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Abstract

Pancreatic cancer is a lethal disease with a dreadful 5-year survival rate of only 5%. In spite of 

several treatment options, the prognosis still remains extremely poor. Therefore, novel therapy 

strategies with combinations of drugs are urgently required to combat this fatal disease. Tripto-lide 

(TPL) and celastrol (CL), two main compounds in traditional Chinese medicine isolated from 

Thunder God Vine, have a broad range of bioactivities including anticancer activity. Silk fibroin 

(SF), a naturally occurring protein with several unique properties, is an ideal carrier mate-rial. In 

this study, we prepared TPL and CL loaded silk fibroin nanoparticles (TPL-SFNPs and CL-

SFNPs) by a modified desolvation method and evaluated their synergistic effects against human 

pancreatic cancer cells. Both SFNPs were characterized for particle size and zeta poten-tial. The 

entrapment efficiency, drug loading, and drug release profiles were evaluated by HPLC. The 

cytotoxicity and synergistic effect of SFNPs were investigated in MIA PaCa-2 and PANC-1 human 

pancreatic cells. The results showed that the particle sizes of TPL-SFNPs and CL-SFNPs were 

166.4 ± 4.6 nm and 170.4 ± 2.3 nm, with a mean zeta potential −27.2 ± 2.0 mV and −25.5 ± 2.57 

mV, respectively. TPL-SFNPs and CL-SFNPs have a drug loading of 57.0 ± 4.7 μg/mg and 63.5 

± 3.8 μg/mg along with an encapsulation efficiency of 81.8 ± 2.8% and 87.0 ± 5.1%, respectively. 

Drug release studies revealed that a rapid release of the drugs from SFNPs was observed at pH 4.5 

(lysosomal pH) and a delayed release was observed at pH 7.4 (plasma pH). TPL-SFNPs (IC50 3.80 

and 4.75 nM) and CL-SFNPs (IC50 0.38 and 0.64 μM) were 2–3 fold more potent against MIA 

PaCa-2 and PANC-1 cells than free TPL (IC50 11.25 and 11.58 nM) and CL (IC50 0.84 and 1.23 

μM). Furthermore, co-treatment with TPL-SFNPs and CL-SFNPs increased the growth inhibition 

of the same cells significantly in comparison with TPL-SFNPs or CL-SFNPs alone. Almost all 

combination index (CI) values, calculated using the Compusyn software, were < 1, suggesting that 

the growth inhibition effect of TPL-SFNPs in combination with CL-SFNPs was synergistic rather 

than additive, further suggesting that this novel combination may offer a potential treatment for 

pancreatic cancer.
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Novel combination of triptolide and celastrol loaded silk fibroin nanoparticles show synergistic 

anti-pancreatic cancer effect in vitro 
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1. Introduction

Pancreatic cancer is one of the most aggressive human malignancies with a 5-year survival 

rate of only 5%, which has a rather low morbidity of 2% among all cancers diagnosed but 

6% of cancer deaths worldwide.1, 2 Pancreatic cancer is mainly treated with 

chemotherapeutic drugs, which may result in side effects and potential drug resistance that 

can further lead to the unfortunate demise of the patient.3–5 The current standard drug for 

chemotherapy to treat pancreatic cancer is gemcitabine; however, its efficacy is far from 

satisfactory. To date, there is no other agent that has promoted a clinically meaningful 

prolongation of overall survival. Studies have indicated that a single inhibition of signaling 

pathway or single chemotherapy is not sufficient to effectively kill pancreatic cancer cells, 

while the combination of two or more signaling pathways and chemotherapy can reduce the 

number of pancreatic cancer cells to almost undetectable levels.3, 6–8 Thus, novel therapy 

strategies to treat pancreatic cancer are still to be proposed, and there is a critical need for 

the development of novel therapeutic agents to improve the treatment of this disease.

Triptolide (TPL, Fig. S1A in the Supporting Information) and celastrol (CL, Fig. S1B in the 

Supporting Information), two principal bioactive compounds derived from traditional 

Chinese herb Thunder God Vine, have attracted immense attention due to their unique 

chemical structures and broad range of bioactivities, particularly their anticancer 

activities.9–11 TPL has been shown to effectively induce cell cycle arrest and apoptosis in 

various types of cancers including pancreatic cancer, breast cancer, melanoma and lung 

cancer.12–15 It could effectively decrease the viability of pancreatic cancer cells in vitro and 

reduce the growth and metastases of tumors in vivo.9, 12, 16 Celastrol can suppress the 

invasion of pancreatic cancer cells by downregulating the expression of CXCR4 chemokine 

receptor.17 However, owing to their poor water solubility and severe toxicity, TPL and CL 

cannot be used systemically in the clinic. Therefore, there is an urgent need to develop 

alternative TPL and CL formulations for clinical use.
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Combination therapy is the routine strategy of cancer chemotherapy with significant 

advantages including lower treatment failure rate and slower development of drug resistance. 

TPL can sensitize cancer cell lines to several chemotherapeutic drugs, such as cisplatin, 

adriamycin, temozolomide, and TRAIL in both in vivo and in vitro settings.13–16 CL also 

shows synergistic anticancer effects in combination with several chemotherapeutic agents on 

suppressing the proliferation of various cancers including pancreatic cancer, melanoma, lung 

cancer and breast cancer. 17–20 Combination of low doses of TPL and CL can induce 

significant pancreatic cancer cell death compared to treatment with either drug alone.21 

Therefore, TPL and CL combination is a viable strategy to enable effective treatment of 

pancreatic cancer. However, there are still some critical issues that remain to be solved 

during combination treatment. There is a lack of defined optimal dose and schedule of 

administration. Administration of multiple drugs in free solution at normal therapeutic doses 

often results in increased normal tissue toxicity.22

Nanocarrier-based drug delivery systems, nanoparticles in particular, have generated great 

excitement in the field of drug delivery since they provide advantages over the 

administration of free drugs, including targeting ability to enhance accumulation at tumor 

sites, overcoming resistance by intracellular drug delivery, and realizing controlled and 

sustained release to enhance drug bioavailability.23–26 Well-designed nanoparticles can also 

alter the pharmacokinetics and toxicity profiles of the free drug combination, enable drug 

accumulation in the tumor and release the drugs at a synchronized rate, thereby maintaining 

synergistic drug ratios to achieve enhanced anticancer effects. Silk fibroin (SF) protein, a 

natural product regenerated from silkworm cocoons, possesses several unique properties 

including biocompatibility, tunable biodegradation, stabilizing effects, water-based 

processing and diverse material formats, making it a potential material for incorporation into 

a variety of drug delivery vehicles capable of delivering a range of therapeutic agents.27–29 

