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26

Abstract: Parkinson's disease (PD), one of the most common movement and27

neurodegenerative disorders, is challenging to treat, partly because the blood-brain28

barrier blocks passage of most drugs. Levodopa is a common clinical drug for29

controlling the symptoms of PD, but it only replenishes the missing dopamine, can’t30

protect dopaminergic neurons. While curcumin as a neuroprotective agent has been31

reported for treatment of PD. Herein, we present a novel organic-inorganic composite32

nanoparticle with brain targeting (denoted as lf-protocells) for co-delivery of levodopa33

and curcumin, and demonstrate its attractive use as a biocompatible platform for PD34

treatment. The nanoparticle system is comprised of a lactoferrin (lf) modified lipid35

bilayer (LB) containing curcumin as its outer membrane and mesoporous silica36

nanoparticles (MSNs) containing levodopa as its supporting inner core. Our studies37

illustrate that the lf-protocells have a size of about 180 nm and spherical morphology,38

and can be used to co-load levodopa and curcumin efficiently. Further, a cell model39

and a mouse model induced by rotenone (Rot) and MPTP respectively are used to40

investigate the effects of binary-drug loaded lf-protocells on PD. Our results41

demonstrate that the combination of curcumin and levodopa alleviate the apoptosis of42

PD cells, enhance the cell viability as compared to levodopa used alone; levodopa43

together with curcumin also efficiently decrease the expression of a-synuclein,44
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increase the expression of tyrosine hydroxylase in SH-SY5Y cells, and transform45

more levodopa into dopamine for supplement the loss of the brain. Moreover, the46

resulting binary-drug loaded lf-protocells ameliorate oxidative stress and47

mitochondrial dysfunction as compared to combination of free drugs. In addition,48

testing in a mouse model indicate that lf-protocells can improve significantly the49

motor function and distribution in brain compared with unmodified protocells. In50

conclusion, binary-drug loaded lf-protocells show much better therapeutic efficacy in51

both the cell model and the mouse model of PD and lower toxicity than bare MSNs.52

These results suggest that lf-protocells can be used as a promising drug delivery53

platform for targeted therapy against PD and other diseases of the central nervous54

system.55

56

Keywords: Parkinson's disease, Levodopa, Curcumin, Brain targeting, Lactoferrin,57

Mesoporous silica nanoparticle, Protocells58

59

1. Background60

Parkinson's disease (PD) is the second most common chronic progressive61

neurodegenerative disorder after Alzheimer's disease (AD) as it affects almost 1-2%62

of population aged over 65 in the world [1]. The typical pathological hallmarks of PD63

include the loss of dopaminergic neurons in the substantia nigra pars compacta (SNc)64

and the appearance of Lewy bodies formed by the accumulation of misfolded65

α-synuclein (α-syn) protein. Although the pathogenesis of PD is still unknown [2],66
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most reports show that it is associated with oxidative stress, neuro inflammatory67

reaction, mitochondrial dysfunction, cell apoptosis and so on [3-9].68

So far, levodopa is considered the most effective medication for the symptomatic69

treatment of PD [10]. It works by being converted into dopamine and compensating70

for the dopamine deficiency in the brain. However, the efficacy of levodopa in the late71

stage of PD is significantly reduced due to its metabolism, subsequent low72

bioavailability and irregular fluctuations of its blood concentration [11]. Furthermore,73

levodopa, only as a neurotransmitter supplement, cannot effectively prevent or delay74

the deterioration of PD. It is noted that several drug candidates such as EPI-743,75

Baicalein and NTCELL currently used in clinical trials exert their therapeutic effects76

on PD by antioxidation, protecting mitochondria or acting on glial cells. It suggests77

that intervention of oxidative stress, improvement of mitochondrial dysfunction,78

resistance to neuroinflammation, protection of dopamine and other nerve cells are79

potential therapeutic strategies for PD [12].80

As a natural polyphenol extracted from the dry rhizome of zingiberaceae plants81

[13], curcumin has numerous pharmacological properties such as anti-inflammation,82

antioxidation, anti-tumor and anti-nerve degeneration [14, 15]. It reduces the high83

level of oxidative stress and neurotoxicity mainly through antioxidant effect and84

chelating metal ions, and thus achieves the protection of dopaminergic neurons and85

improves the level of dopamine [16-19]. Previous studies suggested that curcumin86

could be applied in the treatment of neurodegenerative diseases such as PD and AD87

[20, 21]. Hence, if combined with levodopa, curcumin may lead to enhanced88
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therapeutic effects of PD on the basis of levodopa supplementing neurotransmitters,89

since it works through antioxidation and repairing injured neurons. In other words, the90

combination of these two different durgs is expected to enhance the therapeutic effect91

of PD. So far, no relevant pharmacological study has been reported.92

However, the physicochemical properties of hydrophilic levodopa and93

hydrophobic curcumin are quite different, which make their co-delivery confront with94

great challenges. It is necessary to construct an eligible drug delivery system that95

efficiently co-load these two drugs. Protocells, consisting of a mesoporous silica96

nanoparticles (MSNs) core coated by a layer of lipid bilayer (LB), are a class of97

highly scalable nanocarriers that have caused great concern in drug delivery98

applications [22, 23]. Inner sponge-like inorganic MSNs with favorable surface area,99

high porosity and adsorption performance, extraordinary drug loading capacity, are100

excellent carriers of hydrophilic drugs such as levodopa. The outer membrane LB can101

not only contain hydrophobic drugs like curcumin but also effectively seal the surface102

pores of the inner MSNs to prevent drug leakage, thus achieving the co-delivery of103

the different drugs [23-27]. In addition, these drugs can be delivered simultaneously104

without affecting each other.105

In our study, protocells delivery system co-loaded with levodopa and curcumin106

were constructed. In addition, brain targeting ligand-lactoferrin (Lf) was modified on107

the LB surface to enhance cellular uptake and brain targeting [28]. The blood–brain108

barrier (BBB), formed by brain vessel endothelial cells linked together with tight109

junctions. This cellular interface helps to maintain a steady, optimal environment for110
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neuronal function, and selective transport systems regulate the transport of wanted111

molecules. But on the other hand, it presents a major obstacle to the delivery of drugs112

passing from the bloodstream to the central nervous system (CNS) [29]. Lf receptor113

existing on the BBB mediated endocytosis is among the most efficient cellular uptake114

pathway. The delivery system with Lf attachment may be more efficient under certain115

pathological conditions of the high expression of Lf receptor, such as PD [30] and AD116

