and their interactions with the as synthesized AuNPs. Figure 7 also illustrates
the presence of S2, S3 and S4 drug delivery constructs in HeLa cells when incubated with their various concen-
trations for 24 hours. Images were captured subsequently. Cells interactions with AuNPs and cells densities were
diminished in a dose-dependent manner. The positive zeta potential on S4 product stimulates them in binding
with cell membrane thus allowing endocytosis. Image overlapping demonstrates AuNPs attachment to the can-
cer cells. In Fig. 7, red fluoresce also validates the presence of DOX molecules within the HeLa cells, confirming
its effective release. The red fluorescence of DOX molecules appeared to be scattered over the entire nucleus.
Figure 7 demonstrates how the S2, S3 and S4 NPs were internalized into the cell membrane which is in good
agreement with delivery of BLM by multifunctional core-shell NPs*”. Additionally, LSCM results (Fig. 7) proved
that the drug release was possible due to enzymatic cleavage of the amide bond and these findings are in line with
previous studies®>*. Interestingly, although we have observed that the NPs are stable and do not agglomerate as
aqueous colloid dispersion, they appeared to cluster in cell nucleus after the internalization, possibly owing to the
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Figure 6. FL2-A histograms, illustrating the nanoparticles (S1, S2, S3 & S4) effects on HeLa cells cycle. Cell
cycle analysis for different stages of cells were carried out by manual grating on FL2-A histograms after 24 hours

exposure.
Untreated 0 0.3 54.3 13.7 28.4
BLM-treated 1.5uM 0.5 26.1 24.6 44.2
70nM 0.4 53.6 14.6 27.4
St 80nM 0.3 53.2 13.8 30.0
50nM 0.7 56.6 12.7 26.5
52 60nM 0.6 53.7 13.1 30.2
30nM 0.9 47.1 212 27.1
53 40nM 0.7 42.1 219 31.3
10nM 1.1 40.2 20.4 32.3
s 20nM 0.9 39.7 19.7 33.1

Table 2. HeLa cells’ 24 hours exposure against tested concentrations of PEG-AuNPs and NPs-effects on cell
cycle along with untreated and BLM-treated value.

combined effect of an intra-cellular spatial confinement and intrinsic biochemistries (e.g. reduction condition,
enzymes, etc. that could affect the surface PEG ligands stability). In addition, this process depends on the particles
concentration and incubation time.

Additionally, the red fluorescence images confirm the presence of DOX molecules which therefore, endorses
this hypothesis. The inset Fig. 5(d) explains the drug release behaviour of S3 and S4 for both acidic and neutral
pHs. At both pHs, the AuNPs exhibited a lower drug release profile confirming the stability of the amide bond at
neutral pH that allows for triggered drug release at the acidified environment of a cancerous site. Moreover, amide
bond stability can improve drug pharmacokinetic profiles as well as its circulation time in the blood®. However,
in more complex realistic situation in vivo a tumor environment is characterized not only by acidification, but
also by presence of trypsins, enzymes capable of amid bond scission. Stability of amid bond allows for longer cir-
culation of the pro-drug in blood. Once the nanocarrier reaches the cancer site, the bond can be cleaved allowing
for on-demand tumour environment-mediated drug release. Moreover, drug release can be further enhanced via
application of an external stimulus, such as laser light (see Supplementary Fig. S2).
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Figure 7. Confocal microscopic images data of HeLa cells. Cells were treated with different concentrations

of §2, S3 and S4 NPs for 24 hours. First column S2, second column S3 and third column S4. The first row
represents cells stained with BLM alone, the second row signifies for S3 and the third row represents an overlay
of $4 product.

The hydrodynamic diameters (Table 1 & Fig. 4) did not impact the drug release when HeLa cells were incu-
bated with PEG-AuNPs at 37 °C. The drug release performance was also assessed in DMEM (Fig. 5d) in order to
further prove this hypothesis. Once again these results confirmed that enzymatic cleavage inside of cancer cells
is required to attain significant drug release. Thus, an additional benefit of our designed surface-modified AuNPs
as drug carriers, is that they can be used for drug release specifically to cancer cells while the drug interaction
probability with healthy cells is limited. The BLM-capped AuNPs can be effectively used to treat highly resistant
cancer cells®’. Nevertheless, our aim was to use low concentration of AuNPs as well as S3 and S4 in this study. The
promising low concentrations of anticancer drug based AuNPs would lead this approach to early phase preclinical
application in the near future. The minimization of drug side effects will be the most rewarding factor in terms of
improving the quality of life for cancer patients.