SF-based nanoparticles (SFNPs) have been shown to successfully deliver anticancer drugs, 

including small molecules and biomolecules.29–32

In this study, we developed and characterized TPL-loaded silk fibroin nanoparticles (TPL-

SFNPs) and CL-loaded silk fibroin nanoparticles (CL-SFNPs) separately, which not only 

over-came the pitfall of hydrophobicity, but also facilitated passive accumulation of TPL and 

CL in cancerous tissues based on the enhanced permeability and retention (EPR) effect as 

well as optimal dose and schedule of administration. Formulation and characterization of 

TPL-SFNPs and CL-SFNPs followed by optimization of the process of drug loaded SFNPs 

in terms of particle size, encapsulation efficiency and drug loading were evaluated. Shape 

and dispersity were evaluated using TEM. The time dependent cumulative drug release of 

CL in different pH media from SF nanoparticles using HPLC was performed. Evaluation of 

the biocompatibility of the silk fibroin nanoparticles (SFNPs) using hemolytic assay was 

conducted using mice blood in vitro. The cellular uptake behavior of SF nanoparticles was 

investigated in MIA PaCA-2 and PANC-1 cells with Rhodamine-B-Isothiocyanate (RITC) 

as the fluorescent probe confirmed by confocal microscopy and flow cytometer. The 

superiority of the combined regimen of CL-SFNPs mixed with TPL-SFNPs was 

demonstrated by anti-proliferation and cell apoptosis detection in human pancreatic cancer 

cell lines, MIA PaCA-2 and PANC-1.
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2. Materials and methods

2.1 Materials

TPL and CL were purchased from Chengdu Biopurify Phytochemicals Ltd. (Chengdu, 

China). Cocoons were kindly supplied by Tongxiang mulberry silk base of Zhejiang 

Province (Tongxiang, China). Dialysis membrane with a cut off of 7,000 Da (MWCO) was 

obtained from Viskase Companies, Inc. (Chicago, USA). Hoechst 33342 and 3-[4, 5-

dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide (MTT) were obtained from Sigma-

Aldrich (St. Louis, MO, USA). RITC and Annexin V-FITC apoptosis detection kits were 

supplied by Sigma Chemicals (St. Louis, MO, USA). HPLC grade acetonitrile and methanol 

were obtained from BDH Chemicals (Gibbstown, NJ, USA). Other chemicals used in this 

study were all analytical pure grade and used as received. Ethanol, acetone and other 

chemicals used in this study were acquired from VWR international (Darmstadt, Germany) 

unless specified otherwise.

Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine serum (FBS) were 

purchased from Gibco BRL (Carlsbad, CA, USA). Penicillin–streptomycin, 0.25% trypsin-

EDTA and non-essential amino acids were obtained from Invitrogen Co. (Carlsbad, CA, 

USA). Human pancreatic cancer cells MIA PaCa-2 and Panc-1 cells were generous gifts 

from Dr. Prabhu’s lab, originally obtained from American Type Culture Collection 

(Rockville, MD, USA).

2.2 Regenerated silk fibroin preparation, purification and molecular weight

The regenerated SF protein solution was prepared as previously reported with minor 

modification33. Briefly, the purchased B. mori cocoons were cut into small pieces and 

degummed twice in 0.02 M Na2CO3 for 30 min each and thoroughly rinsed with deionized 

water. After air-drying, the degummed SF was dissolved in a ternary system, CaCl2-

CH3CH2OH-H2O (1:2:8, mole ratio), under constant stirring at 75 °C for 2 h, 4 h and 8 h. 

Furthermore, the resulting SF solution was centrifuged at 4000 rpm for 5 min. The 

supernatant was collected carefully and dialyzed in Viskase dialysis membrane (MWCO 7 

000 Da) against deionized water for 3 days to remove salts and ethanol. After centrifugation 

at 14000 rpm for 15 min, the concentration of prepared silk fibroin solution was determined 

using NanoDrop™ 2000/2000c spectrophotometers. The molecular weight range of SF 

extracted was investigated by SDS-PAGE with 8% separation gel and 5% condensing gel, 

followed by staining with Coomassie brilliant blue R-250.34 The silk fibroin solution was 

stored at 4 °C for further use.

2.3 Silk fibroin protein nanoparticles

2.3.1 Fabrication of silk fibroin protein nanoparticles—TPL-SFNPs and CL-SFNPs 

were formulated using a modified desolvation technique. 35, 36 Typically, TPL and CL were 

dissolved in a mixture of acetone:ethanol (3:2, v/v) individually at a certain concentration, 

and the prepared TPL or CL solution was added into SF solution dropwise under gentle 

constant stirring. The resulting suspension was incubated in a refrigerator at −20 °C for 16 h 

and defrosted quickly in warm water (40 °C). The suspension was subsequently centrifuged 

at 14000 rpm for 15 min and washed three times with deionized water to collect the 
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nanoparticles. Finally, the purified nanoparticles were suspended in deionized water using an 

ultrasound processor at 10% amplitude for 2 min with an ultrasonic cell disruptor to disperse 

the clustered silk spheres, followed by lyophilization with 5% (w/v) trehalose as the 

cryoprotectant. The prepared freeze-dried nanoparticle formulations are stored at 2–8 °C.

The Rhodamine-B-Isothiocyanate (RTIC)-loaded SFNPs (RITC-SFNPs) were prepared by 

the same method, and blank SFNPs (Blank-SFNPs) were prepared according to the above 

mentioned method but omitting the TPL and CL.

2.3.2 Experimental design for formulation optimization—Taguchi’s L9 orthogonal 

array experimental design was used to optimize the formulation parameters of TPL-SFNPs 

and CL-SFNPs. A 3-factor, 3-level design was employed for studying the interaction and 

quadratic effects of the formulation variables. The initial concentrations of SF, TPL and CL 

and volume ratio of organic/SF solution for formulation optimization were selected based on 

preliminary experiments (data not shown). The three factors and their levels selected for 

formulation optimization are shown in Table S1. A Design-Expert® (Version 10.1, Stat-Ease 

Inc., USA) software was used for analyzing the results.

2.4 Nanoparticle characterization

2.4.1 Particle size, zeta potential and morphology—Freeze-dried SFNPs (Blank-

SFNPs, TPL-SFNPs, CL-SFNPs) were dispersed in deionized water (pH 7.0). Average size 

and zeta potential of SFNPs were measured by a dynamic light-scattering detector 

(Nanobrook Omni, Brookhaven Instrument Corp, USA). All measurements were performed 

at room temperature in triplicate. The morphological examination of SF and SFNPs was 

conducted via transmission electron microscopy (TEM, JEOL JEM-1230, Japan).

