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Abstract: The study investigated in situ biosynthesis of albumin capped 5-fluorouracil (5-FU)
loaded gold nanoparticles (NPs) using bacterial extract for enhanced efficacy against MCF-7 and in
silico prediction using a GastroPlus® software. The optimized formulations were characterized for
morphology, size, zeta potential, drug loading (%DL) and entrapment (%EE), compatibility, in vitro
drug release, in vitro hemolysis, cellular toxicity and apoptosis studies. The results exhibited highly
dispersed albumin capped mono-metallic stable NPs. Spherical size, negative zeta potential and
polydispersity index were in range of 38.25–249.62 nm, 18.18–29.87 mV and 0.11–0.283, respectively.
F11, F7 and F3 showed a progressive increase in %DL and %EE with increased concentration of the
cellular lysate (100% > 50% > 10%). The drug release was relatively extended over 48 h as compared
to drug solution (96.64% release within 5 h). The hemolysis result ensured hemocompatibility (<14%)
at the explored concentration. The biogenic F11 was more cytotoxic (81.99% inhibition by F11 and
72.04% by pure 5-FU) to the MCF-7 cell lines as compared to others which may be attributed to the
preferential accumulation by the tumor cell and capped albumin as the source of energy to the cancer
cells. Finally, GastroPlus® predicted the key factors responsible for improved pharmacokinetics
parameters and regional absorption from various segments of human intestine. Thus, the approach
can be more efficacious and suitable to control breast cancer when administered transdermally
or orally.

Keywords: 5-fluorouracil; biogenic gold nanoparticles; albumin capping; hemocompatible; MCF-7
cell lines; in silico GastroPlus® simulation and prediction

1. Introduction

Breast cancer is the second most common leading cause of death amongst women. GLOBOCAN
estimated 2,088,849 new cases of breast cancer (including both sexes of all ages) which is 11.6% of total
new cases in 2018 [1]. 5-fluorouracil (5-FU) is a pyrimidine analogue (antimetabolite) commonly used
to treat solid tumors (breast, skin, liver, ovarian, rectal, colon and gastrointestinal cancers) despite
of having several side effects (severe bone marrow deficiency, skin reactions, hair thinning, severe
gastrointestinal disturbances, hematological disturbances, hand foot syndrome) in conventional dosage
forms [2]. Considering these alarming statistics and clinical limitations in chemotherapy, several
novel drug delivery systems such as liposomes, polymeric nanoparticles (NPs), lipid nanoparticles,
synthetic drug conjugates, synthetic inorganic NPs and lipidic nanoemulsion have been explored [3–5].
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Interestingly, light activated gold NPs mediated photothermal therapy provided substantial efficacy
to treat breast cancer without genetic side effects as compared to 5-FU [6]. However, the drug and
carrier associated challenges limit their clinical applications. Generally, polymeric NPs possessed
larger particle size, high polydispersity, stability, possible toxic metabolites, time consuming stepwise
synthesis, difficult to scale up for large scale production and challenging task to translate from lab
to clinical bed limit its safe application as drug carrier [7]. It is noteworthy that physical method
requires heating of gold at reduced pressure to generate gold vapor while chemical method needs
costly reducing agent, expensive capping agent, toxic solvent and chemical stabilizer with tedious
process control [8]. Based on these concerns in chemotherapy, biogenic gold NPs (GNs) could be
an alternative and attractive approach for delivery of small molecule such as 5-FU to control breast
cancer. Several microbial methods have been reported due to cost effective ecofriendly synthesis
and natural mechanisms of detoxification of metallic ions (Au) through reduction intracellularly or
extracellularly by bioaccumulation, precipitation, biomineralization and biosorption using bacterial
and fungal strains [9–12]. GNs have been reported to provide eminence in clinical benefits due to
their distinctive properties such as (a) controlled size and shape owing to unique optical properties,
(b) non-toxic and biocompatible mono metallic nanoparticles, (c) tunable surface dependent properties,
(d) ease of synthesis, (e) desired surface functionalization, (f) protection drug from degradation,
(g) increased blood circulation time, (h) enhanced efficacy through active or passive targeting and
(i) preferential accumulation into the tumor tissue [13–18]. Moreover, low bioavailability, short plasma
half-life (15–20 h), non-specificity and rapid metabolism of 5-FU forced the need to high dose of
intravenous administration (400–600 mg/m2) [19]. Thus, GNs have high surface to volume ratio which
is prudent to achieve increased drug payload leading to reduce the need of high dose of 5-FU and
dose related toxicity to normal tissue [20,21]. Literature showed several authors reported improved
efficacy of 5-FU loaded GNs against various cancer cell lines [22–25]. Wu et al., claimed 60% cell
death against SW480 colon cancer cell lines when treated with 5-FU loaded onto oligonucleotide
functionalized GNs (1 mg/mL) [25]. Furthermore, two thiol containing ligands (glutathione and
thioglycolic acid) were investigated to functionalize GNs to increase 5-FU efficacy against colon
cancer wherein glutathione functionalized GNs exhibited induced apoptosis and arrested the cell
cycle progression [26]. Furthermore, 5-FU permeability across the mice skin was enhanced by capping
gold NPs with two cationic ligands in addition to improved entrapment efficiency, loading capacity
and stability (for 4 months at 4 and 25 ◦C) against salinity [26]. Therefore, biogenic synthesis of
5-FU loaded gold NPs followed by albumin (bovine serum albumin) capping could be a promising
approach with high drug payload, desired targeted drug release, increased accumulation to tumor
tissue, reduced dose related side effect and minimized hemolysis in the treatment of breast cancer. It
has been known that capping Au NPs with albumin (surface modification) offers several advantages
such as (a) improved colloidal stability, (b) increased blood circulation time, (c) biocompatibility, (d)
augmented cellular uptake and intracellular trafficking and (e) reduced interaction with the plasma
protein [27]. No study has been reported for transdermal or oral delivery of 5-FU using biogenic gold
nanoparticle capped with BSA (bovine serum albumin) for obvious advantages.

In the present study, 5-FU loaded and BSA capped biogenic gold NPs (Au◦) were prepared using
Bacillus licheniformis based cellular lysate solution containing enzyme. The optimized and selected
formulations were characterized for morphology, particle size, size distribution, % drug loading
(%DL), % entrapment efficiency (%EE), Fourier transform infrared (FTIR). in vitro drug release, in vitro
hemolysis, cell viability, morphological study of apoptosis using Hoechst 33342 nuclear staining dye
(≥98.0% pure Merck, USA) and prediction studies using an in silico GastroPlus® simulation and
prediction software (version 9.7, simulations Plus Inc., Lancaster, CA, USA). The optimized formulation
needs to be investigated (in future communication) using suitable animal model to find the effect of
capping on permeation parameters (permeation rate, targeted flux, enhancement ratio and permeation
coefficient) as compared to free drug solution (DS) and uncapped gold NPs. The biogenic BSA capped
gold NPs increased anticancer efficacy of 5-FU against MCF-7 cancer cell lines which could be a
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promising approach for transdermal or oral delivery to control breast cancer with minimum side effects
and high patient compliance.

2. Materials and Methods

2.1. Materials

A Gram positive and thermophilic Bacillus licheniformis (B. licheniformis, MTCC 429) was obtained
from Indian Institute of Microbial Technology, Chandigarh, Punjab, India. 5-Fluorouracil (5-FU) was
gifted from Spectrochem Pvt. Ltd. (Mumbai, India). BSA (Bovine serum albumin) was procured from
SRL, India. Chloroauric acid (HAuCl4) as starting material was procured from Sigma Aldrich, Mumbai.
Mammary adenocarcinoma human cell lines (MCF-7) was obtained from Tata Memorial for Cancer
Research, Kharghar, Mumbai, India, ATCC (American type culture collection). Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum was purchased from HiMedia.
An aqueous solution of 1% penicillin- streptomycin mixture was used in cell culture. Solvents and
other reagents were of AR grade. Distilled water was used as an aqueous media for buffer and related
preparation in the study.

2.2. Methods

2.2.1. Culture Growth and Isolation of Enzyme from Bacillus licheniformis

The bacteria was revived and sub-cultured as per the guideline of the sample leaflet
information [27,28]. The culture was grown in a modified nitrate broth by incubating at 37 ◦C
for 24 h under constant shaking (100 rpm) as described [27–29]. The growth media was supplemented
with glucose as source of carbon. Then, the grown culture (10 mL) was centrifuged at 5000 rpm for
30 min to obtain a pellet at the bottom. The obtained pellet was further re-suspended in 50 mL of 0.05 M
buffer solution (phosphate buffer solution as PBS) and subjected to probe sonication for 5 min with 30 s
on-off cycle (sonic vibra Cell VC 130, Newton, MA, USA) to fracture the bacterial cells. Then, it was
again centrifuged to separate the supernatant containing the enzymes which served as cellular lysate
supernatant (CLS) for the synthesis of 5-FU loaded gold NPs. In this study, the extracted intracellular
enzyme was utilized for the biosynthesis of gold nanoparticles as described below.