Conclusion

In conclusion, in the present paper we report on the designing of stable BLM-capped DOX complex on
PEG-AuNP:s for efficient drug delivery. PEG-AuNPs (S1) nanocarriers can be efficiently applied for combined
anticancer drugs delivery to HeLa cells via an active targeting approach, at lower doses, while maintaining
drug cytotoxic activity. This study suggests the following important advantages: first, synthesized BLM-capped
DOX conjugation onto gold nanostructure have excellent stability, drug loading capacity and specific cancer
cell environment-mediated release behaviour; second, enhanced EC50 values for BLM capped-DOX complex
as compared to that of free BLM drug as well as the carrier loaded with individual drugs against HeLa cells
was observed. In light of these results and the “two-punch” approach, we believe that our proposed work offers
an excellent opportunity to design nanocarriers with active targeting against ovarian cancer. While improving
their bio-distribution and bioavailability profiles in vivo, further studies are envisaged to progress ovarian cancer
treatments.

Materials and Methods

Analytical grade reagents gold chloride trihydrate (HAuCl,-3H,0), N-hydroxysuccinimide (C;H;NOj3), sodium
tetrahydroborate (NaBH,), polyethylene glycol (PEG), bleomycin (BLM) and cysteamine (~95%) were obtained
from (Alfa Aesar, China), (1-ethyl-3-(3-dimethylaminopropyl)-carbodimide hydrochloride) (EDC) and ethanol
were purchased from (Aladdin Reagent, China). Doxorubicin was purchased from the Iranian Red Crescent
Society. All stock solutions were prepared in purified water (Milli-Q Plus 185 Water Purifier, USA) having a

SCIENTIFICREPORTS| (2018) 8:2907 | DOI:10.1038/s41598-018-21331-y 8



www.nature.com/scientificreports/

resistivity close to 18 MQ.cm. Experiments were conducted at room temperature. All reagents were used as pro-
vided, unless otherwise stated.

Preparation of Au-PEG NPs and nanodrugs.  Four steps (S1, S2, S3 and $4) with slight modification were
involved in synthesis of PEGylation AuNPs*. Initially, 100 mL of chloroauric acid (HAuCl,.3H,0) was dissolved
into 1.25 mL of dicarboxylic PEG and was stirred for 1h at room temperature. While stirring, 30 mL aqueous
solution of sodium tetrahydroborate (0.01 M, NaBH,) was added to this mixture and the solution colour trans-
formed from yellow into bright red. The bright red shade of gold precursor confirmed the presence of PEGylated
gold nanoparticles in the solution. Unconjugated PEG was then removed by centrifugation®?. Supernatant was
then discarded and residue was resuspended in phosphate-buffered saline (PBS) for future usage.

DOX loading on AuNPs. For DOX conjugation onto the S1 surface, a reported procedure*®®3
with slight modification was adopted. In brief, S1 was dispersed into an aqueous solution of 60 pL of
1-(3-dimethylaminopropyl)-N’-Ethyl carbodiimide hydrochloride/ N-hydroxysuccinimide (EDC/C,H;NO3)
(80/20 mg ratio). Then 3 mL of DOX (18.0 mM) was added to this solution and stirred for three hours.
Ultrafiltration (Ultrafree-MC V'V Filter, Merck, Germany) was used for separation of DOX conjugated nanoparti-
cles. The DOX loading efficiency was calculated by UV-Vis measurements at 480 nm from the difference between
the DOX conjugated to the S1 and the amount of unbound DOX in the supernatant using following equation:

mS1(DOX total) — m(DOX in supernatant) % 100

DOX loading efficien %) =
& v ) mS1(DOX total) (1)

BLM loading onto S1 and S2 surface. The BLM conjugation onto S1 and S2 surfaces was performed in
PBS at pH 7. Briefly, 200 uL (0.1 ug/mL) of BLM in PBS was dissolved into 5mL of S1 or S2 and stirred for three
hours. The chemical processes involved in surface immobilization of PEG-AuNPs are shown in Fig. 1(a). In brief,
gold substrates were soaked in 2-aminoethanethiol solution in the dark for 4hours. The extra thiol was removed
by twice washing the gold substrates with milli-Q water and ethyl alcohol. Synthesized PEG-AuNPs were then
mixed in 2mL of phosphate buffered saline containing 0.5MEQ of N-hydroxysuccinimide (NHS) and stirred at
25°C for three hours. This solution was released for drying overnight. Figure 1(a) represents the synthesis steps
involved in this study and Fig. 1(b) shows conjugation of BLM onto the surface of PEG-AuNPs. The successful
conjugations were monitored by zeta potential and dynamic light scattering (DLS).