2.4.2 Infrared spectra IR absorption and β-sheet content—The FTIR spectra of 

Blank-SFNPs, drug-loaded SFNPs, as well as free drug were obtained via a Fourier 

transform infrared spectrophotometer (FTIR, Varian, USA). Lyophilized, regenerated SF 

was also examined. For each measurement, the spectra were generated from 32 scans with a 

resolution of 4 cm−1. The β-sheet content of SF in SFNPs or regenerated SF was obtained by 

deconvolution of amide I band using PeakFit 4.12 software.36, 37

2.4.3 Drug loading capacity and encapsulation efficiency—The encapsulation 

efficiency and drug loading capacity of TPL-SFNPs and CL-SFNPs were analyzed by 

Agilent 1050 HPLC (Agilent Technologies, Palo Alto, CA, USA). Analyses were performed 

at 25 °C using a C18 column (250 mm × 4.6 mm, 5 μm, Agilent Technologies, USA). 

Methanol:water (58:42, v/v) and methanol:water (90:10, v/v) were used as mobile phases for 

TPL and CL, respectively, at a flow rate of 1 mL/min. The detection wavelengths were 218 

nm and 430 nm, respectively.

Encapsulation efficiency (EE) and drug loading (DL) of nanoparticles were calculated 

according to equations (1) and (2):
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(1)

(2)

2.4.4 In vitro drug release—The cumulative release kinetics of TPL and CL from SFNPs 

were determined in phosphate buffered saline (PBS), at pH 7.4 and pH 5, respectively. Equal 

amount of SFNPs was suspended in PBS and separated in capped glass bottles, followed by 

an incubator at 37 °C with a shaking speed of 120 strokes/min. At predetermined time 

intervals (1, 4, 8, 24, 48, 72, 120 and 168 h), three glass bottles of each formulation were 

withdrawn and drug release was monitored by separating nanoparticles and release media 

via centrifugation (14000 rpm, 15 min) repeated three times. The amounts of residual TPL 

or CL in the nanoparticles were determined by HPLC using the same procedure as described 

above. The profile that shows the cumulative drug release as a function of time was plotted.

2.5 In vitro hemolysis assay

The hemolysis assay was performed on SFNPs in vitro. In brief, 0.2 mL of 3.8% sodium 

citrate was mixed with 4 mL of fresh mouse blood, followed by gentle centrifugation at 

3,000 rpm for 10 min; the sediment was collected and washed 3 times by suspending it in 

PBS (pH 7.4) at 37 °C to get the final 5% (v/v) RCBs suspension. Furthermore, 10 mg/mL 

of suspended NPs (Blank-SFNPs, TPL-SFNPs and CL-SFNPs) in PBS were incubated with 

RBCs for 2 h at room temperature. Moreover, 0.1% Triton X-100 and PBS in RBCs solution 

were used as positive and negative control, respectively. Subsequently, samples were 

centrifuged for 5 min, and 100 μL supernatants were collected carefully and transferred to a 

96-well plate to enable the quantification of hemoglobin by a micro plate reader (μQuant™, 

BioTek® Instruments, Inc.). The percentage of hemolysis was calculated according to the 

following equation:

2.6 Cell culture

The pancreatic cancer cells PACA-2, PANC-1, HEK 293 and HGF-1 were cultivated in 

monolayers to 70–80% confluence in DMEM or EMEM medium supplemented with 10% 

fetal bovine serum at 37 °C in a humidified environment of 5% CO2. The medium was 

replenished every other day, and the cells were sub cultured after reaching confluence.

2.7 In vitro cellular uptake

2.7.1 Intracellular localization imaging by confocal microscopy—To investigate 

cellular uptake of SFNPs, 5×104 cells/well MIA PaCa-2 and PANC-1 cells were seeded onto 
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sterilized microscope cover slips placed in 6-well plates and incubated overnight in DMEM 

medium supplemented with 10% fetal bovine serum at 37°C with 5% CO2. Seeded cells 

were then treated with free RTIC and RTIC-SFNPs (equaled to 0.5 μM in medium) and 

incubated for 5 min, 30 min and 60 min (untreated cells were used as control). Subsequently, 

the cells were washed three times with PBS, followed by fixation with 4% p-formaldehyde 

for 15 min and washed three times again with PBS. Hoechst 33342 was used to stain the 

nuclei of the cells; furthermore, the cells were washed three times with PBS and imaged 

using Leica TCS SP2 confocal microscopy, and the images were analyzed by Leica confocal 

software.

2.7.2 Cellular uptake determined by flow cytometry—Flow cytometry analysis was 

performed to quantify the cellular uptake of SFNPs in MIA PACA-2 and PANC-1. Briefly, 5 

× 104 cells/well were seeded in 12-well plates and incubated for 24 h. The culture medium 

was then replaced by free RTIC and RTIC-SFNPs (equaled to 0.5 μM in medium), incubated 

for 5 min, 30 min and 60 min and washed twice with warm (37 °C) Dulbecco’s Phosphate-

Buffered Saline (D-PBS). Thereafter, cells were detached using trypsin and washed with ice-

cold D-PBS. Finally, cells were re-suspended in 500 μL of ice-cold D-PBS and kept on ice 

in dark for 10 min. The samples were analyzed by BD Accuri™ C6 flow cytometer (BD 

Biosciences, San Jose, CA, USA).

2.8 Cell cytotoxicity studies by MTS assay

To evaluate the cytotoxicity of Blank-SFNPs in vitro, 5×103 cells/well of MIA PaCa-2 and 

PANC-1 cells, 6×103 cells/well of HEK 293 and HGF-1 cells were seeded in 96-well plates 

and incubated for 24 h before being treated with Blank-SFNPs. To evaluate the cell viability, 

MIA PaCa-2 and PANC-1 cells were treated with various concentrations of TPL, CL, TPL-

SFNPs and CL-SFNPs.

After incubation for 72 h, the growth medium was removed, followed by addition of 100 μl 

serum-free culture medium containing 20% MTS and 1% of phenazine methosulfate (PMS) 

and further incubated for 1 h. The absorbance of each well was measured by micro plate 

reader at 490 nm. Viability of untreated cells was set at 100%, and absorbance of wells with 

medium and without cells was set as zero. IC50 values were analyzed by Prism software 

(San Diego, CA). Each experiment was performed at least three times.