2.2.2. In Situ Biosynthesis of 5-FU Loaded BSA Capped Gold Nanoparticles

For the synthesis of 5-FU loaded gold nanoparticles, the extracted CLS (25 mL) was transferred to an
Erlenmeyer flask (100 mL). The method was adopted by published report with slight modification [7,29].
In a typical reaction, the mixture of HAuCl4 (1 mL of 2 × 10−4 M) and the CLS (25 mL) incubated (30 ◦C
for 8 h) followed by capping using the BSA aqueous (3 mg/mL) solution (1:1 ratio with HAuCl4) under
constant stirring (150 rpm) and subsequent incubation at 30 ◦C for 72 h [29]. For uncapped placebo
(GP), the same was followed except BSA under similar experimental conditions. For capped placebo
gold NPs (CGP), the drug was not incubated with reaction mixtures (HAuCl4, CLS and BSA). For
5-FU loaded uncapped gold NPs (5-GP), 10 µL of the DS (50 mg/mL) and HAuCl4 were incubated
with the CLS (25 mL) at 30 ◦C for 8 h. After 8 h, a visible purple color change was developed owing to
CLS mediated reduction of Au+3 ions in the reaction mixture. Moreover, the reaction mixture was
allowed to stand for 72 h to ensure complete reduction of Au ion (Au+3 ions). The obtained ruby red
colored colloidal nanosuspension was further ultracentrifuged (18,000 rpm for 15 min) to isolate GP
followed with washing using 10 mM PBS (phosphate buffer solution, pH 7.4). The resulting pellet was
re-dispersed in PBS solution for further characterizations. The concentration of CLS solution extracted
in supernatant was considered as 100%. Dilution was made with sterile water to make 10% and 50%
for formulating various formulations (F1 to F16).

To understand the effect of concentration of CLS on %DL and %EE, three concentrations (10%,
50% and 100%) were accurately investigated [30]. Likewise, the concentration of HAuCl4 was varied
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and formulated at two concentrations (250 mg/L and 500 mg/L) [30]. The details of the developed
formulations have been summarized in Table 1.

Table 1. Developed 5-FU (1% w/v) loaded gold nanoparticles and placebo with varied concentrations
of CLS (%) and HAuCl4 (mg/L).

Formulation Coded Description * CLS Concentration (%) ** HAuCl4 (mg/L)

C1 C2 C3 A B

F1 GP Placebo 1 10 - - - 500
F2 CGP Placebo 2 10 - - - 500
F3 5-CGP 5-FU loaded 10 - - - 500
F4 5-GP 5-FU loaded 10 - - - 500
F5 GP Placebo 3 - 50 - - 500
F6 CGP Placebo 4 - 50 - - 500
F7 5-CGP 5-FU loaded - 50 - - 500
F8 5-GP 5-FU loaded - 50 - - 500
F9 GP Placebo 5 - - 100 - 500
F10 CGP Placebo 6 - - 100 - 500
F11 5-CGP 5-FU loaded - - 100 - 500
F12 5-GP 5-FU loaded - - 100 - 500
F13 GP Placebo 7 - - 100 250 -
F14 CGP Placebo 8 - - 100 250 -
F15 5-CGP 5-FU loaded - - 100 250 -
F16 5-GP 5-FU loaded - - 100 250 -

* CLS = Cell lysate supernatant, ** HAuCl4 = Chloroauric acid.

2.3. Characterization of Gold Nanoparticles

2.3.1. Scanning Electron Microscopy (SEM) Study

Morphological evaluation of the developed NPs were examined under scanning electron
microscopy (SEM) (Jeol, Japan; JSM 6390LV). The particles were carefully mounted on double-sided
adhesive carbon tape and was coated with platinum using Jeol JFC-1600 Auto Fine Coater before
scanning. The coated samples were scanned and visualized to obtain morphology at accelerated
voltage of 10 kV and resolution of 20,000×. Moreover, the EDX-SEM (energy dispersive X-ray
spectroscopy-scanning electron microscopy) was carried out to find the presence of gold from the
uncoated sample.

2.3.2. Particle Size and Size Distribution of Selected Formulations

The average size and size distribution of all developed NPs (sixteen) were measured by dynamic
light scattering (DLS) method (also known as photon correlation spectroscopy) which fundamentally
measures Brownian motion of particles (Malvern Inst., UK; Nano ZS zetasizer). Formulations were
100 times diluted with distilled water. DLS provides the mean particle diameter (dm) and the
polydispersity index (PDI). The mean diameter and PDI values were obtained at an angle of 90◦ and
ambient temperature (25 ◦C). All samples were prepared by diluting with distilled water and sonicated
for 2 min (30 s pulse on/off) before measurement to guarantee that the particles were homogeneously
dispersed. All experiments were carried out in triplicate to obtain mean value (n = 3). Z-Average
particle is defined as the following Equation:

Dz =
KB·T

3·π·η·Dt,avg
, (1)
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where Dz is average particle size in terms of hydrodynamic diameter (nm), Dt,avg as translational
diffusion coefficient (in DLS), KB as Boltzmann’s constant, T as thermodynamic temperature (◦C) and η
as dynamic viscosity (cP).

2.3.3. Zeta Potential of Selected Formulations

The gross surface charge or electrostatic potential of any particle or colloid in suspension is provided
by zeta potential which implies the physical stability of colloidal systems. The NPs formulations
were diluted (10 times) with distilled water before measurement. All of the samples were measured
by dynamic light scattering method (Malvern Inst., UK; Nano ZS zetasizer), to check their stability.
Surface charge signifies the electrostatic perspective and behavior of the particles in the system. All
metals are reducing agent by birth and possess positive charge in ion form.

2.3.4. Drug Loading (%DL) and Entrapment Efficiency (%EE)

Experiments were carried out to determine the %DL of 5-FU from the stable formulations only.
The theoretical %DL was calculated as the ratio of drug loaded in carrier to the total amount of
5-FU used in NPs multiplied by 100. The amount of 5-FU trapped (%EE) in nanoformulation was
calculated as the difference between the amount of 5-FU used in the nanoformulations and the amount
of 5-FU found in the supernatant. The amount of entrapped 5-FU in 5-GP (uncapped) and 5-CGP
(capped) nanoformulations were estimated using UV-Vis spectrophotometer method. Freshly prepared
aliquots of all developed formulations (all approx. 1 mL) were centrifuged at 12,000 rpm for 20 min,
to separate bound 5-FU from unbound 5-FU present in the supernatant. Furthermore, the amount
of entrapped 5-FU was estimated from the supernatant at 266 nm using UV-Vis spectrophotometer
(U-1800, Tokyo, Japan).

%EE =
amount o f entrapped drug

Initial amount o f drug taken
·100. (2)

2.3.5. Effect of Concentration of Cell Lysate on %EE

Formulations F3, F7 and F11 were formulated using cell lysate concentration (CLS) of 10%, 50%
and 100%, respectively. Various lysate concentrations were prepared in distilled water. Then, %EE of
loaded 5-FU was determined and calculated using spectrophotometer as per described in previous
section. This was carried out in triplicate.

2.3.6. Fourier Transform Infrared (FTIR) Study

FTIR study was conducted to assess any possible chances of any incompatibility of the drug and
excipients in formulation. FTIR spectral peaks are finger print of a compound used to compare with
standard peak reported in terms of bond vibration, stretching and bond transition. In brief, a weighed
amount of the sample (~50 mg) was completely admixed with dried KBr for pellet or disk formation.
The disk was scanned using FTIR coupled with diffuse reflectance spectroscopy (DRS) in the range of
4000–500 cm−1 (FTIR 8400S; Shimadzu, Tokyo, Japan). The spectra was observed for the characteristic
peaks of the drug and excipients to find compatibility.

2.3.7. In Vitro Drug Release Study

The cumulative dissolution release profiles of pure 5-FU aqueous solution (10 mg/mL), F-3, F-7,
F-11 and F-15 were performed using the USP dissolution apparatus-II (Paddle). The samples were
kept in dialysis membrane (12–14 K Dal molecular weight cut-off) properly tied with both ends and
fixed inside sinker. Paddle was stirred with a constant speed of 50 rpm in 900 mL PBS (pH 7.4)
as release medium at 37 ◦C [31–33]. To estimate the concentration of the drug released from each
time point (1, 2, 4, 6, 8, 10 and 12 h), sample (1 mL) was withdrawn followed by replacing with
fresh dissolution medium. The removed sample was centrifuged (12,000 rpm, 15 min) and filtered
using a membrane filter (0.22 µm) before analysis spectrophotometer at 281 nm [34]. Moreover, the
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obtained results were applied for various mathematical models such as Zero order, First order, Higuchi
model and Korsemeyer-peppas for mechanistic evaluation of drug release pattern [35]. The kinetics
of the drug release from the formulations were studied using mathematical models as cited in the
following equations.