[31].117

The physicochemical properties, efficacy in vitro, mechanism of action and118

preliminary pharmacodynamics in vivo of the drug delivery system named as119

binary-drug loaded lf-protocells (L/C-Lf-Pro) were investigated. These results are120

expected to offer a beneficial strategy in mitigating the adverse reaction of levodopa121

and improving the therapeutic effect, and have the potential to provide a new122

approach for the development of drug delivery system with high-efficiency and123

important application prospect for curing PD.124

125

2. Materials and methods126

2.1 Materials127

Tetraethyl orthosilicate (TEOS, 98%), cetyltrimethylammonium bromide128

(CTAB, > 99%), Brij-58, 5,5’-dithiobis-2-nitrobenzoic acid (DTNB) and129

2-iminothiolane hydrochloride (Traut’s reagent) were purchased from130

Aladdin-chemistry (Shanghai, China). Lactoferrin was obtained from China Peptides131

Co. (Shanghai, China). 1,3,5-trimethylbenzene (TMB) and curcumin were purchased132
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from Alfa Aesar (Shanghai, China).133

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and rhodamine134

123 (Rh123) were purchased from Sigma Aldrich (USA). Cy5-SE was from135

MedChemExpress (USA). Triton X-100 was from Beijing Innochem Science &136

Technology Co., Ltd (Beijing, China). Total Superoxide Dismutase Assay Kit with137

WST-8, GSH and GSSG Assay Kit, primary antibody dilution buffer, transfer buffer138

and BeyoECL Moon were purchased from Beyotime Institute of Biotechnology139

(Shanghai, China). DMEM/F-12 medium, fetal bovine serum (FBS),140

penicillin-streptomycin and phosphate buffer saline (PBS) were purchased from141

Corning (USA).142

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2143

000] (DSPE-PEG2000),144

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene145

glycol)-2000] (DSPE-PEG2000-MAL), dipalmitoyl phosphatidylcholine (DPPC) and146

cholesterol (Chol) were purchased from A.V.T. Pharmaceutical Co., Ltd (Shanghai,147

China). Rotenone (Rot), 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),148

borate-EDTA buffer, Rhodamine B isothiocyanate (RBITC), (3-Aminopropyl)149

triethoxysilane (APTES) and SDS-PAGE running buffer were purchased from Dalian150

Meilun Biotechnology Co., Ltd (Dalian, China). Levodopa (>98%) was purchased151

from Beijing Innochem Science & Technology Co., Ltd (Beijing, China). DAPI,152

Reactive Oxygen Species Assay Kit, BCA Protein Assay Kit, RIPA buffer,153

SDS-PAGE Gel Kit, loading buffer (with DTT, 4X) and Color Mixed Protein Marker154
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were obtained from Beijing Solarbio Science & Technology Co., Ltd (Beijing, China).155

Anti-β-actin, anti-GAPDH, anti-α-synuclein and anti-tyrosine hydroxylase (TH)156

antibodies were obtained from Proteintech, USA. Anti-Bcl-2, anti-Bax,157

anti-Caspase-3 and anti-PARP antibodies were received from Cell Signaling158

Technology, USA. Secondary antibodies HRP-conjugated Affinipure Goat159

Anti-Mouse IgG(H+L) and Anti-Rabbit IgG(H+L) were obtained from Proteintech,160

USA. Deionized water was used in all experiments and analyses. All other chemicals161

were reagent grade and used directly without further purification or modification.162

163

2.2 Cell culture and treatments164

SH-SY5Y cells (purchased from the Ke Lei Biological Technology Co., Ltd.)165

were maintained in DMEM/F-12 medium containing 10% fetal bovine serum (FBS),166

1% antibiotic cocktail of penicillin-streptomycin at 37 ℃ under an atmosphere of 5 %167

CO2 and 90 % relative humidity.168

The SH-SY5Y cells were subsequently divided into 8 experimental groups: (1)169

the control group: DMEM/F-12 medium alone, (2) the rotenone group: rotenone170

solution alone (Rot), (3) the curcumin group: 2 μM curcumin (C) + Rot, (4) the171

levodopa group: 40 μM levodopa (L) + Rot, (5) the levodopa and curcumin group:172

(40 μM levodopa + 2 μM curcumin) (free L/C) + Rot, (6) the curcumin-loaded173

lf-protocells group: 2 μM curcumin-loaded lf-protocells (C-Lf-Pro) + Rot, (7) the174

levodopa-loaded lf-protocells group: 40 μM levodopa-loaded lf-protocells (L-Lf-Pro)175