2.9 Clonogenic assay

Clonogenic assay was used to determine the growth inhibition of pancreatic cancer cells by 

TPL-SFNPs and CL-SFNPs. Furthermore, 1×103 MIA PaCa-2 and PANC-1 cells/well were 

seeded in 6-well plates. On the third day, cells were treated with different concentrations of 

CL and CL-SFNPs (CCL: 0.05–0.45 μM) and TPL and TPL-SFNPs (CTPL: 0.3–3.0 nM) and 

incubated for 4 days. The media was then replaced with fresh media and maintained for 

another 7 days. Cells were fixed with ice-cold mixture of methanol and acetic acid (3:1, v/v) 

and incubated for 15 min. Furthermore, colonies were stained with 0.5% crystal violet. 

Colonies with more than 50 cells were counted manually under a microscope and the data 

were analyzed using Graph Pad Prism software. Untreated cells were considered as controls.
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2.10 Determination of combination index value

To evaluate the combination effect of TPL and CL and TPL-SFNPs and CL-SFNPs, pre-

incubated MIA PaCa-2 and PANC-1 cells were co-treated with various concentrations of 

drug and drug-loaded SFNPs for 72 h. The experiment was designed as constant 

combination ratio based on the suggestion of CompuSyn software and the IC50 values 

obtained in section 2.8 (Table S2). In addition, the cell viability was determined by the same 

MTS assay method described in section 2.8 and analyzed by CompuSyn software, which 

follows the median effect principle to identify the combination index (CI) value. The 

equation to calculate the combination index is CI = (D)1/(Dx)1 + (D)2/(Dx)2, where (Dx)1 

and (Dx)2 indicate the individual dose of either free drugs or drug loaded SFNPs required to 

inhibit a given level of cell growth, and (D)1and (D)2 are the doses of free drugs and drug 

loaded SFNPs necessary to produce the equal effect in combination, respectively.38–40 

Combination index (CI) value <1, =1 and >1 indicate synergism, additive effect and 

antagonism, respectively.

2.11 Apoptosis assay

Apoptosis assay was performed using the Annexin V-FITC Apoptosis Detection Kit 

according to the manufacturer’s protocol supplied by Sigma Chemicals (St. Louis, MO, 

USA). 5×104 MIA PaCa-2 and PANC-1 cells were pre-incubated in 24 well plates and 

incubated for 24 h, and treated with TPL (4.5 nM), CL (0.5 μM), TPL+CL, and TPL-SFNPs, 

CL-SFNPs, TPL-SFNPs + CL-SFNPs loading the same amount of TPL and CL for 48 h. 

Afterwards, the cells were washed twice with ice-cold PBS, trypsinized, centrifuged and 

then re-suspended in cold binding buffer. A total of 500 μl of this cell suspension was then 

subjected to the addition of 5 μl of Annexin V FITC and 10 μl of propidium iodide solution, 

followed by incubation on ice in the dark for 10 min. After incubation, the cell samples were 

analyzed by flow cytometer immediately. The tests were carried out in triplicate.

2.12 Statistical analysis

GraphPad Prism software (La Jolla, CA) was used for statistical analysis and plotting. The 

data were presented as mean ± standard deviation. Statistical significance was determined 

using the one-way ANOVA or two-way ANOVA, followed by Tukey’s test, where p-value of 

≤0.05 was considered statistically significant.

3. Results

3.1 Regenerated silk fibroin

SF is a biomacromolecule consisting of 5509 amino acids and composed of a heavy chain 

(391 kDa) and a light chain (26 kDa). It has been reported that SF molecules undergo 

hydrolysis during degumming procedure.41 Similarly, in our study, SDS-PAGE showed that 

the regenerated SF was a mixture of polypeptides with a wide molecular distribution (Fig. 

2S).
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3.2 Experimental design for formulation optimization

The formulation parameters of TPL-SFNPs and CL-SFNPs were optimized using Taguchi’s 

L9 orthogonal array experimental design (three-factor, three-level). The responses selected 

for experimental design are shown in Table S3. A numerical desirability function was used 

to select the optimized formuation from the experimental design.42 The significance of the 

experimental model used in formulation optimization of TPL-SFNPs and CL-SFNPs was 

validated by comparing the predicted values with experimental values (Table S4). The 

results from the optimization study indicate that the particle size, EE and DL of TPL-SFNPs 

and CL-SFNPs are comparable to the predicted values demonstrating the accuracy and 

validity of the model used in the experimental design.

3.3 Nanoparticle characterization

3.3.1 Particle size, zeta potential and morphology—As shown in the TEM images 

in Fig. 1, the SFNPs are spherical in shape and monodisperse. The observed particle sizes of 

SFNPs were around 100 nm, smaller than those measured by DLS, which indicated that the 

particle sizes of TPL-SFNPs and CL-SFNPs were 166.4 ± 4.6 nm ((PDI<0.3) and 170.4 

± 2.3 nm (PDI<0.3)), respectively (Table 1). This was mainly due to the dehydration process 

that led to the shrinkage of the particles in the preparation of TEM samples. TPL-SFNPs and 

CL-SFNPs have a mean zeta potential of −27.2 ± 2.0 mV and −25.5 ± 2.57, respectively 

(Table 1).

3.3.2 IR absorption and β-sheet content—FTIR spectra of TPL, CL, TPL-SFNPs, 

CL-SFNPs, SF and SFNPs, are shown in Fig. 2. TPL-SFNPs and CL-SFNPs exhibit 

characteristic absorption peaks at 1735 cm−1 and 1500 cm−1 of TPL and CL which confirms 

the successful encapsulation of drug into SFNPs. 36, 43, 44 It is found that the β-sheet content 

in SF is about 16.8%, but it increases to 35.3% in the SFNPs. Moreover, the β-sheet content 

in TPL-SFNPs and CL-SFNPs increases to 57.7% and 77.6% in the presence of TPL and CL 

(Table 1, Fig. S3). This means that TPL and CL addition is also favorable for the 

conformation transition of SF from random coil/helix to β-sheet probably because of the 

hydrophobic interactions between TPL, CL and SF macromolecules. Furthermore, the 

increased β-sheet formation induced by TPL or CL may benefit their encapsulation in the 

SFNPs leading to slow drug release in later applications.40

3.3.3 Drug loading capacity and encapsulation efficiency—Drug loading capacity 

(DL) and encapsulation efficiency (EE) play a critical role in drug delivery. To obtain high 

drug loading and meet the therapeutic needs, we used the optimized formulations to prepare 

SFNPs. The prepared TPL-SFNPs and CL-SFNPs have a satisfactory DL of 57.0 ± 4.7 

μg/mg and 63.5 ± 3.8 μg/mg, along with an EE of 81.8 ± 2.8% and 87.0 ± 5.1%, respectively 

(Table 1).