Zero order:

%EE =
Amount o f entrapped drug

Initial amount o f drug taken
·100 (3)

First order:
ln Dt = ln D0 + k1·t (4)

Higuchi:
Dt = D0 = KH·t1/2 (5)

Weibull model:

ln
[
ln

100
100−Q

]
= k· ln t + b (6)

Hixson-Crowell model:
Q0

1/3 = Qt
1/3 = KHC·t, (7)

where Dt and Do are the amount of drug released at time point t and the initial drug content,
respectively. Similarly, ko, k1 and KH are zero order (concentration independent drug release), first
order (concentration dependent drug release) and Higuchi (time dependent drug release) release
constants, respectively. The Weilbull model predicts both the burst release as well as slow drug release.
Another model Hixson-Crowell is suitable to describe the drug release from the particles when the
size and surface area vary wherein Qo, Qt and KHC represent the initial concentration of the drug,
the amount of the drug at time t and the model’s release rate constant, respectively. The value of “n”
signifies that the value in the range of 0.28–0.84 explains the diffusion mediated (Fickian method of
drug release) drug release. The value > 0.84 suggests non-Fickian release pattern.

2.3.8. In Vitro Hemolysis Study

To understand the insight of hemocompatibility of the developed formulations, it was prerequisite
to investigate in vitro hemolysis assessment. For this, the developed formulations were diluted with
saline water to achieve final lower concentration (100 µg/mL). Blood for erythrocytes or RBCs (red
blood cells) was collected from healthy human volunteer into blood collection tube containing heparin
as anticoagulant. The same was used to prepare 4% RBCs suspension in normal saline. Distilled
water and saline were used as positive and negative controls, respectively. Erythrocytes suspension
(0.5 mL) was treated with the test sample (1 mL) and final volume was made with PBS to 3.5 mL.
Finally, they were incubated for one h at 37 ± 1 ◦C. After incubation, test tubes were centrifuged
to remove lysed cellular debris and fibers. The supernatant was diluted with saline water and the
content of hemoglobin (Hb) released after lysis was estimated taking absorbance at 550 nm using
spectrophotometer [36]. The hemolysis caused by the positive control was considered as 100% and the
content of Hb released is the marker of lysis under experimental conditions.

2.4. Cellular Cytotoxicity Assessment by the Developed Formulation

2.4.1. Cell Lines and Growth Media

MCF-7 was utilized for performing the cytotoxicity study using Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (Gibco, USA), 0.25% NaHCO3, 100 U/mL
Penicillin G and 100 U/mL streptomycin to culture cell lines. The cells were cultured by incubating in a
humidified incubator at standard conditions (18% O2 and 5% CO2 at 37 ◦C) for an appropriate time
period. Furthermore, the cells were grown significantly in culture flask and after certain passages; the
cells were seeded for cytotoxicity assessment.
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2.4.2. Cell Viability Assay (MTT Assay)

Cell viability was evaluated and measured by MTT (3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT)), to confirm antitumor activity in MCF-7. The cellular viability
(MCF-7) was evaluated on the competency of the cells to alter tetrazolium salt to purple formazan
crystals [32,33]. Cells were specifically seeded (5 × 103 cells/well) in a sterilized 96-well culture plate
and incubated for 24 h. MCF-7 cell culture was treated with various concentrations of formulations
for 24 h to determine IC50 (half maximum inhibitory concentration). Furthermore, these cells were
significantly treated with all the formulations (F7, F9, F10, F11, F12, F15, 5-FU solution and control
untreated) at their IC50 concentration (except placebo) for four (4, 8, 12 and 24 h) time points. After 24 h
of incubation, 20µL of MTT solution (1 mg/mL) was added to each well accurately and the culturing
(incubation) was further continued for next 4 h. 100µL of DMSO (dimethyl sulfoxide) was added in
each treated well which results into development of purple blue formazan dye formation as measured
using an ELISA reader (BIORAD) at 490 nm and 630 nm. The percent relative cell viability is calculated
as follows:

%Relative cell viability =
Optical density o f test sample

Optical density measured o f control sample
·100. (8)

The study was repeated to investigate the influence of varied concentrations (10 and 100 µg/mL)
on cytotoxic potential of the selected three formulations (F11, F12 and F15) and compared against 5-FU
solution (10 and 100 µg/mL) under same experimental conditions. Subtraction of the percent viability
from 100 gives us percent cytotoxicity. Saline was used as negative control while 5-FU drug is used as
positive control in the study. Experiments were performed in triplicate.

2.4.3. Apoptosis Analysis and Morphological Studies

Cellular morphology was evaluated using Hoechst 33342 staining under a fluorescent microscope
after treated cells as per reported method with slight modification [5]. This assay is stated to be a
consistent method for quantification of apoptosis. The cell culture (MCF-7 cells) was plated into the
96 well plates to adhere and left overnight by maintaining at 37 ◦C in a humidified CO2 incubator.
Furthermore, treated cells were gently rinsed thrice with pre-cold phosphate-buffered saline (pH 7.4)
and stained with the dye (5 µg/mL) in each well and subsequently incubation at 37 ± 1 ◦C for 10 min.
Then, cultured cells were treated with F11 (5.27 µg/mL as IC50) and 5-FU solution (22.25 µg/mL as IC50)
followed by incubation at two time points (12 h and 24 h). Finally, they were again washed to remove
excess dye and visualized for cell morphology after 12 h and 24 h as per scheduled under Nikon (DMI
4000B; Leica Microsystems) inverted fluorescence microscope (Ti series) at 40X magnification [32,33].
The percentage of apoptotic cells was calculated by:

Apoptotic cell(%) =
Total number o f apoptotic cells

Number o f cells counted
·100. (9)

2.4.4. GastroPlus® Prediction: In Silico Prediction

Parameter Sensitivity Analysis (PSA)

The drug is a hydrophilic molecule with negative logP value of 0.8 and pKa value of 7.7. The drug
is associated with variable oral absorption and short half-life (10–20 min) which results in frequent
drug dosing. In addition to these, other parameters (particle size, nanoeffect, solubility, permeability
and shape) also affect pharmacokinetics (PK) profiles (Cmax, Tmax and AUC). Nanonization process
affects PK parameters which can be predicted using PKplus module of GastroPlus® software version
9.7 (Simulation Plus Inc., Lancaster, CA, USA). The PSA study investigated the effect of solubility,
NanoEffect and primary permeability on major PK parameters when administered orally.
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Regional Absorption: Compartmental Absorption Prediction

The software predicts regional absorption of 5-FU and NPs (compartmental analysis) from nine
different segments of gastrointestinal tract (GIT) based on the physicochemical properties and in vitro
input parameters (from literature and by default system available in the software) of the drug. Thus,
the required physicochemical input parameters (experimental, literature and ADMET Predictor®

based) were added to the system before the program executes. These nine GIT segments are stomach,
duodenum, jejunum-1, jejunum-2, ileum-1, ileum-2, ileum-3, caecum and ascending colon. The amount
absorbed indicates the overall absorption. The regional absorption through different segments are
illustrated in percent.

2.5. Statistical Analysis

In the present study, all data were calculated using the OriginPro8.0 software (version 8, origin lab,
Northampton, MA, USA). The mean and standard deviation was identified statistically for cytotoxicity
analysis and release kinetics data for 5-FU. The Student “t-test” was utilized for the statistical validation
of cytotoxicity data. The value of ‘p’ value less than 0.05 was considered to be significant for calculating
statistical differences amongst variables parameters. All studies were carried out in triplicate to present
as mean with standard deviation value.

3. Results and Discussion

3.1. Culture Growth of Bacillus licheniformis

The bacteria was revived and found to be rod shaped [29]. Notably, the intracellular extract of
bacteria was used for biogenic synthesis of gold NPs. Therefore, the supernatant was used for the
synthesis of gold NPs loaded with 5-FU [29]. To find the effect of cell lysate concentration on the
characteristics of NPs, three different concentrations (10%, 50% and 100%) were used.