+ Rot, and (8) the levodopa/curcumin co-loaded lf-protocells group: (40 μM levodopa176
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+ 2 μM curcumin)-loaded lf-protocells (L/C-Lf-Pro) + Rot. The molar concentration177

of levodopa and curcumin loaded in C-Lf-Pro, L-Lf-Pro or L/C-Lf-Pro group were178

equivalent to corresponding free drug group.179

180

2.3 Animals181

The male C57BL/6 mice (10 weeks old) and male BALB/c nude mice (initial182

weight of 18–20 g) provided by SPF (Beijing) Biotechnology Co., Ltd were kept183

under specific-pathogen-free condition. All animal experimental procedures were184

performed in accordance with guidelines approved by the ethics committee of185

Chinese Academy of Medical Science & Peking Union Medical College. Mice had186

free access to standard chow diet and water and were maintained in plastic cages187

filled with hardwood chips in a temperature-controlled room (24 ℃) on a 12:12 h188

light/dark cycle for 7 days prior to the experiments.189

190

2.4 Synthesis of MSNs191

Various mesoporous silica nanoparticles were prepared according to the literature192

with little modification [32]. In brief, 0.437 g of CTAB and 0.472 g of Brij58 were193

dissolved in 100 mL of 0.1 M phosphate buffer solution (pH=7.4). With vigorous194

stirring for 20 min at 60 ℃, 2.14 ml of TEOS was added to the solution at a rate of195

approximately 30 drops per minute, and the stirring process at 60 ℃ was continued196

for another 8 h. In order to enlarge the pore size to increase adsorption, 2 ml of TMB197

was added after the addition of TEOS for 40 min. Then, the stirring process at 60 ℃198
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was continued for another 8 h. To distinguish, we called the product synthesized199

without adding TMB as small pore MSNs (sp-MSNs), while synthesized with adding200

TMB as MSNs. The resulting white precipitate of sp-MSNs or MSNs was purified to201

remove remaining surfactant by centrifugation and washed with ethanol and water202

three times each. To remove the organic template, the sediment was refluxed for 24 h203

at 78 ℃ in acidic ethanolic solution (ethanol: hydrochloric acid (HCl) = 60:1, v/v).204

And the resulting white precipitate was purified by centrifugation and washed with205

ethanol for three times.206

207

2.5 Characterization of sp-MSNs and MSNs208

For measuring particle size distribution such as mean particle size as well as PDI,209

sp-MSNs and MSNs were diluted to an appropriate volume with distilled water and210

measured by the dynamic light scattering (DLS) method (Malvern Instruments, UK)211

at room temperature. The nitrogen adsorption/desorption analysis was performed212

using an adsorption analyzer (ASAP 2460, Micromeritics, USA). According to the213

adsorption data, the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)214

models were used to calculate the specific surface areas and the pore size of sp-MSNs215

and MSNs. Morphology of sp-MSNs and MSNs were observed via transmission216

electron microscopy (TEM, JEM-100CX II, JEOL, Japan).217

218

2.6 Preparation of lf-protocells and drug loading219

Refer to Huan Meng’s synthetic method of protocells, the lipid bilayer (LB)220
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coating with MSNs were achieved as follow [33]. The coating lipid bilayer consisted221

of a DPPC/Chol/DSPE-PEG2000 mixture, the molar ratio of which was 75:20:5. These222

three excipients were dissolved in chloroform and placed into a round-bottom flask,223

the resulting lipid solution was dried to a film by a rotary vacuum evaporator (RV10224

digital, IKA, Germany) for 15 min at room temperature. Following the addition of 2225

mL MSNs suspension to the as-prepared coating lipid film at a ratio of 1:1 (w/w dry226

weight), probe sonication was used for 15 min with 15/15 s on/off working cycle at a227

power output of 50 W. Since the resulting suspension contained protocells, liposomes228

and others, the protocells were separated by centrifugation at 12000 rpm for 10 min,229

followed by washing three times in saline.230

Lactoferrin modified protocells (denoted as lf-protocells) were prepared231

according to a previously described method with slight modifications [28].232

Lactoferrin (Lf) was dissolved in borate-EDTA buffer (pH 8.0) containing Traut’s233

reagent for 2 h at 4℃. The obtained Lf-SH was mixed with DSPE-PEG2000-MAL in234

PBS (pH 7.0) for 24 h under constant shaking in the dark at 4℃. Thereafter, the235

product was dialyzed and freeze-dried to acquire the conjugate DSPE-PEG2000-Lf in236

powder form. The coating lipid bilayer consisted of a237

DPPC/Chol/DSPE-PEG2000/DSPE-PEG2000-Lf mixture, the molar ratio of which was238

75:20:4:1. Finally, lf-protocells were obtained according to the above preparation239

method of protocells.240

To obtain levodopa-soaked MSNs, levodopa was dissolved in HCl (pH 1.0) with241

a concentration of 10 mg/mL, then 10 mg of MSNs were soaked in 2 mL of levodopa242
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solution for 48 h under light-sealed condition at room temperature.243

To obtain curcumin loaded lipid film, 200 μg curcumin was added to the mixed244

lipid solution followed by rotary evaporation drying to form the lipid film containing245

curcumin.246

To achieve co-loading of levodopa/curcumin, the levodopa-soaked MSNs247

suspension was added to the lipid film containing curcumin, followed by rehydration,248

sonication, centrifugation, and washing, similar to preparation method of protocells249

described above. The Fig. 1A depicted the preparation procedure for lf-protocells as a250

carrier for delivery of a combination of levodopa and curcumin.251

252

2.7 Characterization of lf-protocells253

The conjugate DSPE-PEG2000-Lf was identified by 1H-NMR spectroscopy.254

DSPE-PEG2000-MAL and DSPE-PEG2000-Lf were dissolved in D2O and analyzed in a255

1H-NMR spectrometer (Bruker, Switzerland).256

For measuring particle size distribution such as mean particle size and PDI of257

various lf-protocells (unloaded and drugs-loaded), nanoparticles were diluted to an258

appropriate volume with distilled water and measured by the DLS method (Malvern259