Material characterization. The XRD pattern of the PEG-AuNP samples was recorded by a Jordan Valley’s
D, (Jordan Valley Semiconductors Ltd) equipped with a Cu Ko (A =1.5406 A°) radiation filter. The obtained
PEG-AuNP XRD patterns were then compared with JCPDS cards (JCPDS # 04-0784) present in the XRD soft-
ware. The chemical structure and functional groups of the PEG-AuNPs were analysed by Fourier transform
infrared spectroscopy (FT-IR, Bruker Optics IFS 66 V/S, Germany). The spectrum was measured in transmis-
sion mode ranging from 4000-600 cm ! wave numbers by KBr pellet method. UV-visible spectroscopy was per-
formed with a double-beam Lambda 850 UV/VIS spectrophotometer (Perkin-Elmer Inc., USA). Conjugated
and unconjugated samples were analysed in the 400-900 nm spectral range. All spectra were recorded using a
0.0125 mg/mL solution of the PEG-AuNPs. The assembly and morphology of PEG-AuNPs was studied with TEM
(JEOL, JEM 2100F). TEM samples were prepared onto carbon-coated copper grids (Ted Pella, USA) and were
dried at room temperature for microscopic observation. Electrophoretic mode of zetasizer (Malvern, UK) was
used to measure the zeta potential () on PEG-AuNPs surface. The PEG-AuNPs hydrodynamic diameters were
measured by using nanoparticle tracking analysis (NTA). NTA was carried out at room temperature by using a
NanoSight system (Malvern, UK).

Cell culture. HeLa cells were obtained from the School of Life Sciences and Technology, UESTC, China. The
cells cultivated in DMEM (SH30081, HyClone, USA) supplemented with 10% fetal bovine serum (FB15011 Clark
Bioscince, USA) and 45 U/mL of penicillin-G. Cells were maintained at 37 °C under 95% moisturized air with 5%
CO,. Prior to experiment, cells were trypsinized (0.25% Trypsin plus EDTA, HyClone, USA) and stored in canted
neck flasks (Corning Inc., USA) under completely aseptic conditions.

Flow cytometric analysis and LC50 and EC50 determination. 5000 HeLa cells/well were seeded into
a 24-well plate and exposed for 24 hours to various concentrations (ranging from 10 to 100_nM) of S1, S2, S3 and
S4 products. Negative controls (untreated cells) and positive control (treated cells) were also studied in our exper-
iment for comparison. The most effective concentrations of PEG-AuNPs that resulted in sub-cytotoxic effects
were as follows: (70, 80) nM for S1, (50, 60) nM for S2, (30, 40) nM for S3 and (10, 20) nM for S$4 products. After
incubation, HeLa cells were washed twice with PBS and transferred to Eppendorf tubes containing fresh media.
Cells were then centrifuged for ten minutes at 6000 rpm. Supernatants were then discarded and lysis buffer was
added. A flow cytometer (Accuri™ C6, Becton Dickinson, UK) and DNA Reagent Kit (Becton Dickinson, UK)
were used for cell counting and cell cycle analysis. Count times were kept constant for all samples and cells pop-
ulations were investigated. FSC-A versus FSC-H graphs were used to analyze the cell nuclei, with debris being
excluded by applying a gate (P1). 10,000 events were acquired in the gate and a pulse geometry gate (such as
FSC-H x FSC-A) was applied at low scatter intensities to eliminate cell debris. Cell aggregates were excluded from
analysis using gating (P2 in P1) and doublet elimination. All measurements were repeated three times and data
is reported as dose-response curves. From the obtained curves the LC50 data for PEG-AuNPs and EC50 of BLM
were extrapolated. Analysis of cell cycle for four distinct phases (Sub G1, G0/G1, S, and G2/M) was carried out
through manual gating on FL2-A histogram®.
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Cellular internalization and imaging of HeLa cells with AuUNPs.  The cellular internalization of drug
in HeLa cells was recorded by using an inverted laser scanning confocal microscope (Olympus, IX71, Japan)
equipped with 633 nm optical system. The fluorescence images of AuNPs was excited by a 561 nm laser. Cells
morphology were analysed by recording differential interference contrast (DIC) snapshot in a transmission mode.
Drug delivery measurements were performed at \ . = 561 nm as previously described?”. The AuNPs’s reflectance
was higher than cellular organelles. Furthermore by removing the 630 nm optical filter, confocal reflectance mode
was used to record highly reflected light from AuNPs. Snapshots were used as a qualitative technique.

Data availability. The datasets generated during and/or analysed during the current study are available from
the corresponding author on reasonable request.
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