3.2. Preparation of BSA Capped and Uncapped Gold Nanoparticles

To investigate the influence of lysate concentration and the concentration of chloroauric acid
(250 mg/L and 500 mg/L) on NPs characteristics parameters such as drug loading and entrapment
efficiency, several formulations were prepared as shown in Table 1. F1, F5 and F9 are placebo gold NPs
with 10%, 50% and 100% cell lysate, respectively without BSA capping [37–39]. Similarly, F2, F6 and
F10 are placebo gold NPs with 10%, 50% and 100% cell lysate, respectively with BSA capping. 5-FU
loaded BSA capped gold NPs were F3, F7, F11 and F15 whereas F4, F8, F12 and F16 were uncapped
formulations loaded with 5-FU as portrayed in Table 1. The biocompatible BSA was purposely utilized
as a coating agent over the gold nanoparticles for increased drug loading and entrapment efficiency
probably due to maximum interaction with 5-FU. It was reported that 5-FU exhibits its maximum
drug loading and entrapment at pH below 6 due to maximized protonation (possessing two pKa
values). It was also reported that BSA exists in two distinguishable unfolded states at pH range of
4.8–5.6 as compared to HSA (single unfold state) [40]. Therefore, it was optionally good for the present
study so that we can achieve maximum drug loading, entrapment and coating over biogenic gold
nanoparticles. Moreover, BSA based nanoparticles revealed sustained release of 5-FU as reported
before [41]. Formulations such as F13, F14, F15 and F16 were prepared using lower concentration
(250 mg/mL) of chloroauric acid (HAuCl4). Thus, the concentration of lysate and chloroauric acid were
two main variables to formulate 16 formulations. The drug loaded formulations were lyophilized to
remove aqueous phase from the formulation and subjected for morphological and other evaluation
parameters. This improved stability and reconstitution ability in saline solution. The reconstituted
product was free of any instability and settling issues for 48 h (bench top stability at room temperature).
This product can be a suitable approach for transdermal and oral delivery to control breast cancer.
Final strength of 5-FU reconstituted (normal saline) formulation was 1% w/v.
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3.3. Characterizations of Prepared Formulations

All formulations were characterized for particle size, size distribution and zeta potential. Percent
drug loading and entrapment efficiency were also determined for them. Results of the selected nine
formulations were presented in Table 2. For morphological assessment, the representative images
of SEM have been illustrated in Figure 1. In vitro drug release pattern, compatibility study using
FTIR and in vitro hemocompatibility, have been discussed in subsequent discussion in the following
subsections. Thus, evaluations parameters have been discussed coherently as below:

Table 2. Characterizations of the selected stable placebo and 5-FU ferrying gold nanoparticles
formulation with or without capped BSA (Bovine serum albumin).

Code Sample Particle Size (nm) (PDI) * ζ (mV) * DL * %EE *

F9 GP 38.25 ± 11.33 0.247 −26.36 ± 1.94 - -
F10 CGP 58.72 ± 17.65 0.161 −19.51 ± 2.36 - -
F3 5-CGP 81.49 ± 12.41 0.283 −23.68 ± 2.88 26.9 ± 1.3 10.23 ± 0.01
F7 5-CGP 140.46 ± 16.48 0.233 −18.18 ± 3.49 54.5 ± 2.7 37.46 ± 0.8

F11 5-CGP 249.62 ± 18.45 0.269 −25.66 ± 3.21 89.4 ± 3.2 64.77 ± 1.32
F12 5-GP 178.09 ± 10.19 0.273 −18.31 ± 1.97 37.0 ± 1.0 41.94 ± 0.8
F13 GP 101.59 ± 10.17 0.110 −29.87 ± 2.94 - -
F14 CGP 165.4 ± 9.63 0.265 −27.27 ± 2.65 - -
F15 5-CGP 211.04 ± 13.29 0.281 −27.43 ± 2.04 4.71 ± 0.02 42.02 ± 2.4
F16 5-GP 112.3 ± 10.31 0.272 −26.09 ± 2.68 3.54 ± 0.01 29.16 ± 1.5

* Note: PDI = Polydispersity index, DL = % Drug loading, ζ = Zeta potential, EE = Entrapment efficiency (%),
(mean ± sd; n = 3).
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Figure 1. Scanning electron microscopy (SEM) micrograph of (A) F9 (Placebo GP), (B) F10 (Placebo
CGP), (C) F11 (5-CGP), (D) F12 (5-GP), (E) F14 (Placebo CGP), (F) F15 (5-CGP) and (G) EDX (energy
dispersive X-ray spectroscopy) image of F11. 50.35 KX magnification and scale of 100 nm.
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3.3.1. Morphological Analysis

The results of morphological assessment of selected formulations have been portrayed in
Figure 1A–F. Figure 1A,B,E are placebo NPs comprising of drug free uncapped gold nanoparticles,
drug free BSA capped gold NPs (HAuCl4 ~ 500 mg/L) and drug free BSA capped gold NPs (HAuCl4 ~
250 mg/L), respectively. Figure 1C,D,F are 5-FU loaded formulations of respective placebo. Notably,
the developed formulations were apparently spherical in shape with uniform distribution of particles.
Moreover, Figure 1A,D are uncapped formulations with prominent smooth surface as compared to
rest capped formulations (Figure 1B,C,E,F). Furthermore, F14 and F15 are not significantly different in
morphology from those formulations prepared with higher concentration of HAuCl4. However, the
size of NPs seems to be greater than former. This might be due to variation in nucleation rate at low
concentration at explored pH and temperature [30]. There were large variations in the color changes
while preparation with varied extract concentration and similar findings were noticed by the previous
published literature [30]. The EDS study exhibited the presence of pure Gold in NPs as evidenced with
intense peak observed in Figure 1G as compared to others.

3.3.2. Particle Size, Size-Distribution and Zeta Potential

The particle size is one of the most significant parameters used for determining biocompatibilities
and bioactivities of NPs. It is an essential parameter because it has a direct consequence to the stability
of the formulation during storage period [42,43]. The result has been presented in Table 2 wherein the
particle size ranged as 38.25—249.63 nm. It is obvious to explain that F9 (38.25 ± 11.33 nm) and F10
(58.72 ± 17.65 nm) are significantly (p < 0.05) different in size owing to BSA coated gold NPs which was
evident in SEM findings. It is obvious that capping imparted increment in particle size as measured by
DLS. Furthermore, CLS affected particle size and size distribution as observed in Table 2. The particle
size of F3, F7 and F11 were observed as 81.49 ± 12.41 nm, 140.46 ± 16.48 and 249.62 ± 18.45, respectively.
There was a progressive increase in particle size from 10% to 100% cell lysate (F3, F7 and F11) and vice
versa. The smallest particle size of capped F3 (81.49 ± 12.41 nm) was found with lowest concentration
cell lysate (10%) and this was in excellent agreement with the reported results by Das et al., Song et al.
and Kumari et al. [30,44,45]. The finding was rationalized based on the fact that higher concentration
of cellular lysate (acting as reducing agent) might have increased the catalytic activity resulting into
faster reaction rate and larger particle size with rapid particles growth (faster nucleation) [30]. It must
be noted that pH, temperature and reaction time were kept constant throughout the experiment to
observe the effect of one variable at a time. These are potential factors greatly affecting size and size
distribution and thereby drug loading or %EE [30]. On comparing F11 and F15 being difference in
HAuCl4 content (250 mg/mL and 500 mg/L) as shown in Table 1, the effect of gold content on particle
size with 100% cell lysate was investigated. In Table 2, it is quite clear that there is reduction in particle
size of gold nanoparticle when prepared with lower concentration of gold salt. Kumari et al. reported
that there is vital role of temperature, gold salt and cell lysate on the shape of resulting nanoparticles.
Furthermore, authors reported that particles were predominantly in mixed population with the lower
content of gold salt (250 mg/mL) as compared to the higher concentration of the same (500 mg/L)
(predominantly hexagonal) [30]. As per Table 2, the particle size of F11 is relatively larger than that of
the F15 which might be explained with a reasonable and fundamental concept that cell lysates with
higher concentration of gold salt are comparatively less available. This results into insufficient capping
and stabilization action of reducing agent which then exposes different facets on surface leading to
formation of larger size particles owing to random collisions and nuclei fusion [30,44]. The finding
supported previous results of SEM shape image wherein Figure 1C revealed slight change in particle
shape from spherical morphology prepared with higher concentration of gold salt as compared to
lower concentration (Figure 1F). However, there are no significant differences in PDI value between
F11 and F15 which might be due to formulated at the same temperature (30 ◦C). It is well known fact
that the pH of the reaction mixture plays a vital role on the oxidation state and reducing power of cell
lysate containing responsible enzyme and secondary metabolites [44]. In general, a mixed population
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of particle shape (tetragonal, hexagonal and rod shaped) and larger size are synthesized at lower
pH 2–6. On further increasing pH (up to 8.5), there was substantial reduction in particle size with more
spherical morphology [30]. Therefore, in our study, we set the reaction pH at 7.4 for getting optimum
shape, size and size distribution (PDI < 0.3). The documented values of PDI were found to be less than
0.3 which signify a reasonably narrow particle size distribution in all the nanoformulations.