3.4 In vitro drug release profile

Cumulative drug release from TPL-SFNPs and CL-SFNPs were studied at two different pH 

conditions; at pH 7.4, which is comparable to the extracellular physiological pH of normal 

cells and pH 5, the lysosomal pH of cancer cells. As shown in Fig. 3A & 3B, both drugs 

were gradually released from the nanoparticles at pH 7.4 indicating that encapsulation of the 
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drug in SFNPs may significantly prolong the release in plasma. However, at pH 5, the 

release was significantly faster throughout the early time points (1 to 24 h) and the 7-day 

release period. The cumulative TPL and CL release was approximately 53% and 55% within 

24 h and a total 95% and 80% in 7 days at pH 5 which showed significantly faster release 

pattern in comparison to 82% and 65% in pH 7.4 in 7 days, indicating that SFNPs could 

serve as a lysosomotropic delivery platform for drugs.

3.5 Safety evaluation of Blank-SFNPs and drug loaded SFNPs

Hemolytic test was performed on Blank-SFNPs and drug loaded SFNPs. As shown in Fig. 

4A, compared to positive control Triton X-100 that showed the highest toxicity, breaking 

100% of RBCs present in solution, almost no hemolysis was observed when treated with 

PBS as negative control. Similar to PBS, Blank-SFNPs and drug loaded SFNPs at the high 

concentrations of 10 mg/mL did not cause any hemolysis on mouse erythrocytes.

To study the cytotoxicity, Blank-SFNPs at a concentration of 0.125 to 1 mg/mL were used to 

detect aggregation and sedimentation that could potentially result in cell toxicity. The study 

results showed no significant inhibition of pancreatic cancer cells, MIA PaCa-2, PANC-1, 

normal cells, HEK293 and HGF-1 (Fig. 4B), indicating that Blank-SFNPs alone do not 

contribute to any quantifiable toxicity in the studied concentration. The study demonstrates 

high safety and biocompatibility of the Blank-SFNPs in vitro.

3.6 In vitro cellular uptake

3.6.1 Intracellular localization of nanoparticles—To study the uptake, PANC-1 and 

MIA PaCa-2 cancer cells were exposed to RITC-SFNPs for 5, 30 and 60 min. RITC-SFNPs 

are efficiently taken up by both cell lines in a time dependent manner and are predominately 

distributed in the cytoplasm or perinuclear region following 60 min of incubation (Fig 5A & 

5B). The RITC-SFNPs internalized more rapidly and significantly compared to free RITC at 

30 and 60 min, indicating that drug encapsulated in SFNPs could be efficiently taken up by 

cancer cells enabling consistent intracellular release of the loaded drug. The nanoparticle 

internalization process into the cells can be considered as a binding (adsorbing) process, 

wherein the formed nanoparticles are internalized by endocytosis.41, 43 Once the 

nanoparticles were endocytosed, they were found preliminarily in the cytoplasm around the 

nuclear membrane. We found that a large fraction of the incubated nanoparticles was 

internalized by the cells and remained stable during vesicular transport despite their negative 

surface. We also observed that both cell lines remain viable during the study, supporting our 

previous results that silk fibroin nanoparticle alone did not result in any measurable 

toxicity.44

3.6.2 Cellular uptake determined by flow cytometry (FCM)—The cellular uptake of 

RITC-SFNPs is quantitatively evaluated and depicted in Fig. 6A & 6B. The results show that 

RITC-SFNPs exhibited significantly high fluorescence intensity compared to the free RITC 

following incubation with PANC-1 cells for 5, 30 and 60 min, and about two-fold increase 

of fluorescence intensity was observed with RITC-SFNPs compared to free RITC (Fig. 6B). 

On the contrary, RITC-SFNPs incubated with MIA PaCa-2 cells also indicated significant 
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difference in fluorescence intensity compared to free RITC treatment cells (Fig. 6A). 

However, the intensity was not as prominent as seen in PANC-1 cell line.

3.7 Cytotoxicity of drug-loaded SFNPs

To study the efficacy of CL-SFNPs and TPL-SFNPs on cancer cells, the inhibitory 

concentration (IC50) values of the free drug and SFNPs were compared by MTS assay. The 

cell viability studies of CL-SFNPs and TPL-SFNPs are presented in Fig. 7A–7D, 

respectively. Both free drug and SFNPs exhibited dose dependent decrease in the 

proliferation of pancreatic cancer cells. However, it was observed that the SFNPs exhibited 

lower IC50 values in comparison to the free drug for both TPC and CL drugs, demonstrating 

higher efficacy with SFNPs. In case of MIA PaCa-2 cells, free TPL exhibited IC50 value of 

11.58 μM. However, for TPL-SFNPs, the IC50 value was significantly reduced to 3.8 μM, 

showing approximately three-fold reduction compared to the free drug (Fig. 7A). Similarly, 

for PANC-1 cells, the IC50 values obtained for free TPL and TPL-SFNPs were 11.25 μM 

and 4.57 μM, respectively (Fig. 7B). Similar trend was observed with CL-SFNPs. The 

viability study for free CL with MIA PaCa-2 cells, exhibited IC50 value of 1.32 μM and for 

CL-SFNPs, the IC50 value was reduced to 0.65 μM, showing approximately two-fold 

reduction compared to the free form of the drug (Fig. 7C). Similarly, for PANC-1 cells, the 

IC50 values obtained for free CL and CL-SFNPs were 0.83 μM and 0.38 μM, respectively 

(Fig. 7D). Therefore, our results demonstrate that the drugs, when encapsulated in SFNPs, 

exhibited cytotoxicity at lower concentrations compared to the free drug.

3.8 Inhibition of colony formation

Clonogenic assay or colony formation assay is an in vitro cell survival assay based on the 

ability of a single cell to grow into a colony. Clonogenic assay was performed to determine 

the anti-cancer activity of the free drug, SFNPs of TPL and CL through cell growth 

inhibition. In this study, the untreated MIA PaCa-2 and PANC-1 cell lines produced large 

colonies while the treated cells with free drug and SFNPs showed a dose dependent 

inhibition of colony formation. The SFNP formulations of TPL and CL showed higher 

inhibition of colony formation at 0.15 and 0.45 μM concentrations, compared to free TPL 

and CL (Fig. 8A, 8C & 8B, 8D), respectively at equivalent doses. At 0.15 μM concentration, 

TPL-SFNPs and CL-SFNPs showed significant reduction in colony formation in MIA 

PaCa-2 and PANC-1 cancer cells compared to free TPL and CL. Similarly, TPL-SFNPs and 

CL-SFNPs are also more effective at the 0.45 μM concentrations compared to free TPL and 

CL, indicating superior anticancer activity after incorporation of TPL and CL into SFNPs. 

