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Shanghai Jiao Tong University, Shanghai 200240, China.  8 
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Abstract: Glioblastoma multiforme (GBM) is the most aggressive and commonly diag-10 

nosed brain cancer and presents a strong resistance to routine chemotherapeutic drugs. 11 

The present study involves the synthesis of Lignin-g- p (NIPAM-co-DMAEMA) gold 12 

nanogel, loaded with curcumin and piperine to overcome the limitations of 13 

biodistribution, enhance the toxicity of anticancer drugs against GBM and identify the 14 

uptake pathway. Atom transfer radical polymerization was used to synthesize the Lig-15 

nin-g-PNIPAM network, crosslinked with the gold nanoparticles (GNPs) to self-assemble 16 

into nanogels. The size distribution and morphological analysis confirmed that the 17 

drug-loaded gold nanogels are spherical and exist in the size range of 10-230 nm. The 18 

toxicity effects of curcumin and piperine loaded Lignin-g- p (NIPAM-co-DMAEMA) 19 

gold nanogels were studied singly and in combination against GBM cells. An 20 

alamarBlue®  cytotoxicity analysis against U-251 MG glioblastoma cells displayed anti-21 

cancer properties at both concentrations (100 μM and 50 μM) of singular and hybrid 22 

drug-loaded nanogels. IC50 of curcumin and piperine-loaded gold nanogels were rec-23 

orded at 34 μM and 48.40 μM respectively. Immunostaining analysis of the drug-loaded 24 

nanogel treated cells shows that the F-actin induced cytoskeletal deformations result in 25 

the triggering of caspase-3 apoptotic pathways. Kinetic drug release revealed the 86% 26 

release of hybrid curcumin-piperine from nanogel after 250 mins at pH 4. Atomic ab-27 

sorption spectroscopic analysis confirmed that the hybrid drug-loaded nanogels (1.61E 28 

×106 Au/cell) have better internalization or association with the cancer cells than the 29 

GNPs or nanogels alone. Electron microscopic studies further confirmed that the 30 

curcumin and piperine nanogels penetrate the cells via endocytic pathways and induce 31 

caspase-3 related apoptosis. The experimental evidence shows the enhanced synergistic 32 

properties of combinatorial curcumin-piperine gold nanogels (IC50: 21 μM) to overcome 33 

the limitations of conventional chemotherapeutic treatments of glioma cells. 34 

Keywords: Caspase-3 Apoptosis, Cancer, Drug Delivery, Glioblastoma Multiforme, Gold 35 

Nanoparticles, Immunostaining, Kinetic Drug Release. 36 

 37 

1. Introduction 38 

    Glioblastoma Multiforme is a fast-growing 4th grade brain glioma that usually 39 

develops in star-shaped glial or non-neuron cells (astrocytes and oligodendrocytes) that 40 

do not produce electrical impulses. Glial cells play a significant supportive role to 41 

neuron cells in the brain’s physiological functions 1. GBM accounts for 60% of brain 42 

tumors and the median reported survival of GBM patients after its first diagnosis is 43 

unfortunately only ≈16 months due to the unstoppable aggregation of glioma cells, poor 44 

diagnosis and disease prognosis and a high-grade metastasis. Conventional cancer 45 



 

 

treatment of GBM includes the surgical removal of most of the cancerous cells or tumors 46 

followed by the chemotherapeutic administration of temozolomide combined with the 47 

radioactive treatment which lasts from few weeks to several months. Unfortunately, 48 

there is no permanent cure or preventive medicines to kill all glioma cells to prevent 49 

their further proliferation and tumor recurrence invariably occurs 2,3.  50 

    Curcumin (C21H20O6) is a polyphenol that is naturally available in turmeric 51 

(Curcuma longa L.) while piperine (C17H19NO3) is a biologically active and naturally 52 

available alkaloid that founds abundantly in pepper 4,5. Previous studies documented the 53 

significant anticancer potential of curcumin and piperine by the induction of apoptosis 54 

in cancer cells and their preventive role in angiogenesis. The anticancer potential of the 55 

curcumin and piperine is attributed to the ability to target various signaling molecules at 56 

molecular and cellular levels 6. Curcumin and piperine perform their cytotoxic activities 57 

by triggering cells’ defense response through the generation of reactive oxygen species 58 

(ROS). Active ROS generation results in the triggering of caspases induced apoptosis, 59 

enhanced mitochondrial membrane permeability, disruption of electron transport chain, 60 

inhibition of enzymes’ activity, nucleic acid fragmentation, hampering of the 61 

transcription, DNA replication pathways and the disassembly of the plasma cell 62 

membrane 7. These are a few among the major pathways by which curcumin and 63 

piperine achieve apoptosis of the cancerous cells 8,9.  64 

    However, the major limitations to using curcumin and piperine as an active 65 

therapeutic to treat brain glioma are the poor aqueous solubility and the reduced 66 

bioavailability which limit their efficacies 6,10. Recent advances in the field of 67 

nanotechnology provided an opportunity to design smart drug delivery systems having 68 

nano-sizes, uniform shapes, enhanced biodistribution and adsorption 11–14. 69 

    Nanogels are an advanced type of nanocarriers that are a nanosized network of 70 

crosslinked or entangled polymers, stabilized by physical and chemical forces. The 71 

nanogels have abilities to self-assemble with hydrophilic or hydrophobic drugs and act 72 

as a novel platform to carry therapeutics and to deliver them to their targeted sites 15,16. 73 