The result of zeta potential has been provided in Table 2 showing consistence and negative charge
on the surface which may be attributed owing to phosphate anion (PO4

−3) adsorption on the Au
(as observed in uncapped placebo gold nanoparticles) or negatively charged BSA capped on the Au
core [46]. These values ranged from −18.18 to −29.89 mV suggesting substantial surface charge for
repulsion to avoid particle coagulation and results into stabilized formulation. There is a sensitive
correlation between the zeta potential value and the loading of BSA molecules to the AuNPs at explored
ratio (1:1) [46]. To understand the insight of charge while nucleation and particle size, pH of reaction
mixture plays a significant role. In each method of gold nanoparticle synthesis, there is either the
process of nucleation or crystal growth. There is a reduced repulsion between the anion of AuCl4−

and COO− group of cell lysate (extract) which results into uncontrolled nucleation and subsequent
larger mixed shape particle [47]. Thus, neutral pH (6–8) is suitable for optimum particle size and
size distribution and negative charge is predominantly attributed by all three AuCl4− ions, BSA and
carboxylic group of extract. At lower pH, repulsion between negatively charged AuCl4− ions and
carboxylic group of extract is reduced resulting in uncontrolled nucleation of seeds and formation of
larger mixed shape particles. Without BSA coated nanoparticle, the negative zeta potential is indicative
of strong binding and adsorption of lysate to the surface of developed gold NPs and the finding is in
accordance with values reported before [48].

3.3.3. %DL and %EE Studies

In the present study, there are two types of gold NPs prepared to ferry hydrophilic 5-FU. One
set was capable to load or entrap drug on the lysate uncapped AuNPs represented as 5-GP (F4, F8,
F12 and F16) (Table 1). Another set of formulations was expected with dual coatings such as initial
coat with lysate followed by BSA. Since the drug is hydrophilic and soluble in aqueous medium
then it may possibly be trapped in both capping matrixes. Thus, results of drug loading efficiency
and entrapment efficiency have been illustrated in Figure 2 and Table 2. F3, F7 and F11 exhibited
%DL as 26.9 ± 1.3, 54.5 ± 2.7 and 89.4 ± 3.2%, respectively. Similarly, F3, F7 and F11 exhibited %EE
as 10.23 ± 0.01, 37.46 ± 0.8 and 64.77 ± 1.32%, respectively. This finding suggested that the loading
efficiency was higher than the entrapment which could be prudent to correlate the hydrophilic nature
of 5-FU adsorbed onto the biocompatible and hydrophilic BSA carrier. Moreover, %DL and %EE were
found to be increased with the increase in cell lysate concentration (extract concentration) from 10% to
100%. It is obvious due to respective increase in size and coat thickness adsorbed on the AuNP [46].
Thus, there is direct relationship between the BSA (with 5-FU if laden) loading capacity per AuNPs
and particle size (zeta potential too) [46]. Conclusively, the concentration of cell lysate affected %DL
and %EE. Both parameters were found to be increased with increase in lysate concentration as shown
in Figure 2. Furthermore, the study investigated the effect of gold concentration on %DL and %EE. On
comparing the formulation F11 (HAuCl4 = 250 mg/mL) and F15 (HAuCl4 = 500 mg/mL), the values
of %DL and %EE of F15 were found to be less as compared to F11 which could be owing to half
concentration of gold salt. At low concentration of gold salt, cell lysate efficiently capped and stabilized
with reduced particle size resulting in a minimized %DL and %EE at the explored temperature (30 ◦C)
and pH (7.4) [30,46].
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Figure 2. Drug loading and entrapment efficiency (%) of the selected. Data presented as mean± standard
deviation (n = 3).

3.3.4. FT-IR Analysis

FT-IR analysis was carried out to identify any possible chemical interaction between the drug
molecule and excipients for crafting the nanoparticles. The IR absorption spectra of pure 5-FU, placebo
formulations, optimized formulations (F11, F12 and F15) and physical mixture of BSA-HAu (1:1
ratio) is portrayed in Figure 3A–G. A broad band between the 3000 and 3500 cm−1, is attributed
to -NH stretching vibrations in the spectrum of 5-FU (Figure 3A). This band was also observed at
3130 cm−1 in the IR spectrum of 5-FU loaded F11, F12 and F15. 5-FU seemed to have band of carbonyl
stretching (C=O) at 1662 cm−1. The peak at 1246 cm−1 belongs to C-F stretching band in the spectrum
of 5-FU. This peak was perceived at 1249 cm−1 in the spectrum of fabricated F11, F12 and F15. The
peaks obtained were in conformity with various literature reports indicating identity and purity of
5-FU [49]. Figure 3B,C showed the spectrum of placebo formulation of F9 and F10, respectively
wherein gold NPs exhibited characteristic peaks at 3312.65 cm−1 (N-H stretching from amino group of
protein), 1245.83 cm−1 (C-O-C stretching), 1090.32 cm−1 (C-O stretching), 1388.75 cm−1 (C-H bending),
1154.22 cm−1, a peak of NH3 + at 1554.76 cm−1 and 2923.43 cm−1 in agreement with our previous
report [29]. The intense and broad peaks at 3312.65 cm−1 is due to inherent OH− hydroxyl and
carboxylic groups present in the cellular lysate and BSA protein. It is noteworthy that less intense
band at 1249.31 cm−1 corresponds to amide III functional group of protein suggesting the involvement
of a capping agent (cell lysate as well as BSA) responsible for biogenic synthesis of AuNPs [29].
Figure 3D–G elicit preserved intense peak at 3312.65 cm−1 of gold salt interaction with the OH−1 group
of extract reflecting the reducing property of intracellular enzyme. The intense peak (Figure 1G) of
pure gold in nanoparticle biogenic synthesis corroborated the reduced form of AuCl4− salt to pure Au
particles by interaction with the enzyme responsible for particle synthesis.
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Figure 3. Fourier transform infrared (FTIR) plot from top to bottom (A) 5-FU, (B) F9 gold nanoparticles
(Placebo 5), (C) F10 gold nanoparticles CGP (Placebo 6), (D) F11 as 5-CGP (500 mg/mL), (E) F12 as 5-GP,
(F) BSA-HAu mixture and (G) F15 as 5-CGP (250 mg/mL).

3.3.5. Drug Release Study

The drug release kinetic is important for assessing behavior of drug release from the tailored
NPs as it can be easy to predict in vivo absorption pattern. 5-FU is soluble in PBS solution (pH 7.4)
and the selected formulations (F3, F7, F11 and F15) were investigated for the drug release pattern.
The amount of the drug released from matrix was compared amongst them based on the variation
in composition. The release pattern is shown in Figure 4A where the 5-FU solution showed 96.64%
within 6.8 h indicating no chemical interaction with the dialysis membrane. Formulation F11 exhibited
maximum drug release (82.12%) in the same medium as compared to others formulations (F7, F15 and
F3). Considering the effect of concentration of cell lysate, the released drug content get increased from
10% to 100% owing to maximum DL and EE from the formulations (F3, F7 and F11).

To understand the effect of gold salt concentration on release profile, there is direct relationship
between %EE and the drug release. It was observed that the drug release increases with increase in %EE
or %DL. The cumulative drug release profile of 5-FU from all nanoformulations followed sustained
release pattern. Moreover, about 82% of free 5-FU was released within 6 h while F11 showed less than
40% 5-FU which were in accordance with the earlier findings [31]. These nanoformulations were able
to release 5-FU in a biphasic pattern and characterized by an initial faster release trailed by a sustained
release. The initial burst release (within 30 min) can be assigned due to the diffusion of loosely bound
5-FU molecules in the BSA matrix or 5-FU adsorbed on the AuNPs surface. These findings were found
to be similar with reported studies [43,50,51]. The initial burst release provides immediate effect and
the sustained release is requisite to avoid frequent drug administration. Conversely, the most desired
release pattern for an encapsulated drug in a nanoparticle system for targeted delivery is sustained
release over a prolonged time.
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Figure 4. (A) In vitro biphasic (0–12 and 12–48 h) drug release profile of the formulations and (B) In vitro
hemolysis study of the developed gold nanoparticles over period of 4 h. Each sample was incubated
with erythrocytes at 37 ◦C. DW (served as positive control) and PBS (buffer control) represent distilled
water and phosphate buffer solution (pH 7.4), respectively. Data presented as mean ± sd (n = 3).