We also observed that PANC-1 cells are more sensitive to CL-SFNP. At a dose of 0.45 μM, 

colony formation is inhibited by 90% compared to 70% in MIA PaCa-2 cell line. However, 

both cell lines are sensitive to TPL-SFNPs, and about 95% colony formation is inhibited at 

3.0 nM dose (Fig. 8B & 8D). In summary, the rapid internalization and sustained release of 

CL and TPL from nanoparticles may substantially improve anticancer effects of celastrol 

and triptolide at the same dose.

3.9 Synergistic effect of TPL-SFNPs and CL-SFNPs

MTS assay was performed to study the combination effects of TPL and CL or TPL-SFNPs 

and CL-SFNPs on MIA PaCa-2 and PANC-1 cell lines. After determining the dose response 
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curves individually and obtaining the IC50 value for each of them, a range of drug 

combination concentrations were selected to evaluate the inhibition of growth using the drug 

combination. We found that cell viability decreased significantly for both cell lines when co-

treated with free TPL (10 and 20 nM) and CL (0.8 and 1.6 μM) in comparison with 

individual treatment (Fig. 9A1 & 9B1, Fig. 10A1 & 10B1). The CI value was found to be 

above 0.5 (Fig. 9A2 & 9A3, Fig. 10A2 & 10A3) indicating that free drug combination of 

TPL and CL may inhibit the pancreatic cancer cell growth synergistically at certain 

concentrations. Further, we found that cell viability was reduced significantly when co-

treated with different nanoparticle combination doses for both cell lines. After being co-

treated with TPL-SFNPs at TPL concentrations of 2.25, 4.5 and 9 nM and CL-SFNPs at CL 

concentrations of 0.25, 0.5 and 1 μM, respectively, the survival of MIA PaCa-2 cell lines 

reduced significantly as compared to individual treatment with TPL-SFNPs and CL-SFNPs 

(Fig. 9B1). The same combination nanoparticles effect was seen in PANC-1 cell line as well, 

even in low doses of TPL (1.125, 2.25, 4.5 and 9 nM) and CL (0.125, 0.25, 0.5 and 1μM) 

(Fig. 10B1). In summary, we observed that cytotoxicity increased significantly when treated 

with the CL-SFNPs and TPL-SFNPs combination compared to individual NPs and free drug 

and their combination tested against pancreatic cancer cells in vitro. Furthermore, we used 

the Compusyn software to identify the synergistic effect of the combination. The Compusyn 

software is widely used to predict the additive and synergistic effect arising from 

combinations of multiple drugs that have independent mechanism of action in vitro and in 
vivo using combination index theorem. After co-treatment with TPL-SFNPs and CL-SFNPs, 

the survival of cancer cells was significantly reduced in comparison with lone nanoparticle 

treatment. Almost all combination index values calculated by Compusyn software for 

nanoparticle combination study were <1 and in certain combination CI value is below 0.5, 

suggesting that the growth inhibition effect CL-SFNPs and TPL-SFNPs in the indicated 

cancer cells is synergistic rather than additive (Fig. 9B2 & 9B3, Fig. 10B2 & 10B3).

3.10 Apoptotic effects of TPL-SFNPs and CL-SFNPs

To investigate the apoptotic effects of TPL-SFNPs and CL-SFNPs combination on MIA 

PaCa-2 and PANC-1 cell lines, Annexin-V binding and PI staining assay were performed 

using flow cytometer.

The cell lines were exposed to free drug and SFNPs of CL and TPL individually or in 

combination at equivalent doses of 0.5 μM and 4.5 nM, respectively for 48 h. Apoptosis 

assay helps distinguish and categorize the cells into four stages which are viable and healthy, 

early apoptosis, late apoptosis and dead (Fig. 11A–D). In MIA PaCa-2 and PANC-1 cell 

lines, the untreated cells showed early apoptosis of 2.7% and 3.8%, respectively (Fig. 11A & 

11C). The untreated cells were incubated in the same medium and in the same 

environmental conditions as the treated cells. This type of apoptosis is normal for untreated 

cells as these cells might have experienced apoptosis because of their growth conditions. 

Free drug TPL and CL showed an early apoptosis of 8.2% and 11.4% and late apoptosis of 

2.7% and 2.9%, respectively in MIA PaCa-2 cells, while their combination showed 

increased total apoptosis (30.0%) significantly indicating the synergistic effect (Fig. 11A & 

11B). When TPL and CL were exposed to PANC-1 cells alone, the apoptosis observed was 

17.0% and 14.0%, respectively whereas in combination, it was 25.5%. TPL-SFNPs and CL-
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SFNPs, individually, showed increased apoptosis compared to free CL and TPL at 

equivalent doses. The total apoptosis was 24.0% and 25.2%, respectively when MIA 

PaCA-2 cells were treated with TPL-SFNPs and CL-SFNPs individually. However, when 

used in combination at the same concentration, the total apoptosis of MIA PaCA-2 cells was 

significantly higher (58.6%) (Fig. 11A & 11B). The same trend was found in PANC-1 cells 

when treated with the combination (Fig. 11C & 11D). Overall this study confirmed that 

nanoparticle combination of TPL and CL was extremely effective in enhancing apoptosis of 

cancer cells and demonstrating the synergistic effect of TPL-SFNPs and CL-SFNPs 

combination.

4. Discussion

Multidisciplinary treatment strategies are commonly used to combat pancreatic cancer. 

However, these remedies are often inadequate in contending the disease due to drug 

resistance and safety issues associated with normal healthy tissues. Diagnosis using 

combination drug therapy has been widely employed in clinical settings to treat the lethal 

diseases and attain synergistic therapeutic effect, to minimize drug toxicity and to overcome 

drug resistance. Triptolide and celastrol are reported to inhibit the growth of cancer cells 

synergistically when treated in combination both in vitro and in vivo.21 However, their use is 

limited because of their highly hydrophobic nature and non-selective toxicity to healthy 

cells. Therefore, to address these issues, triptolide and celastrol loaded silk fibroin 

nanoparticles were developed and evaluated for their effect on pancreatic cancer cell lines. 