Instruments, UK) at room temperature. Unloaded and drugs-loaded lf-protocells were260

characterized for morphology using a TEM (JEM-100CX II, JEOL, Japan). A261

minimum of three images for each sample was captured.262

263

2.8 Encapsulation efficiency and drug loading content of lf-protocells264
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The encapsulation efficiency (EE) and drug loading content (DLC) of265

drug-loaded lf-protocells were determined by a subtraction method as the following266

equations:267

EE(%)= total mass of drug in loading - the mass of non-encapsulated drug
total mass of drug in loading ×100

DLC(%)=
total mass of drug in loading - the mass of non-encapsulated drug

total mass of MSNs ×100

The concentration of levodopa was determined by high-performance liquid268

chromatography (HPLC) with the mobile phase composed of tetrahydrofuran and269

0.1 % TFA (3:97, v/v), and UV detection operated at 280 nm; while the concentration270

of curcumin was determined by HPLC with the mobile phase composed of methanol271

and 4 % acetic acid (75:25, v/v), and UV detection operated at 430 nm.272

273

2.9 Hemolysis assay of MSNs and lf-protocells274

Hemolysis assays were used to assess the safety of MSNs and lf-protocells for in275

vivo applications. After collection of beagle dog blood samples, red blood cells (RBCs)276

were collected by centrifugation at 1000 rpm for 10 min. After discarding the277

supernatant and washing three times with sterile isotonic saline, the RBCs suspension278

was diluted to a concentration of 2 % (v:v). Subsequently, 0.4 mL of 2 % RBCs279

suspensions were mixed with 0.8 mL of MSNs (or lf-protocells) suspensions in saline280

at 50, 100, 200, 400, 600, 800, and 1000 μg/mL concentration. The hemolysis of281

RBCs in saline and 5 % Triton X-100 served as negative and positive control,282

respectively. The mixtures were incubated at 37 ℃ for 1 h and then centrifuged at283

1000 rpm for 3 min. The supernatants were measured at 540 nm using a microplate284
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reader (BioTek Synergy H1, USA). The following formula was used to calculate the285

hemolysis percentage:286

 
  100

control negative  theof absorbance-control positive  theof absorbance
control negative  theof absorbance-sample  theof absorbance(%) percentage Hemolysis 

287

288

2.10 In Vitro cell proliferation and viability by MTT assay289

Cellular toxicity of nanoparticles was determined using a colorimetric assay with290

MTT. SH-SY5Y cells were seeded in 96-well plates (1 × 104 per well) and incubated291

for 24 h. Subsequently, cells were exposed to various concentrations of MSNs or292

lf-protocells for an additional period of 24 h. Cell viability assays were then293

determined by MTT.294

Protection effects of free drug and drug-loaded lf-protocells against295

rotenone-induced cytotoxicity were also determined using a colorimetric assay with296

MTT. SH-SY5Y cells were cultured in 96-well plates (1 × 104 per well) for 24 h.297

To determine the toxicity of rotenone, SH-SY5Y cells were incubated with298

different concentrations of rotenone (0.5, 1, 2, 4, 10 and 20 μM) for 24 h. After299

co-incubated for 24 h, cell viability assays were then determined by MTT.300

To determine the neuroprotective effects of free drugs (levodopa and curcumin),301

SH-SY5Y cells were pretreated with free drug. A series of concentrations of curcumin302

were 1, 2, 4 µM and the concentrations of levodopa were 20, 40 µM. Then these cells303

were treated with 4 μM rotenone. After co-incubated for 24 h, cell viability assays304

were then determined by MTT.305

To determine the neuroprotective effects of drug-loaded and unloaded306
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lf-protocells, SH-SY5Y cells were pretreated with these lf-protocells. Then the cells307

were treated with 4 μM rotenone. After co-incubated for 24 h, cell viability assays308

were then determined by MTT.309

For the MTT assay, each well was treated with 100 µl of MTT-labeling reagent310

(0.5 mg/ml), and the plate was incubated for an additional 3 h. The resulting formazan311

crystals were dissolved with 150 µl of dimethyl sulfoxide, and MTT reductions were312

detected at 595 nm by the microplate reader (BioTek Synergy H1, USA).313

314

2.11 Oxidative stress detection315

2.11.1 Measurement of intracellular reactive oxygen species (ROS)316

In order to determine the cellular ROS level, Reactive Oxygen Species Assay Kit317

was used. Intracellular ROS level was measured by 2’, 7’-dichlorofluorescein318

diacetate (DCFH), which can be oxidized into fluorescent DCF. SH-SY5Y cells319

(about 1 × 105 cells/well in 6-well plates) were cultured for 24 h. After treatment as320

described in part 2.2 above for 24h, cells were washed twice with PBS and then321

incubated with 4 μM DCFH-DA in the dark for 20 min. Cells were washed twice with322

PBS and harvested in trypsinization. All samples were measured via FACS calibur323

flow cytometer (BD, USA). Fluorescent measurements were done with excitation and324

emission wavelengths set at 488 nm and 525 nm, respectively. The experiment was325

repeated in triplicate.326

327

2.11.2 Measurement of intracellular superoxide dismutase (SOD) activity328
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The SOD activity was quantified by Total Superoxide Dismutase Assay Kit with329

WST-8. SH-SY5Y cells were seeded in a 6-well plate at 1 × 105 cells/well and treated330

for 24h as described in part 2.2 above. Cells were harvested and washed twice with331

PBS. Then, the SOD activity of the sample was determined according to the332

manufacturer's instructions, and the absorbance value was read at 450 nm by the333

microplate reader (BioTek Synergy H1, USA). The protein content was determined334

using the BCA protein assay. Each experiment was performed in triplicate.335

336

2.11.3 Determination of cellular total glutathione (GSH) level337

The total GSH level was quantified by GSH and GSSG Assay Kit. SH-SY5Y338

cells were seeded in a 6-well plate at 1 × 105 cells/well and treated as described in part339