The release kinetic of 5-FU was biphasic (two phase pattern) in the studied medium. The
initial phase up to 12 h showed burst release followed by slight release increment (12–48 h, inset of
Figure 4A). The second phase (12–48 h) revealed slow and sustained release of 5-FU over period of
48 h (inset of Figure 4A). The release pattern of the developed 5-FU loaded formulation complies
with the investigation reported by Nivethaa et al. [49]. For mechanistic understanding of release
kinetics from each phase, various mathematical models were applied (Zero order, First order, Higuchi,
Hixson-Crowell and Korsmeyer-Peppas etc.). The value of correlation coefficient usually > 0.97 was
considered as the best fit model [49]. As per the value of r2 obtained after applying these models in
the first phase, the values of zero order model for F3, F7, F11 and F15 were 0.992, 0.98, 0.99 and 0.99,
respectively, confirming constant release (0–12 h) of the drug from the gold nanoparticles [49]. This
approach of therapeutic drug delivery for achieving slow and sustained release (prolonged therapeutic
action) could be a promising approach to control menace of breast cancer and colorectal cancers.
Similarly, these values (zero order model) were found to be 0.95, 0.99, 0.99 and 0.98 for F3, F7, F11
and F15, respectively when applied for the subsequent phase 2. Moreover, these data were the best
fit (r2 = 0.97–0.99) for Higuchi model for phase 2 describing the release kinetic process following the
Fick’s law of diffusion. Furthermore, the values of “n” as diffusion exponent calculated by fitting in the
Korsmeyer-Peppas model were in the range of 0.164–0.2426 and 0.062–0.103, for phase 1 and phase 2,
respectively confirming the Fickian diffusion based controlled drug release mechanism. It is evident
from the previous published report that 5-FU loaded gold NPs exhibited super class II transport
mechanism (n = 1.8) in third phase (40–72 h) when formulated as chitosan/gold nanocomposite for
breast cancer treatment [49].

3.3.6. Hemolysis Assessment

To confirm any possible hemoincompatibility of the developed formulations at explored
concentration of excipients (particularly chloroauric acid) used in the formulations, it was prerequisite
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to assess in vitro hemolysis assessment using rat erythrocytes [34]. Parenteral administration of gold
NPs (coated and uncoated) gained special interest of scientist working to treat tumor site by targeted
delivery [52]. However, the circulating gold NPs in systemic circulation get exposed to blood cells and
blood vessels for possible cause of hemolysis. Therefore, data of hemolysis of gold NPs loaded with
anticancer drug for transdermal or oral delivery are limited. The study was designed to investigate the
safety aspect of the developed nanoformulation on rat blood exposing with erythrocytes suspension
and subsequent incubation for 4 h. Generally, gold NPs are plasma protein coated circulating in the
blood for the treatment of cancer [53]. The result of ex vivo hemolysis study has been demonstrated
in Figure 4B. The hemolysis caused by the distilled water (positive control) considered as 100% and
negative control saline exhibited significantly low hemolysis (10.7%) as compared to others. However,
all developed formulations F7, F9, F10, F11, F12 and F15 revealed minimum and approximate value to
negative control and these values were 15.32%, 14.51%, 11.76%, 13.26%, 13.97% and 12.55%, respectively,
during studied time. The free 5-FU solution (18.09%) showed slightly greater than the formulations due
to its innate toxic potential. This might be correlated with the lysate and hemocompatible excipients
(BSA) employed for capping the gold nanoparticles [50,51]. In the present study, the gold concentration
(≤1.4 mM and 0.7 mM) exposed with erythrocytes suspension was much less than 20 mM as studied by
Aseichev et al. [50]. It is well established fact that synthetic polymers and cationic surfactants owing to
electrostatic interaction with negatively charged RBCs are more prone to hemolysis as compared to
natural and neutral compounds suggested that the formulations were unable to interact with blood
cells at physiological conditions [34]. In this investigation, formulations were coated with either cellular
content of bacterial lysate or BSA solution. Thus, the formulations showed hemocompatible and safe
without inducing any hemolysis.

3.3.7. MTT Assay Analysis

MTT assay was performed to show the potential of 5-FU on cellular growth inhibition as compared
to the nanoformulation loaded with 5-FU against MCF-7 cells. Also, the effect of all the seven samples
(F7, F9, F10, F11, F12 and F15) were observed against the treated MCF-7 cells [5,54]. The IC50 values
of F7, F11, F12, F15 and 5-FU were found as 10.52, 5.27, 12.69, 17.85 and 22.25 µg/mL, respectively,
estimated after 24 h of incubation. The cellular viability was evaluated by calculating the color intensity
of formazan solution. As shown in Figure 5 (cell viability) and Appendix A Figure A1 exhibited time
dependent and concentration (at IC50) dependent lethal potential (cells inhibition) by the optimized
formulation, respectively. Notably, the number of viable cells treated with F7 and F11 were significantly
(p < 0.05) reduced with increasing exposure time (Figure 5). This may be prudent to correlate with the
content of cellular lysate and %DL (~54% for F7 and ~89% for F11) of F7 and F11. F11 was formulated
using 100% cellular lysate which exhibited maximum inhibition as compared to F7 and the finding is in
accordance with the reported results [30]. Authors reported that both reducing potential and capping
ability depend on the concentration of cell free lysate (extract) [30]. Similarly, cytotoxic potential is also
dependent on the concentration of the gold salt. It is clear that the F15 formulation exhibited slightly
less inhibition at all studied time points (4, 8, 12 and 24 h) as compared to F11 which may be owing
to the decreased amount of gold salt (250 mg/L) used to formulate F15 (Figure 5) [30]. However, the
formulation F11 showed the maximum inhibition amongst them. It was interesting to notice that the
nanoformulation of F11 showed percent cell viability of 18.23 ± 0.60% while 5-FU solution showed
percent cell viability of 52.95 ± 1.43% which is ~3 fold higher than the DS (at 24 h). Conclusively, both
gold salt concentration and the concentration of the extract are the prime factors for maximized drug
loading, entrapment and suitable size.
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Figure 5. Viable cells (MCF-7 cells) treated (at their IC50) with the formulations and drug solution
(MTT assay). Data presented as mean ± standard deviation (n = 3). * Indicates statistically significant
inhibition as compared to control (p < 0.05).

Three selected formulations (F11, F15 and F12) were further investigated for the effect of
concentration on cytotoxicity (viable cells). Two concentrations (10 and 100 µg/mL) were used at
four different exposure time as shown in Appendix A Figure A1. F11 and F15 differ in terms of
the concentration of gold salt whereas F12 is prepared without BSA coating. The study was carried
out to evaluate the effect of capped and uncapped gold NPs ferrying 5-FU. Moreover, the effect of
concentration of the extract on the cellular cytotoxicity was investigated for different time points. The
results showed that the viable cells were found to be 25.03% and 18.09% by F11 using the concentration
of 10 and 100 µg/mL, respectively, at 24 h. The formulation F11 (100 µg/mL) showed significant
cytotoxic potential (23.9% remained as viable cells) as compared to free DS (17.03% remained as viable
cells) at 24 h. Appendix A Figure A1 showed concentration and time dependent cytotoxic potential of
formulations. F11 showed maximum cytotoxicity at 24 h among them [55]. Thus, BSA capped F11
formulation has remarkable potential as a chemotherapeutic nanocarrier compared to 5-FU solution.

3.3.8. Cell Inhibition by Optimized F11 at IC50 and 0.5 × IC50 against MCF-7

F11 was the best optimized one amongst them and therefore, this was further studied for cellular
inhibition at IC50 to compare with pure DS. In order to elucidate the concentration dependent cytotoxic
effect on MCF-7 by the optimized F11, cells were incubated with two concentrations as shown in
Figure 6. The result portrayed that there is progressive detrimental effect on MCF-7 cells when the
concentration of exposure was increased (IC50 > 0.5 IC50). Moreover, this was relatively higher than
the free 5-FU solution over explored period (24 h). In this study, 5.27 and 22.25 µg/mL were IC50 of
F11 and 5-FU, respectively, against the MCF-7 cell lines (4 × 104 cells/mL). Figure 6A showed densely
populated normal and intact MCF-7 cells without treatment. Figure 6B,C exhibited comparative killing
of tumor cells at two varied concentrations whereas Figure 6D,E revealed similar pattern of killing
but relatively lesser than F11. Thus, after exposure at IC50 concentration of F11 caused profound cell
inhibition as compared to pure 5-FU irrespective of time of incubation.