Silk fibroin, a natural biopolymer extracted from cocoons, with proven clinical safety record, 

mechanical properties and biocompatibility has been used as carrier to attain targeted drug 

delivery of triptolide and celastrol. A modified desolvation method was used to prepare silk 

fibroin nanoparticles.

SFNPs were prepared using a modified process with a mixture of acetone and ethanol 

produced the desired particle size. The selected solvent mixture might have facilitated 

dehydration of silk fibroin, leading to closer chain packaging of GLY-X or nanofabrication, 

thereby allowing mild folding of SF polymer to generate nanoparticles of less than 200 nm 

in contrast to those prepared using other reported methodologies.45

The formulations were prepared systematically using a statistical experimental design and 

the resulting formulation variables such as size, entrapment efficiency and drug loading were 

systematically analyzed using Taguchi’s orthogonal array design to identify the parameters 

that have optimum influence on the formulation (Fig. S4 & S5).42, 45–47 The data analyzed 

using Design Expert® software demonstrated the reproducibility of the optimized 

formulation. According to previous reports, negatively charged nanoparticles have longer 

circulation lifetimes and less toxicity towards the cell.48, 49 The zeta potentials of TPL-

SFNPs and CL-SFNPs were −27.2 ± 2.0 mV and −25.5 ± 2.57 mV, respectively, which 

might result in less aggregation and long circulation of SF nanoparticles in the blood. FTIR 

spectra showed that TPL-SFNPs and CL-SFNPs exhibit characteristic absorption peaks at 

1735 cm−1 and 1500 cm−1 of TPL and CL, respectively, indicating successful encapsulation 

of the drug into SFNPs. TEM images suggest that the formulated SFNPs could be spherical 

and monodisperse.
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The release study results indicate that silk fibroin nanoparticle can release the drug in a slow 

and sustained manner at physiological pH and releases rapidly at lower pH (Fig. 5). At low 

pH, silk loses its overall acidic surface properties and negative net charge leading to rapid 

drug release. The pH dependent drug release may also be attributed to the efficient packing 

as well as loading of drug inside the SFNPs. In the previous report, the extent of release at 

different pH conditions was predominantly governed by the electrostatic interaction between 

doxorubicin and SF.50 Since doxorubicin is a weak base and positively charged, it is 

adsorbed to silk in part by strong electrostatic bonding. However, unlike doxorubicin, TPL is 

neutral and CL possesses a weak negative charge and therefore, may be weakly adsorbed or 

bonded to the SFNPs (in part). Due to this difference in electrostatic interaction, TPL and 

CL showed higher release (≤ 50 %) at pH 5.0 compared to doxorubicin (20 %) at pH 4.5 in 

24 hr. Similar studies by Wang et al. also showed that positively-charged molecules exhibit a 

more prolonged or sustained in vitro release of the drugs from the SFNPs compared to 

negatively charged molecules due to strong electrostatic interactions.51 The increase of TPL 

and CL release from SFNPs might also be attributed to the balance of the negative charges 

inside and outside the silk aggregate. Xiao et al. reported that metal ions usually interact 

with functional groups containing negative charges outside the aggregates while hydrogen 

ions could neutralize the negative charges both outside and inside the aggregates 

simultaneously due to their differential capacity of entering into the aggregates. When the 

negative charge outside silk aggregates is shielded, the repulsive force of the negative charge 

inside the aggregates could result in the destruction of the aggregates.52 Since the balance of 

the negative charge was shielded at acidic pH, the aggregates may be destructed and result in 

increased release of the drug. We will further investigate the mechanism of drug release and 

in vivo efficacy of the TPL-SFNPs and CL-SFNPs in a follow up study.

Delivering the anticancer drug inside the tumor cells while avoiding the p-gp mediated 

efflux of free drug to overcome the resistance and achieving the therapeutic concentration 

are important considerations for any nanoparticle formulation.53 Cellular uptake of 

nanoparticles is influenced by size, shape, material, surface charge and hydrophobicity.49 

Cellular uptake assay by using RITC loaded SFNPs reiterated the potential uptake of SF 

nanoparticles. Confocal laser scanning microscope results indicated the superiority of the SF 

nanoparticles uptake inside the cells over free RITC (Fig. 5), which may be attributed to the 

rapid uptake of nanoparticles by endocytosis mechanism. Time dependent uptake of the 

nanoparticles was also observed in MIA PaCa-2 and PANC-1 cell lines. Superiority and time 

dependent uptake of SFNPs using flow cytometry analysis (Fig. 6) robustly support that SF 

nanoparticle approach could be an efficient way to deliver drugs to cancer cells.

The cytotoxic assay performed on PANC-1, MIA PaCa-2, HEK 293 and HFG-1 cell lines 

employing MTS assay exhibited safety and biocompatibility of placebo or Blank-SFNPs. At 

all concentrations, cell viability was > 95% after 72 h of treatment, clearly demonstrating the 

safe and non-toxic nature of Blank-SFNPs. Furthermore, hemolysis test was performed 

using fresh mouse blood for empty nanoparticles and drug loaded nanoparticles to confirm 

the biocompatibility of newly formed nanoparticles.54, 55 Hemolysis assay which gives an 

indication of the interactions between SFNPs and RBCs showed no significant hemolysis for 

the formulations indicating the use of safe, biocompatible, and biodegradable silk fibroin 

nanoparticles.
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In both MIA PaCa-2 and PANC-1 cells, 72 h cytotoxicity assays revealed the IC50 of CL, 

TPL, CL-SFNPs and TPL-SFNPs (Fig. 7). Notably, the delivery of the drugs using SF-based 

CL and TPL formulations showed lower IC50 values as compared to free drugs IC50 

indicating that nanoparticle formulations were more potent in inhibiting the cancer cell 

growth. This can be attributed to rapid uptake of nanoparticles inside the cells followed by 

releasing their high payload in cytosol.56, 57 The colony formation assay performed with the 

same cell line indicated superiority of CL-SFNPs and TPL-SFNPs over the free drug (Fig. 

8).

In this study, we estimated the combination index (CI) value for both free drug combination 

and drug-loaded SFNPs combination using CompuSyn software® to evaluate the synergistic 

effect and the results demonstrated that TPL-SFNPs and CL-SFNPs have significant 

synergistic effect at low dose compared to free drug in both pancreatic cancer cell lines; all 

CI values were below 0.7 (Fig. 9 & 10). As shown in Fig. 9A2 & 9B2, Fig. 10A2 & 10B2, 

the calculated combination index values of TPL-SFNPs and CL-SFNPs (CI: 0.369–0.630) 

are much smaller than the combination index values of free drug TPL and CL (CI: 1.600–

0.680) indicating much greater synergistic effect of SFNPs’ compared to that of free drugs. 