2.2 above. After 24 h incubation, cells were collected and washed twice with PBS.340

Then each sample was mensurated according to the manufacturer’s instructions. Then,341

the absorbance value was measured at 412 nm by the microplate reader (BioTek342

Synergy H1, USA). Each experiment was performed in triplicate.343

344

2.12 Measurement of mitochondrial membrane potential (MMP)345

To monitor the MMP changes of cultured cells, the mitochondrial specific346

fluorescent dye Rh123 was used. SH-SY5Y cells were plated in 6-well plates for the347

treatment listed in part 2.2 above. After 24 h incubation, the medium of each sample348

was removed, then 1 mL FBS-free medium with 1 μM Rh123 was added in, the349

incubation was continued for 30 min in the dark at 37 °C. Data were analyzed using a350
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flow cytometer (BD Biosciences, USA).351

To visualize the mitochondrial function of cultured cells, the medium was352

removed after 24 h incubation. Each sample was incubated with 1 μM Rh123 for 30353

min in the dark at 37 °C. Then cells were washed twice with PBS and photographed354

immediately using an Ultra High Resolution Microscope (TCS SP8 STED, Leica,355

Germany). The results were expressed as mean Rh123 fluorescence intensity. The356

experiment was repeated in triplicate.357

358

2.13 Western blot359

SH-SY5Y cells were lysed in RIPA lysis buffer supplemented with protease360

inhibitors. After quantified by BCA protein assay, samples were mixed with loading361

buffer (containing DTT) at a ratio of 4:1, and then boiled for 10 min. The resulting362

proteins were separated with SDS-PAGE and transferred onto a PVDF membrane.363

Then the membrane was sealed up in TBST with 5 % skim milk at room temperate for364

2 h, and subsequently cultured with primary antibodies including anti-TH,365

anti-α-synuclein, anti-Bcl-2, anti-Bax, anti-Caspase-3, anti-PARP, anti-β-actin and366

anti-GAPDH at 4 °C overnight. After TBST-washing in triplicate, the membrane was367

incubated with secondary antibody HRP-conjugated Affinipure Goat Anti-Mouse368

IgG(H+L) and Anti-Rabbit IgG(H+L) for 1 h at room temperature. Protein bands were369

visualized using enhanced chemiluminescence. The results were analyzed by Image J.370

GAPDH and β-actin were included as internal controls. The experiment was repeated371

in triplicate.372
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373

2.14 Cellular uptake374

To investigate the uptake behavior of protocells (unmodified with Lf) and375

lf-protocells, fluorescence-labeled protocells and lf-protocells (denoted as376

RBITC/Calcein-protocells and RBITC/Calcein-lf-protocells, respectively) with377

RBITC-conjugated and Calcein-soaked MSNs as the inner cores were prepared.378

For RBITC-conjugation, 8.6 mg RBITC and 200 μL APTES were dissolved in379

2mL absolute ethanol. The solution reacted for 24h in the dark under stirring.380

RBITC-conjugated MSNs were prepared as follow: CTAB, Brij58 and TEOS were381

added as described above. After that, 200 μL of the reacted solution was added. The382

following procedures were the same as the synthetic method of MSNs. For383

Calcein-soak, Calcein was soaked following a similar approach of levodopa-soaked384

MSNs, as described above. RBITC/Calcein-protocells and385

RBITC/Calcein-lf-protocells were prepared refer to synthetic method of protocells as386

described above.387

For cellular uptake assay, bEnd.3 cells were seeded on glass bottom dishes at a388

density of 5 × 104 cells/mL per chamber and incubated for 24 h under an atmosphere389

of 5 % CO2 at 37 ℃ . The cells were then treated with 200 μg/mL390

RBITC/Calcein-protocells or RBITC/Calcein-lf-protocells for 4 h. After washing391

three times with PBS, the cells were treated with 4 % paraformaldehyde for 30 min at392

4 ℃ and the nucleus were subsequently labeled with DAPI. After that, the dishes393

were visualized under Ultra High Resolution Microscope (TCS SP8 STED, Leica,394
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Germany). The fluorescence intensity of RBITC was determined with an excitation395

wavelength of 540 nm and an emission wavelength of 625 nm. The fluorescence396

intensity of Calcein was determined with an excitation wavelength of 496 nm and an397

emission wavelength of 515 nm.398

399

2.15 In Vivo Study400

2.15.1 Biodistribution401

To investigate the biodistribution behavior of lf-protocells in mouse,402

fluorescence -labeled lf-protocells denoted as Cy5-lf-protocells were prepared using403

Cy5-conjugated MSNs as the inner core. For synthesis of Cy5-conjugated MSNs, 2.5404

mg Cy5-SE and 200 μL APTES were dissolved in 2mL DMSO. The solution reacted405

for 24h in the dark under stirring. Cy5-conjugated MSNs were prepared as follow:406

CTAB, Brij58 and TEOS were added as described above. After that, 200 μL of the407

reacted solution was added. The following procedures were the same as the synthetic408

method of MSNs.409

The male BALB/c nude mice (n=3) were given 200 μL of 5mg/ml Cy5-labeled410

lf-protocells via intraperitoneal injection. Then, the mice were anesthetized by411

isoflurane inhalation and scanned in an IVIS Spectrum CT system (Maestro2, CRI,412

USA) at various time points. The images of the mice were collected at an excitation413

wavelength of 649 nm and an emission wavelength of 670 nm.414

415

2.15.2 Open-Field Test416
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Male C57BL/6 mice were randomly assigned to six groups (n = 8/group):417