Processes 2020, 8, 1579 17 of 27

Processes 2020, 8, x FOR PEER REVIEW 16 of 26 

 

Three selected formulations (F11, F15 and F12) were further investigated for the effect of 

concentration on cytotoxicity (viable cells). Two concentrations (10 and 100 µg/mL) were used at four 

different exposure time as shown in Appendix A Figure A1. F11 and F15 differ in terms of the 

concentration of gold salt whereas F12 is prepared without BSA coating. The study was carried out 

to evaluate the effect of capped and uncapped gold NPs ferrying 5-FU. Moreover, the effect of 

concentration of the extract on the cellular cytotoxicity was investigated for different time points. The 

results showed that the viable cells were found to be 25.03% and 18.09% by F11 using the 

concentration of 10 and 100 µg/mL, respectively, at 24 h. The formulation F11 (100 µg/mL) showed 

significant cytotoxic potential (23.9% remained as viable cells) as compared to free DS (17.03% 

remained as viable cells) at 24 h. Appendix A Figure A1 showed concentration and time dependent 

cytotoxic potential of formulations. F11 showed maximum cytotoxicity at 24 h among them [55]. 

Thus, BSA capped F11 formulation has remarkable potential as a chemotherapeutic nanocarrier 

compared to 5-FU solution. 

3.3.8. Cell Inhibition by Optimized F11 at IC50 and 0.5 × IC50 against MCF-7 

F11 was the best optimized one amongst them and therefore, this was further studied for cellular 

inhibition at IC50 to compare with pure DS. In order to elucidate the concentration dependent 

cytotoxic effect on MCF-7 by the optimized F11, cells were incubated with two concentrations as 

shown in Figure 6. The result portrayed that there is progressive detrimental effect on MCF-7 cells 

when the concentration of exposure was increased (IC50 > 0.5 IC50). Moreover, this was relatively 

higher than the free 5-FU solution over explored period (24 h). In this study, 5.27 and 22.25 µg/mL 

were IC50 of F11 and 5-FU, respectively, against the MCF-7 cell lines (4 × 104 cells/mL). Figure 6A 

showed densely populated normal and intact MCF-7 cells without treatment. Figure 6B,C exhibited 

comparative killing of tumor cells at two varied concentrations whereas Figure 6D,E revealed similar 

pattern of killing but relatively lesser than F11. Thus, after exposure at IC50 concentration of F11 

caused profound cell inhibition as compared to pure 5-FU irrespective of time of incubation. 

 

Figure 6. Concentration dependent in vitro antitumor activity (MCF-7) of the optimized formulation 

(F11) and 5-FU pure drug after 24 h of exposure: (A) Control group, (B) 0.5 × IC50 of F11, (C) IC50 of 

F11, (D) 0.5 × IC50 of 5-FU pure and (E) IC50 of 5-FU pure. Scale bars = 50 µm. 

3.3.9. Apoptosis Analysis and Morphological Studies 

It is a well-established fact that apoptotic cells exhibit specific morphological changes such as 

cytoplasmic constriction, nuclear fragmentation and abnormal cellular shape [56]. Nuclear specific 

dye Hoechst 33342 was used to stain the MCF-7 cells treated with the IC50 of optimized F11 and 5-FU 

Figure 6. Concentration dependent in vitro antitumor activity (MCF-7) of the optimized formulation
(F11) and 5-FU pure drug after 24 h of exposure: (A) Control group, (B) 0.5 × IC50 of F11, (C) IC50 of
F11, (D) 0.5 × IC50 of 5-FU pure and (E) IC50 of 5-FU pure. Scale bars = 50 µm.

3.3.9. Apoptosis Analysis and Morphological Studies

It is a well-established fact that apoptotic cells exhibit specific morphological changes such as
cytoplasmic constriction, nuclear fragmentation and abnormal cellular shape [56]. Nuclear specific
dye Hoechst 33342 was used to stain the MCF-7 cells treated with the IC50 of optimized F11 and 5-FU
followed by incubation for 12 h and 24 h. The cellular alterations in nucleus (morphology) can be
inspected distinctively for the apoptotic cells as compared to control normal live cells. Normal control
cells are clearly distinct from the treated cells after varied incubation exposure suggesting progressive
detrimental effect of F11 with time. Results have been portrayed in Figure 7. It is apparently clear that
tumor cell density and nuclear fragmentation caused by F11 (IC50 = 5.27 µg/mL) was profound after
24 h of incubation as compared to 12 h as shown in Figure 7B,C. Similar pattern of cell cytotoxicity
was observed with 5-FU solution (IC50 = 22.25 µg/mL). The data suggested that number of viable cells
decreases with increase in drug concentration as shown in Figure 7A. This difference from pure 5-FU
might be owing to (a) augmented cellular internalization of capped gold NPs with MCF-7 leading to
enhanced permeation and retention effect (EPR effect), (b) albumin having ability to be accumulated in
solid tumor site for targeted delivery, (c) GNPs possessing high surface to volume ratio resulting into
increased drug payload for site specific delivery at minimized dose and (d) albumin possessed versatile
properties for drug delivery such as small size (~66 kD), biocompatible, its abundance, established
carrier for the targeted delivery to tumor site [7,57,58]. Moreover, F11 revealed localized stained
DNA chromatin of the nucleus suggesting late-stage apoptotic cells due to identified intense blue and
asymmetrically fragmented cells [55]. Necrotic cells were amplified in volume and exhibited uneven
blue fluorescence because of stained condensed nuclei in Figure 7B–E by the dying cells only. The cells
appeared to be in the process of disintegrating which shows that the F11 formulation had the maximum
accumulation in the tumor cells which leads to substantial killing of cancer cells as compared to pure
5-FU. This may be correlated with the differences in IC50 values of both F11 and 5-FU. We hypothesized
that BSA capped 5-FU ferrying gold NPs induced apoptosis was relatively high due to maximized
%DL, %EE, small size, stability and albumin attributed cellular internalization with MCF-7 cells [55].
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Figure 7. In vitro apoptotic assay carried out for different treated time (12 h and 24 h) to visualize the
nuclear morphological changes of apoptotic cells post treatment with F11 (5.27 µg/mL) and 5-FU pure
drug (22.25 µg/mL) at their IC50 concentration. Fluorescence microscopic images revealed stained
MCF-7 nucleus with Hoechst 33342 dye based on their morphological variation at varied time points.
(A) Untreated control MCF-7 cells, (B) F11 treated for 12 h, (C) F11 treated for 24 h, (D) 5-FU treated
for 12 h and (E) 5-FU treated for 24 h. Control group showed normal and intact blue dyed nucleus as
compared to other treated groups. Figure 7B–E exhibited apparent fragmentation and loss of nuclear
integrity as evidenced with shrinkage of nucleus or time dependent reduced number of cells.

It is a well-established fact that gold NPs possessing unique size, shape, inertness, surface
dependent properties, biocompatibility, non-toxic and high surface to volume ratio (SVR). Gold NPs
having high SVR properties result into high drug payload which may lead to significant dose and hence
dose related toxicity to the normal tissue [7]. Efficient drug loading and entrapment to the gold NPs are
still challenging tasks as the stability and drug delivery (in active form) from the systemic circulation
to the target site are requisite concerns [7]. Several commercial (Abraxane) and literature survey
provided successful proof of concept for efficient delivery of several anticancer drugs with mitigated
toxicity and improved chemotherapeutic potential using biocompatible albumin bound (conjugated)
delivery [59,60]. Murawala et al., reported in situ synthesis of BSA capped gold NPs for effective
delivery of methotrexate against MCF-7 cell line wherein BSA capped gold NPs induced profound
apoptosis as compared to pure methotrexate. Furthermore, it was confirmed that the preferential
uptake by the MCF-7 cells was attributed to the presence of BSA acting as the source of nutrients
and energy to rapidly proliferating cancerous cell lines [7]. In the present study, the use of BSA
was based on the previous findings wherein the BSA served as dual benefits (reducing agent and
stabilizer) in delivery of methotrexate. Interestingly, the capped BSA served as trio in our case such as
reducing agent (secondary) for formulation preparation, stabilizer and carrier being hydrophilic to
trap hydrophilic 5-FU [7]. BSA has long been explored for improved stability, non-immunogenicity
and pharmacokinetics profiles.

3.3.10. GastroPlus® Prediction: PSA Analysis and Regional Absorption

In the present study, the PSA (parameter sensitivity analysis) study was performed under fast
condition for the formulation parameters and the physiological parameters with high uncertainty. It is
a potential and powerful soft tool for QbD (quality by design) implementation once it is validated for
the key factors [61]. There are three basic tabs (interfaces) used for the data input functions such as
(a) compound, (b) pharmacokinetics and (c) physiology pharmacokinetics tabs. It was required to feed
the basic physicochemical properties (dose, dose volume, solubility, logP, pKa and molecular weight)
of the drug in the compound tab as shown in Table 3 [62–64]. In the physiological tab, protein binding
capacity, apparent permeability of colon and jejunum and human body weight were used. Similarly,
the basic data pertaining to the PK parameters such as total clearance, elimination half-life and volume
of distribution were entered in the pharmacokinetics tab for simulation and prediction estimation.
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The apparent effective permeability coefficient (Peff) for 5-FU was estimated in Caco-2 cell lines and
obtained from the previously reported literature [64]. LogP, pKa, molecular formula, simulation time
and human body weight were estimated using the ADMET predictorTM module of the software.