The nanogels have specific physical, chemical and biological features that include the 74 

specific surface tension, surface area, enhanced absorption, controlled release, inner 75 

space or cavity, bioavailability or circulation and stimuli-responsive activity which 76 

makes them suitable candidates for the delivery of drugs to the GBM. The use of 77 

nanogels in combinatorial nanotechnological approaches has synergistic effects which 78 

result in enhancing the cytotoxic potential 17. 79 

    Designing nanosized formulation to carry curcumin and piperine has the potential 80 

to address their limitations and can also have efficient therapeutic potential with 81 

improved drug efficacy and bioavailability. A research study was performed to examine 82 

the synergistic effects of a monoclonal antibody (CD68) combined with curcumin and it 83 

was confirmed experimentally that the synergistic anticancer and cell death activity 84 

increased 120-fold in GBM cells 19.  Additionally, the gold nanoparticle has been a 85 

promising contrast agent for in vivo imaging due to its high density and plasmonic 86 



 

 

property18, 22. However, there is no report on the combinatorial application treatment of 87 

curcumin and piperine with the gold nanoparticles crosslinked nanogels against the 88 

GBM cells.  89 

    The present study is designed to use atom transfer radical polymerization (ATRP) 90 

to synthesize the Lignin-g-PNIPAM crosslinked gold nanoparticles (GNPs) network to 91 

self-assemble into nanogels. The nanogel of Lignin-g-PNIPAM was immersed in GNPs 92 

solution. The PNIPAM blocks with bromides on their ends were acting as sites of 93 

growing up the PDMAEMA blockchains and were used as an initiator of the second 94 

reaction of ATRP polymerization. The final obtained drug delivery system was 95 

equipped with the targeting agents while having the dual ability to load curcumin and 96 

piperine. This study was envisaged to elaborate the single or combinational synergistic 97 

toxicity effects of curcumin and piperine with gold Lignin-g- p (NIPAM-co-DMAEMA) 98 

nanogel against GBM cells. 99 

2. Materials and Methods 100 

2.1. Synthesis and Self-assembly of Lignin-g-P (NIPAM-co-DMAEMA) Gold 101 

Nanogel Drug Delivery System  102 

    The atom transfer radical polymerization (ATRP) was performed in two separate 103 

steps for the fabrication of Lignin-g-PNIPAM followed by the synthesis of 104 

GNPs-b-PDMAEMA. The synthesis of polymers was monitored by performing the 1H 105 

NMR (Nuclear Magnetic Resonance) (Figure S1). Brominated lignin was used as an 106 

initiator in the reaction of ATRP polymerization. During this study, the constant ratio of 107 

H2O and N, N-Dimethylformamide (3.5:1.5) as solvent and monomers of 108 

N-Isopropylacrylamide (NIPAM) and N-N' methylene bisacrylamide (MBA, cross-linker 109 

agent) /CuBr/ligand/macroinitiator concentration have been used to obtain nanogel of 110 

Lignin-g-PNIPAM with the desirable properties 20. 111 

    Frozen micelle synthesis was achieved by stirring the copolymer powder in an 112 

HNO3 aqueous solution at pH 1 and 95 °C for 1 day to obtain a transparent polymer 113 

solution, which was then plunged into an ice bath. The chains were then self-assembled 114 

into frozen micelles with a polystyrene core surrounded by a corona of PDMAEMA 115 

chains extending in the solvent 20. 116 

    Gold nanoparticles were synthesized by the reduction of chloroauric acid with the 117 

help of trisodium citrate 20,21. The Colloidal gold was prepared as, HAuCl4 (100 mL, 118 

0.01% [w/v]) (Sigma-Aldrich) was heated to boiling. Followed by the rapid addition of 5 119 

mL of trisodium citrate (1% [w/v]) (Sigma-Aldrich) while the mixture was stirred at high 120 

speed and heated for 30 minutes. After natural cooling at room temperature, colloidal 121 

gold was filtered through a 0.22 µm membrane and stored in the dark at 4°C for future 122 

use. Colloidal gold (1 mL) solution was adjusted to pH 1 and mixed with a 100 mL of 123 

polymer concentration of 0.5% w/w at 95 °C 20. 124 

    The anticancer drugs curcumin or piperine were dissolved at 2.5, 5, 10, 20 mM each 125 

in 20 mL of acetone solution. The solution was mixed with 100 mL of gold nanogel. Then 126 

acetone was evaporated to prepare, curcumin-loaded gold nanogel mixture, 127 



 

 

piperine-loaded gold nanogel mixture and hybrid curcumin-piperine loaded gold 128 

nanogel mixtures. The schematic representation of the synthesis of gold nanogel is given 129 

in Figure 1.  130 

2.2.  Physical and Optical Characterization of Drug Carrying Lignin-g-P 131 

(NIPAM-co-DMAEMA) Gold Nanogels  132 

    The characterization of the theranostic nanogels and GNPs was performed by using 133 

various analytical instruments. The nanogels of various types were suspended 134 

separately in Dulbecco’s Modified Eagle’s Medium-high glucose (DMEM) cell culture 135 

medium without any additional supplementation and was analyzed for their 136 

morphology, size and surface charge. 137 

    The morphology of drug-loaded nanogels and GNPs was assessed by using a 138 

scanning electron microscopic (SEM) (Hitachi SU6600, Japan) instrument. The sample 139 

was prepared by pipetting a total of 10 μL of the colloidal solution in methanol onto a 140 

prewashed silicon substrates and spin coated at a speed of 1000 rpm for 20 seconds. The 141 

samples were dried in air and characterized by electron microscopy using a Hitachi 142 