One group were treated with saline only (Control). PD model mice were induced418

by MPTP, received intraperitoneal (i.p.) injections of MPTP (20 mg/kg/day) for 5419

days (MPTP). Various therapeutic groups were treated with 20 mg/kg free levodopa420

(L), 20 mg/kg free levodopa + 2 mg/kg free curcumin (free L/C), levodopa/curcumin421

co-loaded protocells (L/C-Pro, encapsulated with 20 mg levodopa and 2 mg422

curcumin), and levodopa/curcumin co-loaded lf-protocells (L/C-Lf-Pro, encapsulated423

with 20 mg levodopa and 2 mg curcumin) respectively using i.p. injections at 1 h424

before MPTP treatment for 5 days [34].425

To evaluate the exploratory and locomotor activities by Open-Field Test, each426

mouse was placed into the center of a square open-field box (24 cm * 24 cm * 10 cm,427

divided into sixteen squares with grids, made of transparent PVC) and acclimated for428

10 min. The motor function of each mouse was evaluated by counting the number of429

line crossings during 5 min in the square open-field box, persist for five days [34].430

431

2.16 Data processing432

All data were presented as mean ± SEM (standard error of mean) of triplicates433

measurement. All statistical analysis was done in Graph Pad Prism software.434

Statistical differences between groups were evaluated using a two-tailed Student's t435

test and differences with a P < 0.05 were considered significant.436

437

3. Results and discussion438
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3.1 Characterization of sp-MSNs and MSNs439

MSNs nanoparticles were synthesized by the sol-gel phase transition method, in440

which TEOS was used as a silica source, CTAB and Brij-58 as the structure-directing441

agents [32]. With a slight modification, TMB was used for enlarging pores to provide442

a higher loading capacity [35].443

The DLS test indicated that the prepared MSNs had outer diameter about 90 nm,444

similar like the sp-MSNs without TMB modification (Tab S1). TEM images showed445

that, the prepared MSNs retained the high monodispersity and spherical morphology,446

and meanwhile possessed larger porosity compared with the sp-MSNs without TMB447

modification (Fig. S1). According to nitrogen adsorption data, with the enlarging448

pores modification, the BET surface area, pore volume, and pore size were changed449

from 743.78 m2/g, 1.01 cm3/g, and 5.44 nm to 572.99 m2/g, 1.15 cm3/g, and 8.00 nm450

respectively (Fig. S2, Tab. S2).451

452

3.2 Characterization of lf-protocells and drug loading453

As for 1H-NMR spectra analysis, the solvent peak of D2O at δ 4.71 ppm was454

used as the reference (Fig. 1B). The 1H-NMR spectrum of DSPE-PEG2000-MAL455

clearly showed characteristic peak of MAL group at δ 6.84 ppm (Fig. 1B), while the456

disappearance of MAL peak in the 1H-NMR spectrum of DSPE-PEG2000-Lf (Fig. 1B)457

matched well with the fact that the MAL group had been reacted with the thiol group458

of Lf-SH. The 1H-NMR spectrum demonstrated the formation of DSPE-PEG2000-Lf.459

The DLS test indicated that lf-protocells were larger than MSNs, up to 177 nm in460
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diameter. The presence of the coating lipid bilayer was confirmed by TEM. As can be461

seen, the lf-protocells appeared to be surrounded by a ring, and the appearances of the462

pores were relatively vague compared with TEM image of MSNs shown in Fig. S1.463

The co-loading of levodopa and curcumin had little influence on the morphology of464

lf-protocells (Fig. 1C).465

And the results of DLC and EE of various lf-protocells were shown in Tab. 1.466

L-Lf-Pro yielded a levodopa DLC of 21.59 wt % (drug: MSNs) and a levodopa EE of467

10.80 wt %, which were quite similar to that of binary-drug loaded lf-protocells (DLC468

of 20.28 wt % and EE of 10.14 wt % for levodopa).469

As previously mentioned, hydrophobic drug, such as curcumin, could be loaded470

in the outer membrane LB and have a synergistic effect with levodopa to treat471

Parkinson's disease in theory.472

HPLC analysis indicated that the C-Lf-Pro yielded a curcumin DLC of 1.93473

wt % (drug: MSNs) and a curcumin EE of 96.57 wt %, which were also quite similar474

to that of binary-drug loaded lf-protocells (DLC of 1.97 wt % and EE of 98.32 wt %475

for curcumin).476

The co-loading of levodopa and curcumin showed a similar DLC and EE value477

to that of single-drug loaded lf-protocells, which was attributable to the possible deep478

immersion of levodopa in the MSNs core and the immersion of curcumin in the lipid479

bilayer.480

In addition, the in vitro release profiles of levodopa and curcumin from481

binary-drug loaded lf-protocells in neutral or acidic medium were measured using482



23

HPLC (Fig. S3). Neutral medium of pH 7.4 simulated body fluid, and acidic medium483

of pH 5.0 simulated endosomal/lysosomal environment. The results suggested that no484

levodopa and only 59.2% curcumin was released from lf-protocells for 48 h in pH 7.4485

solution at 37 °C. When the pH is decreased to acidic condition (pH 5.0), lf-protocells486

released 100.4% of their curcumin and 72.6% of their levodopa within 48 hours.487

Therefore, we speculated that the release of levodopa was hindered by the inclusion of488

lipid bilayer outside the inner core, which would greatly reduce its leakage in the489

circulatory system. However, the drug release from lf-protocells in acidic conditions490

is initiated by LB destabilization.491

492

Fig. 1 Preparation and characterization of lf-protocells of lf-protocells.493

(A) Scheme of the preparation of lf-protocells as a carrier for co-delivery of levodopa and494

curcumin. (B) 1H-NMR spectra of DSPE-PEG2000-MAL (top) and DSPE-PEG2000-Lf (bottom)495