This synergistic effect may be attributed to the increase in the drug concentration inside the 

cell. The inhibition of cell growth at low dose drug combination may translate to a decrease 

in the toxicity in vivo condition. Apoptosis study with equivalent dose of drug and drug-

loaded nanoparticles was conducted to confirm the potent synergistic effects of this 

nanoparticle combination. The results demonstrated that even at low dose combination, 

nanoparticle treatment is more potent in terms of inducing apoptosis and cell death.

5. Conclusion

In summary, TPL-SFNPs and CL-SFNPs with desired particle size and drug loading were 

successfully prepared to overcome the poor water solubility and high toxicity of TPL or CL 

as well as to facilitate the simultaneous delivery to cancer cells. The drug-loaded SFNPs 

have sustained a pH-sensitive drug release profile along with biocompatibility 

characteristics. Moreover, when compared with free TPL and CL, TPL-SFNPs and CL-

SFNPs showed enhanced antitumor activity, higher inhibition of colony formation and could 

induce more apoptosis of cancer cells, which might be due to the sustained release of TPL 

and CL from SFNPs as well as the improved stability and cellular uptake of drugs 

encapsulated inside the nanoparticles. Further reduction in cell viability and significant 

increase of apoptosis when treated with a combination of TPL-SFNPs and CL-SFNPs 

provides strong proof of better anticancer efficacy of combination nanoparticle therapy than 

either TPL-SFNPs or CL-SFNPs individually. More importantly, the combination index 

value below 0.7, calculated by CompuSyn software, indicates that in certain ratio or drug 

concentration the combination therapy effect is strongly synergistic rather than additive. The 

results indicate that combination therapy of TPL and CL encapsulated in SFNPS could be a 

promising strategy for the treatment of pancreatic cancer.
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Fig. 1. Characterization of SF and SFNPs
A. TEM image of SF. B. TEM image of Blank-SFNPs. C. TEM image and photograph of 

TPL-SFNPs formulation. D. TEM image and photograph of CL-SFNPs formulation. Scale 

bar 200 nm.
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Fig. 2. 
FTIR spectra of Blank-SFNPs, TPL, TPL-SFNPs, CL and CL-SFNPs
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Fig. 3. 
The cumulative release profiles of TPL from TPL-SFNPs (A) and CL from CL-SFNPs (B) 

in PBS of pH=7.4 and pH=5.0 at 37 °C.
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Fig. 4. Safety evaluation of Blank-SFNPs, TPL-SFNPs and CL-SFNPs
A. Biocompatibility of TPL-SFNPs, CL-SFNPs and their combination in fresh mouse blood. 

Triton X-100 and PBS were used as positive control and negative control, respectively. B. 

Cytotoxicity of Blank-SFNPs in MIA PaCa-2, PANC-1, HEK-293 and HGF-1 cell line using 

MTS assay. (Mean ± SD, n = 5; ns: no significance, *: P<0.05, **: P<0.01)

Ding et al. Page 22

Nanoscale. Author manuscript; available in PMC 2018 August 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. Cellular uptake analysis of RITC-SFNPs using confocal laser scanning microscopy, free 
RITC was used as control
A. MIA PaCa-2, with an incubation time of 5 min, 30 min and 60 min. B. PANC-1, with an 

incubation time of 5 min, 30 min and 60 min. Original magnification: ×40.
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Fig. 6. Quantification of cellular uptake of SFNPs. Uptake analysis of RITC-SFNPs using flow 
cytometry. Untreated cells and the cells treated with free RITC were used as negative control and 
positive controls respectively
A. MIA PaCa-2, with an incubation time of 5 min, 30 min, and 60 min. B. PANC-1, with an 

incubation time of 5 min, 30 min and 60 min. (Mean ± SD, n = 5; *: P<0.05, **: P<0.01)
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Fig. 7. Dose dependent inhibition of cell viability and IC50 determination in MIA PaCa-2 and 
PANC-1 cell line treated with TPL, TPL-SFNPs, CL & CL-SFNPs using MTS assay
A. IC50 profile of TPL and TPL-SFNPs in MIA PaCa-2 cell line. B. IC50 profile of TPL and 

TPL-SFNPs in PANC-1 cell line. C. IC50 profile of CL and CL-SFNPs in MIA PaCa-2 cell 

line. D. IC50 profile of CL and CL-SFNPs in PANC-1 cell line.
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Fig. 8. Dose dependent colony formation inhibition of MIA PaCa-2 and PANC-1 cell line treated 
with different drugs
A. Colony formation inhibition of TPL and TPL-SFNPs in MIA PaCa-2 cell line. B. Colony 

formation inhibition of TPL and TPL-SFNPs in PANC-1 cell line. C. Colony formation 

inhibition of CL and CL-SFNPs in MIA PaCa-2 cell line. D. Colony formation inhibition of 

CL and CL-SFNPs in PANC-1 cell line. (Mean ± SD, n = 3; ns: no significance, *: P<0.05, 

**: P<0.01)
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Fig. 9. Synergistic effect of TPL and CL, TPL-SFNPs and CL-SFNPs in MIA PaCa-2 cell line
(A1) Cell viability determination and (A2) combination index (CI) value identified using 

Compusyn software and (A3) combination index plot of CL, TPL and in combination. (B1). 

Cell viability determination and (B2) combination index (CI) value identified using 

Compusyn software and (B3) combination index plot of TPL-SFNPs, CL-SFNPs and in 

combination.
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Fig. 10. Synergistic effect of TPL and CL, TPL-SFNPs and CL-SFNPs in PANC-1 cell line
(A1) Cell viability determination and (A2) combination index (CI) value identified using 

Compusyn software and (A3) combination index plot of CL, TPL and in combination. (B1) 

Cell viability determination and (B2) combination index (CI) value identified using 

Compusyn software and (B3) combination index plot of TPL-SFNPs, CL-SFNPs and in 

combination.
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Fig. 11. Apoptotic effects of CL-SFNPs and TPL-SFNPs in MIA PaCa-2 and PANC-1 cell line
A–B. Determination of apoptosis in MIA PaCa-2 cell line after treatment with equivalent 

dose of CL, TPL individually and in combination and CL-SFNPs and TPL-SFNPs 

individually and in combination using flow cytometer. C–D. Determination of apoptosis in 

PANC-1cell line after treatment with equivalent doses of CL, TPL individually and in 

combination and CL-SFNPs and TPL-SFNPs individually and in combination using flow 

cytometer. (Mean ± SD, n = 3; *: P<0.05, **: P<0.01)
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