SU6600 FESEM instrument at an acceleration voltage of 25 kV. Images were captured by 143 

using the SE detector 22.  144 

2.3.  Particle Size Analysis of Drug Carrying Lignin-g-P 145 

(NIPAM-co-DMAEMA) Gold Nanogels 146 

    The dimensions of each gold nanogels were assessed by using the dynamic light 147 

scattering (DLS) instrument and was performed via a NanoZetasizer ZS analyzer 148 

(Malvern Instruments, Worcestershire, UK). The colloidal sample solution for the size 149 

measurements was prepared by dispersing 100 μg/mL of gold nanogels in the 150 

DMEM-high glucose (Dulbecco’s Modified Eagle’s Medium-high glucose, Merck, 151 

Arklow, Ireland) cell culture medium in DTS0012 cuvettes. The refractive index (RI) of 152 

1.6 was used for gold nanogels. The viscosity of the sample colloidal solutions was 153 

measured at 25 °C with the help of a viscometer SV-10 (A&D Instruments Ltd., UK) 154 

before the DLS analysis was performed and the recorded values were used for the 155 

hydrodynamic size estimation of gold nanogels. The samples were equilibrated at 25 °C 156 

for three minutes before each measurement. Additionally, the surface charge in terms of 157 

zeta potential of each gold nanogel was also measured in supplemented DMEM cell 158 

culture medium by a NanoZetasizer ZS analyzer (Malvern Instruments, Worcestershire, 159 

UK). The DTS1060C clear disposable zeta cells were used as a sample holder for the 160 

measurement of zeta potential and the measurements were performed at 5 V. The data 161 

was recorded in the form of three independent measurements23. 162 

2.4.  Determination of Particle Concentration Using Microscopy 163 

    Gold nanogels were analyzed using an Olympus epifluorescence microscopy with a 164 

488 nm laser. A sample of 10 µl was added on a hemocytometer and a coverslip was 165 

loaded on the counting surface. Curcumin gold nanogel was measured at a 488 nm laser 166 

wavelength. Piperine gold nanogel was measured with a UV light source. Particle 167 



 

 

numbers were systematically counted in selected squares. The concentration of nanogel 168 

in the sample was multiplied by 104 per mL. 169 

2.5.  Determination of Kinetic Drug Release from Drug Carrying Lignin-g-P 170 

(NIPAM-co-DMAEMA) Gold Nanogels 171 

    Kinetic drug release of curcumin and piperine from gold nanogels was determined 172 

in various combinations of nanogels with curcumin and piperine at pH 4 and pH 7.4. 173 

The kinetic release of the drug was determined by performing the HPLC analysis. 174 

Curcumin and piperine were analyzed by the HPLC column C18, with UV detection at 175 

425 nm. The mobile phase was acetonitrile and water (50:50 v/v) acidified with 2% of 176 

acetic acid at a flow rate of 1.2 mL/min. The curve range was linear for the receptor 177 

solution at the concentration range of 0.5–75 μg/  mL 24,25. 178 

2.6.  U-251 MG Glioblastoma Cell Culture Maintenance 179 

    The U-251 MG human brain glioblastoma astrocytoma cancer cells (a gift from Dr. 180 

Michael Carty, Trinity College Dublin), were cultured in DMEM-high glucose medium 181 

supplemented with 10% of FBS (Fetal Bovine Serum, Merck) and maintained at 37 °C in 182 

an incubator with a humidified atmosphere of 5% (v/v) CO2 26.  183 

2.7.  Treatment of U-251 MG Glioblastoma Cell with Drug Carrying Lignin-g-P 184 

(NIPAM-co-DMAEMA) Gold Nanogels  185 

    The colloidal gold nanogels were diluted in a culture medium with the curcumin or 186 

piperine concentration of 0.6, 1.25, 3, 6, 12.5, 25, 50, 100, 250, 500 and 1000 μM. The 187 

negative and positive controls were maintained to ensure that there were no non-specific 188 

relations with assay which would lead to uncommon artifacts or untrue positive results. 189 

0.5% of DMSO was used as a negative control and the control results concluded that the 190 

DMSO acquired 100% of cells’ viability. The treated cells were observed under the 191 

microscope before the addition of alamarBlue®  in order to rule out the potential of 192 

incorrect plating of the cells 27. 193 

    The statistical analysis was performed by using the GraphPad Prism®  software. 194 

Non-linear regression analysis was performed by the prism to plot a dose-response 195 

curve and to graphically observe the relationship between the drug and the percentage 196 

viability of the cells. It was also used to generate an IC50 of the drug which in this 197 

instance is an inhibitor 28.  198 

2.8.  Apoptosis Immunostaining of U-251 MG Glioblastoma Cells Treated with 199 

Drug Carrying Lignin-g-P (NIPAM-co-DMAEMA) Gold Nanogels  200 

    The U-251 MG cells were seeded at a density of 4 × 104 cells/cm2 and treated with 0.2 201 

mg/mL of gold nanogels for 72 hours in 8-well chamber slides. The cells were fixed by 202 

using -20 °C of methanol for 10 minutes and with -20 °C of acetone for 1 minute on 203 

microscope coverslips. The coverslips were washed twice with PBS solution and then 204 

blocked with PBS solution containing 0.1% of BSA (Bovine Serum Albumin) for 10 205 

minutes at room temperature in the dark. The samples were incubated for 60 minutes 206 

with an anti-cleaved Caspase-3 antibody [E83-77] (Abcam) in PBS solution containing 207 



 

 