(D2O as the solvent). (C) TEM images of various lf-protocells. (1) unloaded lf-protocells; (2)496

levodopa loaded lf-protocells; (3) curcumin loaded lf-protocells; (4) binary-drug loaded497

lf-protocells.498

499

Tab 1. Physicochemical characteristics of various Lf-Protocells (mean ± SD; n=3).500

unloaded

Lf-Protocells

levodopa

loaded

Lf-Protocells

curcumin

loaded

Lf-Protocells

binary-drug loaded

Lf-Protocells

levodopa curcumin

Particle size 176.2 ± 1.4 226.8 ± 5.4 207.6 ± 0.8 219.3 ± 7.2
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(nm)

PDI 0.176 ± 0.002 0.154 ± 0.005 0.205 ± 0.007 0.149 ± 0.005

EE (%) — 9.87 ± 0.38 86.67 ± 0.12 10.72 ± 0.04 88.31 ± 0.02

DLC (%) — 20.89 ± 0.34 1.73 ± 0.02 21.44 ± 0.09 1.89± 0.01

501

3.3 Biocompatibility and cytotoxicity of MSNs and lf-protocells502

Hemolysis and cell viability assays were performed to investigate503

biocompatibility and cytotoxicity of MSNs (as the inner core of lf-protocells) and504

lf-protocells.505

The hemocompatibility of MSNs, protocells and lf-protocells was evaluated by506

hemolysis assay at the concentrations ranging from 50 to 1000 μg/mL. The hemolytic507

activity of MSNs, protocells and lf-protocell on RBCs was observed using digital508

photography and calculated by the formula of hemolysis percentage as described509

above (Fig. S4). Visual inspection of the hemolysis experiments showed a clear color510

differential between samples with varying degrees of hemolysis. Uncoated MSNs511

showed high hemolytic activity, roughly 40 % of the positive hemolysis control of512

RBCs when the concentration exceeded 400 μg/mL. In contrast, with the lipid bilayer513

(LB) coating, protocells showed the hemolytic activity below 5 % of the positive514

hemolysis control of RBCs, even at concentrations greater than 800 µg/mL. In515

addition, the hemolysis ratio of lf-protocells with a concentration of 1000 µg/mL was516

still less than 5 % compared with the positive control group. Studies on other particle517

systems have determined that increasing the positive charge density of the particle518
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leads to a decrease in hemolysis. When acidic silanols on MSNs have been masked by519

the lipid bilayer, no hemolysis is observed [36]. This result demonstrated that the LB520

coating on the surface of MSNs could improve markedly the biocompatibility of silica,521

and modification of Lf ligand could not increase hemolytic activity. These results522

suggested that the LB coating could reduce dramatically the hemolysis percentage,523

and improve significantly the biocompatibility of lf-protocells.524

The in vitro cell viability assays were performed by MTT to evaluate the toxicity525

of the MSNs and lf-protocells on SH-SY5Y cells. As shown in Fig. S5, over 90 % cell526

viability was achieved after incubating SH-SY5Y cells with 200 µg/mL of MSNs and527

lf-protocells respectively for 24 h, while over 85 % cell viability was achieved after528

incubating SH-SY5Y cells with 500 µg/mL of particles for 24 h. The results suggested529

that MSNs and lf-protocells possessed low cytotoxicity while the concentration was530

below 40 μg/mL.531

532

3.4 Cytotoxicity of curcumin, levodopa and rotenone alone on SH-SY5Y cells533

The cytotoxicity of curcumin alone, levodopa alone and rotenone alone to534

SH-SY5Y dopaminergic cell line was evaluated. Cells were treated with various535

concentrations of curcumin (1, 2, 4 μM), levodopa (20, 40 μM) and rotenone (0.5, 1, 2,536

4, 10, 20 μM) respectively for 24 h, and the cell viability assays were determined by537

MTT. As shown in Fig. 2 C-D, curcumin alone below 4 μM did not affect cell538

viability, while levodopa alone did not affect cell viability at the concentrations of 40539

μM or lower.540
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Fig. 2A showed the effect of rotenone on SH-SY5Y cell morphology. Normal541

SH-SY5Y cells were spindle or polygonal and had mesh connection with542

circumambient cell. After 24 h treatment, with the increase of concentration, rotenone543

induced marked cell shrinkage, disappeared connections and loss of whole cells. The544

above observations indicated that rotenone created the PD cell model successfully and545

had obvious toxic effect on cellular morphology. As previously reported [37], a546

significant dose-dependent reduction of rotenone-induced cell viability could be547

observed. Due to the approximate median lethal dose (LD50) observed at 4 μM.548

To investigate the effects of rotenone induction on SH-SY5Y cells, western blot549

analysis on several important apoptosis mediated signaling pathway proteins was550

performed. The expression levels of pro-apoptotic factors PARP, Caspase-3, Cleaved551

Caspase-3, Bax and anti-apoptotic factors Bcl-2 were detected in 10 μM Rot-induced552

SH-SY5Y cells after 24 h cultivation. Compared with blank group, rotenone553

significantly increased PARP, Cleaved Caspase-3 and Bax levels and cut down554

Caspase-3 and Bcl-2 levels, which indicated promotion effect on apoptosis in a555

dose-dependent manner (Fig. S6A).556

Since the typical pathological changes of PD include the deformation of557

dopaminergic neurons, the aggregation of intracellular α-synaptic nuclear (α-syn)558

protein and the decrease of TH expression, we measured the expression of α-syn and559

TH in Rot-induced SH-SY5Y cells.560

The results of western blot on TH and α-syn, shown in Fig. S6B, demonstrated561

that rotenone, compared with blank group, could induce cytotoxicity, and significantly562