Table 3. Details of the input parameters for 5-FU in the ACAT model of the GastroPlus® simulation.

Input Parameters Values

Molecular weight (g/mole) 130.1 a

Molecular formula C4H3FN2O2
d

LogP value −0.3 c,d

Aqueous solubility (mg/mL) 12.0 a

pKa value 8.0 d

Apparent permeability (Papp cm s−1
× 10−6) 1.9 (rabbit colon) c

Protein binding (%) 8–12 b

Plasma clearance (mL/Kg/min) 27 a

Oral dose (mg/m2/day) 500 a

Dosing volume (mL) 250.0 a

Plasma half-life (min) 11.1 b

Volume of distribution (L/Kg) 0.43 a

Human body weight (Kg) 75 d

Simulation time (h) 1.0 d

a Taken from the literature [62]; b Reported value from the reference [63]; c Taken from the reference [64]; d Estimated
value from the GastroPlus® as by default value (program software data).

The prediction results of the PSA study are exhibited in Figures 8–10. The PSA study was carried
out to assess the effect of the key parameters pertaining to the formulation on the drug dissolved in
release media, percent drug absorbed and PK parameters (Cmax and AUC). These key parameters
are drug particle size (as RadPart), apparent effective permeability (as Peff), nanonization effect (as
NanoEffect), drug particle density (as DenPart), oral hold time (as OralHoldTime), particle shape,
dose, pH, reference solubility and diffusion coefficient (as DiffCoeff). In this, PSA was run with
high uncertainty for oral formulation to predict the effect of the key factors responsible for in vivo
performance based on the in vitro input data. The Figure 8A clearly indicated that the drug dissolution
was not affected with the drug particle size (RadPart), nanonization and Peff of the drug. The predicted
value of 5-FU was 50.0 mg in 5 mL of PBS solution which is very close value to the reported aqueous
solubility (11.1 mg/mL) (Table 3). Physicochemical properties (drug particle size, density, dose, shape
and oral hold time) of the drug did not have an impact on the drug absorption as shown in prediction
report (Figure 8B). Predicted percent drug absorbed was about 44.7% closely related to the drug
dissolved (good correlation) as shown in Figure 8B. However, the nanoformulation changed the
apparent effective permeability of 5-FU and % drug absorption was predicted as 80% at the particle
size of 25 nm (Figure 8C). The percent drug absorbed increases with the increase of Peff value over
particle size range of 25–100 nm as shown in Figure 8C.
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(A) PSA of drug dissolution, (B) PSA of percent drug absorbed of free 5-FU and (C) PSA of % absorbed
of 5-FU from NPs.



Processes 2020, 8, 1579 21 of 27
Processes 2020, 8, x FOR PEER REVIEW 20 of 26 

 

 

Figure 9. PSA of the pure 5-FU and 5-FU loaded NPs: (A) Effect on Cmax of 5-FU and (B) Effect on Cmax 

of 5-FU loaded NPs. 

 

Figure 10. PSA of the pure 5-FU and 5-FU loaded NPs: (A) Effect on AUC0-t of 5-FU and (B) Effect on 

AUC0-t of 5-FU loaded NPs. 

Figure 9. PSA of the pure 5-FU and 5-FU loaded NPs: (A) Effect on Cmax of 5-FU and (B) Effect on
Cmax of 5-FU loaded NPs.

The PSA study was performed on PK parameters, such as Cmax and AUC (area under the curve),
for the pure 5-FU and 5-FU loaded NPs. The key parameters such as Peff, RadPart, oralHoldTime
and particle size were taken into account to study their effect on these PK parameters. The result is
illustrated in Figure 9A,B where there were no effect of particle size and NanoEffect on the Cmax for the
pure 5-FU. However, Peff and oral hold time were found to be directly proportional to Cmax (Figure 9A).
This prediction may be correlated with the lipophilic nature of the GIT mucosal membrane. Increased
oral residence time increases the extent of absorption of any drug. Notably, the Cmax was found to be
increased up to particle size (formulation) of 340 nm and then followed a plateau state (Figure 9A).
The module predicted that both the Peff and nanoEffect (formulation effect) were significant on the
Cmax whereas the drug-particle size (drug characteristic) was of no effect (Figure 9B). Comparing these
two, the Cmax values of 5-FU and 5-FU-NPs were 2.7 and 6.8 µg/mL, respectively, which predicted
that the biogenic NPs may improve the Cmax by ~2.5 folds than the pure 5-FU at formulation particle
size of 250 nm. Two pka values of 5-FU are ~8.0 and 13 due to amino functional group which shows
maximum ionization at pH 6 and it has been reported that protonation of amino group in 5-FU, is
essential for drug incorporation in polymeric and gold based NPs [65–67].
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Likewise, the AUC was studied in PSA prediction with respect to the same key parameters
as shown in Figure 10A,B. There were no effect of the mean particle size and nanoEffect on the
AUC whereas the Peff and the oralHoldTime showed considerable impact for pure 5-FU. It was a
linear relationship of the Peff and oral hold time with the AUC (Figure 10A). On the other hand, the
Figure 10B revealed a linear relationship between the AUC and Peff/oral hold time up to the particle
size 340 nm. There was no effect of these key parameters at particle size > 340 nm. This may be due to
the greater particle size which hindered oral absorption across the mucosal membrane of enterocytes.
It is noteworthy that the AUC of the NPs was predicted profoundly greater (3 folds) than the pure
5-FU at the particle size of 250 nm (Figure 10A,B).

Regional Compartmental Absorption

The predicted regional absorption distribution of 5-FU and the 5-FU loaded NPs was generated by
GastroPlus® as displayed in Figure 11A,B, respectively. The PKa value of 5-FU is 7.8 as reported in the
literature which hinted that the absorption was expected from the intestinal portion being non-ionic
nature of the drug at this pH. Thus, the drug could be maximally available in large amount as unionized
form in the jejunum and ileum [62–64]. Comparing both of them, total amount of the drug absorbed
from the GIT lumen was predicted as 63.8 and 98.56% for 5-FU and 5-FU loaded NPs, respectively.
The percent absorption predicted was quite lower than the NPs which may be due to various factors
playing together in NPs formulation. Moreover, the maximum drug absorption site predicted was
jejunum in both cases wherein the total percent drug absorbed was 35.1% and 56.8% from the pure 5-FU
and NPs, respectively. However, the percent drug absorption was significantly increased from 5.6% to
25.7% through the duodenum when formulated in NPs (Figure 11A,B). The hydrophilic nature of the
drug hinders its permeation across the lipophilic mucosal membrane after mixing with the hydrophilic
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mucosal content. Therefore, the mucosal tissue is an ideal site for absorption of hydrophobic drug
whereas the mucosal content (hydrophilic) favors emulsification of hydrophilic drug molecules. This
might be a reason for > 80% 5-FU is degraded either at absorption site or after absorption [68]. These
findings are in accordance with the general trends of the drug absorption.
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4. Conclusions

5-FU is gold standard anticancer drug for the treatment of breast tumor despite possessing several
side effects, limited clinical efficacy and poor patient compliance. Proof of concept generated to
guarantee an alternative approach using the biogenic albumin capped gold NPs based on in vitro
findings was well explored. The bacterial based extract worked as good natural reducing agent and
stabilizer to achieve the stable gold nanoparticle with an excellent drug payload and extended release
profile. In vitro hemolysis study corroborated hemocompatibility of the formulation if delivered
orally/transdermally to treat breast cancer. Albumin capping played a diverse role such as stability,
controlled size, sustained drug release and preferential accumulation of NPs into the MCF-7 cell lines
as compared to free DS. In addition, it helped to increase %DL, %EE and expected drug protection for
prolonged blood circulation time. Furthermore, an MTT assay confirmed the superior efficacy of the
formulated NPs to induce apoptosis in MCF-7 cells compared with free drug and other combinations.
Finally, PSA study predicted the major keys factors related to the drug, formulation and physiological
conditions which might play a vital role to influence pharmacokinetics profiles when administered
orally. Moreover, there are several parameters that need to be taken into account for the formulation
scientists as predicted by the in silico GastroPlus® simulation and prediction tool. Thus, biogenic
albumin coated gold NPs could be a promising therapeutic approach for transdermal or oral delivery
of 5-FU in chemotherapy.
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