1% of BSA and then washed three times in PBS solution. Following this, the sample was 208 

incubated for 30 minutes with Alexa 546 anti-rabbit (A11035, Invitrogen, Ireland) as the 209 

secondary antibody and a green phalloidin probe (A12379, Invitrogen, Ireland) (to 210 

denote the cell F-actin cytoskeleton) at a 1:40 dilution in PBS solution containing 1% of 211 

BSA. The samples were subsequently washed three times in PBS solution. After staining 212 

the   nuclear region with 4',6-diamidino-2-phenylindole dye (DAPI), one drop of 213 

ProLong®  Gold Antifade mountant reagent (Invitrogen, Germany) was added onto the 214 

coverslips before they were carefully inverted onto glass microscope slides. The samples 215 

were then imaged by using laser scanning microscopy (Carl Zeiss 510). Four images per 216 

each sample were captured to gain a representative understanding of the onset of 217 

apoptosis in U-251 MG cells following the gold nanogel carrier exposure. Subsequently, 218 

the image analysis was performed with ImageJ®  software to quantify the fluorescent 219 

density, according to the procedure described in a study carried out by reference 21. 220 

2.9.  Estimation of Internalized Drug Carrying Lignin-g-P 221 

(NIPAM-co-DMAEMA) Gold Nanogels by Using Atomic Absorption Spectros-222 

copy  223 

    The Atomic absorption spectroscopic (AAS) analysis was employed to quantify the 224 

total gold mass per dish using an atomic absorption spectrometer (SpectrAA200, Varian, 225 

USA) with direct comparison to a commercially purchased AAS gold standard 226 

(TraceCERT, Fluka). Cells were exposed to 1 mg/mL of gold nanogels in a 10 mL of 227 

medium (10 mg of NPs) via suspension method, in a Petri dish of 10 cm diameter. After 228 

72 hours of exposure at 37 °C and 5% of CO2 atmosphere, the cell culture medium was 229 

removed and attached cells were thoroughly washed with phosphate buffer saline (PBS) 230 

solution. The loosely associated gold nanogels to the cell membrane were further 231 

washed with the PBS solution and subsequently detached by trypsinization by using 232 

trypsin (a proteolytic enzyme that is responsible to break proteins and dissociates 233 

adherent cells from the vessel in which they are being cultured). Following the 234 

trypsinization, the cells were washed three times with the PBS solution via 235 

centrifugation at 1,400 rpm for 10 minutes. The cells were then counted using a Z2 236 

coulter counter (Beckman Coulter, USA) and subsequently air-dried for 24 hours at 237 

room temperature. Following the incubation period, the cell samples were dispersed in 8 238 

mL of water and then sonicated for 30 minutes (135 W) at room temperature to ensure a 239 

uniform distribution of gold in the sample before AAS analysis. The total mass of 240 

associated gold per sample (either internalized or tightly bound to the cell surface) was 241 

determined by three independent measurements and presented as the average 242 

absorbance 21,26.  243 

2.10. Estimation of Internalized Drug Carrying Lignin-g-P 244 

(NIPAM-co-DMAEMA) Gold Nanogels by Using Transmission Electron Micros-245 

copy 246 

    The individual volume of single gold nanogels was observed by using TEM analysis, 247 

allowing for the further estimation of the total number of gold nanogels per dish. The 248 



 

 

sub-cellular deposition of gold nanogels was determined by using the conventional TEM 249 

instrument. The U-251 MG cells were seeded at a density of 5×105 cells, in a 30 mm 250 

polystyrene dish for 24 hours at 37 °C and 5% of the CO2 atmosphere was maintained. 251 

Following the increased cell density, the concentration of gold nanogels was also 252 

increased to serve the same nanoparticles per cell concentration. This was performed 253 

due to the inherent nature of TEM sample processing, in which cell number can be 254 

significantly reduced via the dehydration, washing and staining steps during sample 255 

preparation. The cells were subsequently incubated with 0.1 mg/mL (3 mL volume) of 256 

gold nanogels for 72 hours. It was also considered important to use the same 257 

concentration of the sample as used for AAS analysis. Following the exposure period, 258 

the cells were washed three times with the PBS solution and then fixed overnight at pH 259 

7.4 by using 2% of paraformaldehyde, 2.5% of glutaraldehyde and 0.15 M of sodium 260 

phosphate. Ultrastructural analysis and photo-microscopy were performed with a JEOL 261 

JEM-2100 electron microscope instrument. At least five independent fields of view from 262 

three individual samples were captured in order to provide a representative qualitative 263 

understanding of the interaction between the different shaped gold nanogels and the 264 

U-251 MG cells 21,22. 265 

2.11. Statistical Analysis and Data Management  266 

    The experiments were performed in triplicate and the data were presented as the 267 

mean and standard deviation. MS Excel®  spreadsheets were used to arrange data. The 268 

significant differences between the two groups were evaluated by using a Student’s 269 

t-test, or between multiple groups via two-way analysis of variance (ANOVA). The 270 

regression analysis was performed, as well as Tukey’s multiple comparison post-hoc test 271 

was used to identify the source of variance. The statistical analyses were performed by 272 

using the GraphPad Prism®  9.10 software (GraphPad Software, USA). The alpha value 273 

was set to 0.05 to indicate the significant differences. 274 

3. Results and Discussions 275 

3.1. Synthesis of Gold Nanoparticles and Drug Carrying Lignin-g-P 276 

(NIPAM-co-DMAEMA) Gold Nanogels 277 

    Nanogels play a promising role to crosslink polymers and gold nanoparticles to 278 

encapsulate drugs and self-assemble to carry therapeutics to their designated locations. 279 

Nanogels also play a significant role to increase the biodistribution of the drugs by 280 

promoting dissolution in an aqueous medium 10,16,29. The synthesis of Lignin-g- p 281 

(NIPAM-co-DMAEMA) nanogels crosslinked with gold nanoparticles provides a novel 282 

platform to overcome the limitations of the bioavailability of curcumin and piperine and 283 

enhance the therapeutic efficacy and the effectiveness of the drug against brain glioma 284 

cancer cells. The synthesis of nanogels was monitored by using 1H NMR analysis and is 285 

provided in Figure S1.  286 

    The gold nanoparticles were synthesized by using the chemical reduction of the 287 

chloroauric acid into gold nanoparticles. The association of the GNPs with the lignin 288 

polymers resulted in the crosslinking to form the self-assembled gold nanogels. The 289 



 

 

two-step atom transfer radical polymerization resulted in the synthesis of 290 

Lignin-g-PNIPAM and GNPs-b-PDMAEMA while the N-N' methylene bisacrylamide 291 

(MBA) was used as a crosslinker chain.  The detailed layout of the synthesis of the gold 292 

nanogel therapeutic system is explained in Figure 1. 293 

 294 

Figure 1: Schematic representation of the synthesis of Lignin-g- p (NIPAM-co-DMAEMA) gold nanogels. 295 

3.2. Physical and Optical Characterization of Drug Carrying Lignin-g-P (NI-296 

PAM-co-DMAEMA) Gold Nanogels 297 

    SEM image analysis was performed to determine the shape and size of the gold 298 

nanoparticles, gold nanogels and their various therapeutic combinations with nanogel, 299 

and curcumin and piperine (Figure 2). It was observed that the gold nanoparticles are 300 

spherical or globular while they were uniformly dispersed and separated from each 301 

other (Figure 2 a). The assemblage of gold nanoparticles with the nanogels was also 302 

represented in the form of small spheres. However, the addition of nanogels resulted in 303 

small clusters of nanoparticles being held together with the help of nanogel polymeric 304 

structure (Figure 2 b). The combinatorial drug-loaded gold nanogel with curcumin and 305 

piperine in singular and hybrid combinations were also spherical and existed in the 306 

form of small clusters (Figure 2 c-e).  307 



 

 

    SEM image analysis further showed that the GNPs exist in 15 nm in size, while most 308 

of the nanoparticles were uniformly dispersed. However, the association of the drugs 309 

with the nanogels resulted in the swelling of the gold nanogels and their size increased 310 

to 200 nm and the nanoparticles were observed uniformly polydispersed.  311 

    The particle size analysis in Brownian motion was performed to measure the 312 

hydrodynamic diameter of GNPs, gold nanogels and piperine-loaded nanogel, 313 

curcumin-loaded nanogel and curcumin-piperine loaded nanogel (Figure 2 and Table 1). 314 

The GNPs have an average diameter of 15 nm (Figure 2 a’).  The average diameter of 315 

the nanogel was recorded at 160 nm while it was examined that most of the nanogels in 316 

the system have a size of 180 nm (Figure 2 b’). The curcumin-loaded nanogel, 317 

piperine-loaded nanogel, and curcumin-piperine loaded nanogel were having the 318 

average hydrodynamic diameter, recorded at 201 nm, 198 nm, and 206 nm respectively 319 

(Figure 2 c’-e’). The hydrodynamic diameter of GNPs and nanogels was recorded higher 320 

than the average size recorded by the SEM image analysis. The higher hydrodynamic 321 

diameter collectively represents the size of the gold nanoparticle’s metallic core and the 322 

associated biochemical functional groups which hang out from the surface of the 323 

metallic core. 324 

    The GNPs, gold nanogel and curcumin and piperine loaded gold nanogels were 325 

found to exhibit a zeta (ζ) potential in the range of 23.21-29.67 mV, recorded in cell 326 

culture medium. The magnitude of zeta potential plays a promising role to determine 327 

the electrostatic interactions between the therapeutic nanogels 30. The zeta potential 328 

values were strongly positive which suggests that the presence of polymeric chains of 329 

self-assembled Lignin-g-P (NIPAM-co-DMAEMA) gold nanogels form complexes with 330 

the positively charged corona of PDMAEMA chains extending in the solvent. The zeta 331 

potential values less than 30 mV represent that the nanogels have sufficient electrostatic 332 

repulsive force to maintain better physical colloidal stability among nanogels 31. 333 

Table 1: The average hydrodynamic diameter and zeta (ζ) potential values of various nano-formulations 334 

Nano-formulations Diameter 

(nm ± SD) 

Zeta Potential 

(mV ± SD) 

GNPs 15± 0.22 23.21 ± 0.18 

Gold Nanogel  180 ± 12.35 23.50 ± 0.21 

Curcumin-loaded gold nanogels 201 ± 12.26 26.43 ± 0.13  

Piperine-loaded gold nanogels 198 ± 15.86 23.73 ± 0.60 

Curcumin-Piperine loaded gold nanogels 206 ± 12.56 29.67 ± 0.13 

335 



 

 

 336 

 337 



 

 

Figure 2: A scanning electron microscopic images and size distribution analysis of nano-formulations (a) gold 338 

nanoparticles (b) gold nanoparticles and nanogel (c) Curcumin-loaded gold nanogel (d) piperine-loaded gold nanogel 339 

(e) hybrid curcumin-piperine loaded gold nanogel (a’) size distribution analysis of gold nanoparticles (b’) size 340 

distribution analysis of nanogel (c’) size distribution analysis of curcumin loaded nanogel (d’) size distribution 341 

analysis of piperine loaded nanogel (e’) size distribution analysis of curcumin-piperine loaded nanogel.  342 

3.3.  Determination of Kinetic Release of Curcumin and Piperine from Lignin-g-P 343 

(NIPAM-co-DMAEMA) Gold Nanogels 344 

    Drug release kinetics is considered an important step in a drug discovery process. 345 

The drug release is a mechanistic process that involves the initial migration of drug 346 

solute components in the polymeric system to the outer side of the polymer which is 347 

then followed by the release of the drug in the releasing medium 7. There are many 348 

biochemical and physiological mechanisms that not only control but also influence the 349 

process of drug release such as the polymeric nature of the drug, the type of the solute 350 

and releasing medium. Drug release kinetics play a promising role to determine the 351 

mass transport mechanisms which influence the release of the drug 15.  352 

    The present study involves a detailed explanation of the kinetic release of the drug 353 

such as curcumin and piperine from the drug-loaded gold nanogels. The HPLC 354 

chromatograms manifested the amount of curcumin (Figure 3 a) and piperine (Figure 3 355 

b) released from the gold nanogels. The kinetic release of the drugs such as curcumin 356 

and piperine, separately and in combined co-treatment was studied at pH 4 and pH 7.4. 357 

It was observed that the drug release efficiency was very high at acidic pH 4 and the 358 

drug release response was directly proportional to the time. The drug release percentage 359 

increased gradually over time. The drug release kinetics was recorded at 70% and 86% 360 

after the passage of 250 minutes when curcumin-loaded gold nanogel and 361 

curcumin-piperine loaded gold nanogels were used respectively (Figure 3 c). The 362 

piperine-loaded gold nanogel exhibited 65% of drug release kinetics after 250 minutes of 363 

treatment (Figure 3 d).  364 

    The drug release efficiency was decreased gradually at pH 7.4. It was observed that 365 

the curcumin-loaded gold nanogel and piperine-loaded gold nanogel exhibited 12% and 366 

11% of drug release at 250 minutes (Figure 3 E and F).  367 

    Figure 3 explains that the drug release kinetics is higher at the acidic pH as 368 

compared to the neutral pH. The specific nature of the nanogels to release drugs in 369 

response to a pH shows their pH-responsive abilities to trigger the release of drugs. A 370 

previous study showed that the higher release of drugs at the acidic pH is due to the 371 

swelling of the nanogel. The release of the drug from the nanogel depends on a 372 

combination of diffusion factors, the process of degradation of the drug, the nature of 373 

the surrounding solvent and the pH 7.   374 

    The PDMAEMA chains in the lignin-based NGs collapsed to smaller dimensions in 375 

lower pH 32. The release of the curcumin-piperine from the gold nanogel was higher at 376 

different time intervals and pH, as compared to the curcumin-loaded gold nanogel and 377 

piperine-loaded nanogel separately. The kinetic release of drugs at the acidic pH plays a 378 



 

 

significant role in cancer medicines due to the acidic nature of the cancer cells 2,3. The 379 

high kinetic release of the drugs from the drug-loaded nanogel at low pH may help to 380 

control the release of the drug in cancer cells following endocytosis and trafficking to the 381 

lysosomal compartment. 382 

 383 



 

 

Figure 3: Determination of drug release kinetics (a) Curcumin HPLC (b) Piperine HPLC (c) Kinetic release of 384 

curcumin from nanogels at pH 4 (d) Kinetic release of piperine from nanogels at pH 4 (e) Kinetic release of curcumin 385 

from nanogels at pH 7.4 (f) Kinetic release of piperine from nanogels at pH 7.4.386 



 

 

 387 

3.4.  Cytotoxicity Analysis of Drug Carrying Lignin-g-P (NIPAM-co-DMAEMA) Gold 388 

Nanogels and Curcumin and Piperine Co-treatment Approach Against U-251 MG 389 

Glioblastoma Cells 390 

    Glioblastoma multiforme is a high-grade brain cancer of glial cells and is a leading 391 

cause of death due to its nature to resist chemotherapeutic and radioactive treatment. 392 

However, the major treatment challenges include the difficulties that the 393 

chemotherapeutic medicines face to cross the blood-brain barrier which results in 394 

disease recurrence and a negative treatment success rate 33.  395 

    Figure 4 represents the percentage cell viability of the U-251 MG glioblastoma cells 396 

treated with piperine and curcumin. The cell viabilities of higher than 100% are 397 

presumed to have been acquired as a result of overexposure of alamarBlue®  and 398 

excitation of response. At a 100 μM concentration of piperine-nanogel, cell viability of 399 

37.50% was observed and at a concentration of 50 μM, the cell viability of 67.90% was 400 

recorded. This proves that piperine itself exhibits promising anticancer properties 401 

against the U-251 MG glioblastoma cell line. 402 

    It was observed from the IC50 values in figure 4, that the cytotoxicity results of the 403 

curcumin-piperine hybrid nanogel gave the highest average cytotoxicity of all the 404 

drug-loaded nanogels with an average IC50 value of 21 μM.   The curcumin gold 405 

nanogel followed the second-highest cytotoxicity with an average IC50 value of 30.72 μM. 406 

The piperine-nanogel gave the lowest cytotoxicity with an IC50 value of 35.04 μM. 407 

Overall, it can be concluded that curcumin revealed cytotoxic against the U-251 MG 408 

glioblastoma cell line (P < 0.0001). The p values obtained are <0.0001. This concludes that 409 

there is a high statistical significance to the greatest degree between the different 410 

curcumin and piperine drugs and their concentration.  411 

    The findings of the present study show that the nanogels act as a vehicle to carry 412 

therapeutics to the cells to enhance their biodistribution and cytotoxicity against 413 

glioblastoma cells.  A study was performed earlier by Thani et al., who achieved the 414 

cell death of U-251 MG glioma cells from curcumin at concentrations of 25 μM  34. The 415 

IC50 value of the piperine-nanogel was recorded at 35 μM. A previous scientific study 416 

recorded an IC50 value at 24 μM by using piperine as an anticancer drug to treat human 417 

brain cancer cell lines (Hs 683) 35. However, the synergistic effects of piperine and 418 

curcumin were potentially higher and the IC50 value of curcumin and piperine hybrid 419 

gold nanogel was recorded at 21 µM.  420 

    The application of nanogels not only contribute to promoting the bioavailability but 421 

also function to enhance their toxicity. The effects of a co-treatment of piperine and 422 

curcumin nanogels on the cell viability of U-251 MG glioblastoma cells were remarkable. 423 

The assembly of curcumin and piperine into nanogel provides advantages to enhance 424 

the bioavailability and biodistribution of cancer drugs to the targeted cancer glioma cells. 425 

The presence of piperine has the advantage to increase the cytotoxic effects of curcumin 426 

through a co-treatment approach 36,37. The hybrid drug-loaded nanogels activate the 427 



 

 

effector caspases such as caspase-3 apoptotic pathways either directly or via the 428 

mitochondria-mediated apoptosome. The expression of caspase-3 in U-251 MG cells was 429 

further investigated by immunoblotting assay. 430 

 431 

Figure 4: The percentage cell viabilities of the U-251 MG glioblastoma cells treated with piperine and curcumin 432 

loaded nanogels. 433 

3.5.  Apoptosis Immunostaining and Caspase-3 Expression of U-251 MG Cells  434 

    Immunoblotting of U-251 MG cells was performed after the treatment with 435 

drug-loaded gold nanogel. The laser scanning microscopic image analysis of U-251 MG 436 

cells was performed after 72 hours of incubation of glioma cells at 50 µM of curcumin 437 

and piperine gold nanogels, under suspension culture conditions (37°C, 5% CO2).  438 

    The images show Caspase-3 (red) and F-actin (Phalloidin: green) staining, with the 439 

cell nuclei in blue (DAPI: blue). It was observed that the treatment of U-251 MG cells 440 

with the nanogels resulted in the alteration of cellular cytoskeletal protein F-actin which 441 

induced the caspase-3 induction of apoptotic pathways (Figure 5 a). The treatment of the 442 

glioblastoma cells with piperine-loaded gold nanogel resulted in an increased alteration 443 

of cellular cytoskeleton proteins to induce cell death through the process of apoptosis 444 

and almost similar results were observed when curcumin-loaded gold nanogel was used 445 

to inhibit the proliferation of cancer cells (Figure 5 b and c). However, higher inhibition 446 

activity was observed when cells were treated with curcumin-loaded nanogels as 447 

compare to piperine-loaded nanogels.  448 

    After the treatment of glioma cells with hybrid curcumin-piperine nanogels, the 449 

integrity of the cytoskeleton of the U-251 MG cells was found to alter rapidly as 450 

compared to treatment with nanogel which was represented by an increase in the 451 

expression of F-actin proteins which plays a promising role in cell mobility and 452 

functioning. Following the treatment, a clear increase in caspase-3 production was noted 453 

in the U-251 MG cells as compared to the cells treated with nanogel (Figure 5 d). 454 



 

 

 455 

Figure 5: Immunoblotting of U-251 MG cells under nanogel treatment. Laser scanning microscopy images show U-251 456 

MG cells treated with (a) Nanogel, (b) Piperine-loaded nanogel, (c) Curcumin-loaded nanogel, (d) Curcumin-Piperine 457 

loaded nanogel, after 72 hours at 50 µM concentration under suspension culture conditions (37°C, 5% CO2). 458 

Color code: Caspase-3: Red; F-actin: Green; Cell nuclei: Blue. 459 

3.6.  Estimation of Gold Association with U-251 MG Glioblastoma Cells in Various 460 

Nano-formulations by Using Atomic Absorption Spectroscopy 461 

    Atomic absorption spectroscopy plays a promising role to quantify the gold mass in 462 

nanoparticles and nanogels associated with cancer cells. However, the AAS analysis has 463 

one limitation as it cannot distinguish between the nanomaterials associated with the 464 

cells or internalized the cells 21. The detailed AAS analysis results are represented in 465 

Table 2. The total Au mass per dish was decreasing after their assemblage with nanogels 466 

and drugs. It was observed experimentally that the GNPs and gold nanogels are 467 

associated with the glioblastoma cells at the same rate of 8×105 per cell. There was a 468 

similar uptake of gold nanoparticles’ mass per cell. However, the loading of curcumin 469 

and piperine on nanogels resulted in a marked increase in the number of gold per dish 470 

and values were recorded at 1.15 ×106 and 1.30 ×106 mass per cell respectively. The 471 

nanogel as a drug carrier has shown the synergistic effects of curcumin-piperine 472 



 

 

nanogels to co-treat the resilient glioma brain cancer more accurately and precisely and 473 

does not accelerate gold nanoparticle up-taking. The gold nanoparticles of 474 

curcumin-piperine nanogels localization or internalized in cells were further 475 

investigated by using TEM imaging analysis. 476 

Table 2. Quantification of cell-associated curcumin and piperine gold nanogels (21 µM) by using Atomic Absorption 477 

Spectroscopy analysis on U-251 MG glioblastoma cells after day 3 of treatment. 478 

Nano-formulations 
Au mass per dish 

(x10-1 mg) 

Cells per dish 

×106 

Estimate GNPs per 

cell 

Gold Nanoparticles 1.41±0.10 5.22±0.15 8.02±0.93×105 

Gold nanogel 
1.46±0.09 

5.15±0.09 
8.61±0.73×105 

Curcumin-loaded gold nanogels 1.14±0.11 4.10±0.20 8.49±0.79×105 

Piperine-loaded gold nanogels  1.01±0.07 3.70±0.56 8.31±0.89×105 

Curcumin-Piperine loaded gold 

nanogels 

0.69±0.07 
2.50±1.09 

8.41±0.71×105 

        Au density = 19.3 g/cc. 479 

3.7.  Visualization of Internalization of Curcumin and Piperine Loaded Gold 480 

Nanogels in U-251 MG Glioblastoma Cells by Using TEM Analysis 481 

    Transmission electron microscopic image analysis was performed to visualize the 482 

subcellular localization of hybrid curcumin-piperine gold nanogel in U-251 MG cells 483 

after 48 hours of exposure at 21 µM concentration under suspension culture conditions 484 

(37°C, 5% CO2). The curcumin and piperine loaded gold nanogels are highly 485 

biocompatible and were internalized in glioma cells by endocytic pathways. The 486 

exposure of the glioblastoma cells to the gold nanogels results in the free movement of 487 

the hybrid drug-loaded gold nanogels outside of the cell's surface. It was followed by 488 

the localization of the curcumin-piperine nanogel within a membrane-bound cell or 489 

cytoplasm (Figure 6 a). At a later stage,  interaction with the lysosome caused the 490 

nanogel to dissolve and release the gold nanoparticles (Figure 6 b, c). The 491 

curcumin-piperine loaded nanogel moved to reside with or assembled on the outer 492 

membrane of the membrane bound intracellular compartments (Figure 6 d). This TEM 493 

image analysis elaborates the internalization efficiency of combinatorial drug-loaded 494 

gold nanogels to move from the lysosome to the inside of the vesicular compartments of 495 

U-251 MG cells to trigger drug release and cause cell death. The spherical gold 496 

nanoparticles do not cause cell apoptosis 21. The cell death was caused by curcumin and 497 

piperine. 498 

    The gold nanogel is high biocompatibility and its interaction with the cell 499 

membrane results in the triggering of endocytic pathways. It has been shown that 500 

piperine can be capsulated with different kinds of carriers for enhancement of 501 

dissolution as compared to pure piperine and physical mixtures method 38. The gold 502 



 

 

nanogel is not only biocompatible but also indicates an up-taking pathway and exhibits 503 

the dispersal action in the lysosome and cell compartment. 504 

 505 

Figure 6: TEM images of the subcellular internalization of 21 µM concentration of curcumin-piperine gold nanogels in 506 

U-251 MG glioma cells (a) Curcumin-piperine NG showing colloidal dispersions, residing with the membrane-bound 507 

compartment after 48 hours of exposure (b) Curcumin-piperine NG showing dissolve morphology and molecular 508 

dispersions found inside the cell cytoplasm after 72 hours of exposure (c) Magnified image of curcumin-piperine NG 509 

residing with the membrane-bound compartment after 72 hours of exposure  (d) Dispersed gold nanoparticles from 510 

curcumin-piperine NG, having intracellular localization after 72 hours of exposure.  511 

4. Conclusion 512 

    Herein we report the synthesis of Lignin-g- p (NIPAM-co-DMAEMA) gold 513 

nanogels by using atom transfer radical polymerization. The nanogels were 514 

self-assembled into frozen micelles with a polystyrene core surrounded by a corona of 515 

PDMAEMA chains extending in the solvent. The curcumin and piperine were loaded 516 

into the gold nanogels to enhance their biodistribution and cytotoxic potential against 517 

the glioblastoma multiforme cancer cells. The prepared nanogels exhibited an average 518 

diameter of 180 nm with pH responsiveness. The kinetic drug release of hybrid 519 

curcumin-piperine gold nanogel was higher at 4 pH as compared to the other 520 

combinations. The curcumin-loaded nanogel and piperine-loaded nanogel gave an 521 



 

 

average IC50 value of 30.72 μM and 35.04 μM respectively. The curcumin-piperine 522 

hybrid nanogel gave the highest average cytotoxicity of all the drug-loaded nanogels 523 

with an average IC50 value of 21 μM. It was also confirmed that the combinatorial 524 

curcumin-piperine gold nanogels enter the glioma cells via lysosome endocytosis and 525 

disperse in the cytoplasm. Immunoblotting studies of U-251 MG cells elaborated that the 526 

F-actin protein induces the destabilization of the cytoskeleton of the glioma cancer cells 527 

which eventually triggers the caspase-3 apoptosis to cytotoxically kill glioma cancer cells. 528 

It was also confirmed that the combinatorial curcumin-piperine gold nanogels enter the 529 

glioma cells and reside inside the intracellular organelles to trigger cells’ death. The 530 

results of this study provided the experimental evidence to use combinatorial 531 

curcumin-piperine loaded Lignin-g- p (NIPAM-co-DMAEMA) gold nanogels to inhibit 532 

the proliferation of glioblastoma multiforme cancer cells and to overcome the limitations 533 

of poor drug availability to cross the blood-brain barrier during the treatment of glioma 534 

cancer.  535 
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