27

decreased the level of TH and increased the level of α-syn in a dose-dependent563

manner.564

565

3.5 Protection of curcumin and levodopa against rotenone-induced cytotoxicity566

The cytoprotective effect of curcumin or levodopa against rotenone-induced567

SH-SY5Y cytotoxicity was determined by pre-treating cells with different568

concentrations of curcumin or levodopa for 60 min prior to rotenone exposure.569

Pretreatment with curcumin alone at 1, 2, 4 μM for 60 min prior to rotenone exposure570

significantly increased the cell viability to 79.2 ± 4.4, 82.6 ± 5.6, 76.9 ± 4.4% of571

control, respectively, and pretreatment with levodopa alone at 20, 40 μM for 60 min572

prior to rotenone exposure also immensely enhanced the cell viability to 80.2 ± 4.5,573

81.0 ± 4.7% of control, respectively. While the cytoprotective effect of curcumin &574

levodopa combination against rotenone resulted in dramatic raise in SH-SY5Y cell575

viability compared with single drug treatment as shown in Fig. 2E-F. Particularly,576

curcumin and levodopa exerted the highest cytoprotective effect at 2 μM and 40 μM577

respectively. Therefore, curcumin of 2 μM and levodopa of 40 μM were chosen for578

the subsequent experiments. The concentration of levodopa and curcumin loaded in579

C-Lf-Pro, L-Lf-Pro or L/C-Lf-Pro were equivalent to corresponding free drug,580

respectively.581

582

Fig. 2 Effects of levodopa and curcumin on Rot-induced cytotoxicity.583

(A) The cellular morphology of SH-SY5Y cells induced by gradient concentration of Rot. (1) 0584
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μM Rot (2) 1 μM Rot (3) 2 μM Rot (4) 4 μM Rot (5) 10 μM Rot (6) 20 μM Rot; (B) Effect of585

gradient concentration of Rot on SH-SY5Y cells viability. (mean ± SD; n=6. *** P < 0.001586

compared with the control group.) (C-D) Effects of gradient concentration of curcumin or587

levodopa on SH-SY5Y cells viability, as well as protection against toxicity induced by 4 μM Rot.588

(mean ± SD; n=6. *** P < 0.001 compared with the 4 μM Rot group.) (E-F) Protection of various589

combinations of gradient concentration of levodopa and curcumin against toxicity induced by 4590

μM Rot. (mean ± SD; n=6. *** P < 0.001 compared with the 4 μM Rot group. # P < 0.05, ## P<591

0.01 compared between two groups.) Cells were exposed for 24 h and cell viability was592

determined by MTT assay. Rot: rotenone; C: curcumin; L: levodopa.593

594

3.6 Protection of binary-drug loaded lf-protocells against rotenone-induced595

cytotoxicity596

As shown in Fig. S7, exposure of rotenone (4 μM) led to a dramatic decrease in597

SH-SY5Y cell viability compared with that in control group. We found that, the598

pretreatment of unloaded lf-protocells or levodopa loaded lf-protocells, could not599

increase cell viability. However, curcumin loaded lf-protocells and binary-drug loaded600

lf-protocells significantly decreased rotenone induced cytotoxicity (P < 0.01).601

Additionally, treatment with binary-drug loaded lf-protocells markedly reduced602

rotenone-induced cytotoxicity compared with levodopa loaded lf-protocells (P < 0.05).603

In brief, our study showed that binary-drug loaded lf-protocells exerted a significant604

effect on reduction of cytotoxicity in SH-SY5Y cells activated by rotenone.605

606
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3.7 Lf-protocells treatment ameliorated oxidative stress in SH-SY5Y cells induced by607

rotenone608

3.7.1 Lf-protocells protected against rotenone-induced reactive oxygen species (ROS)609

production.610

DCFH-DA, a specific ROS fluorescence probe, was used to analyze whether611

levodopa and curcumin could inhibit rotenone-induced intracellular ROS generation.612

The levels of ROS production were determined by the intensity of DCF fluorescence613

within cells. As shown in Fig. 3A, exposure of rotenone (4 μM) led to a dramatic614

increase of fluorescence intensity in SH-SY5Y cells compared with that in control615

group. After the pretreatment of single drug alone, neither curcumin nor levodopa,616

could decrease the high level of intracellular ROS induced by rotenone. However,617

co-treatment of curcumin and levodopa (free L/C), as well as treatment of L/C-Lf-Pro,618

significantly decreased rotenone-induced ROS production (P < 0.05, P < 0.001,619

respectively). Interestingly, treatment with L/C-Lf-Pro markedly scavenged620

rotenone-induced ROS compared with free L/C group (P < 0.05), L-Lf-Pro group (P <621

0.001), and C-Lf-Pro group (P < 0.01), respectively. In brief, our study showed that622

L/C-lf-protocells exerted significant effect on reduction of intracellular ROS level in623

SH-SY5Y cells activated by rotenone.624

625

3.7.2 Lf-protocells improved the SOD activity.626

Superoxide dismutase (SOD), as an anti-oxidative defense enzyme, plays a627

crucial role in maintaining cellular redox homeostasis [38]. Thus, we next determined628
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the effect of lf-protocells on the enzyme activities of SOD. As shown in Fig. 3B,629

rotenone (4 μM) resulted in a marked decrease in SOD activity of SH-SY5Y cells (P <630

0.01). Oxidative stress induced by rotenone was confirmed by the reduced expression631

of SOD. While curcumin & levodopa co-treatment in the form of free drugs (free L/C)632

and lf-protocells (L/C-Lf-Pro) significantly improved the enzyme activities of SOD633

reduced by rotenone (P < 0.01), and both of them were superior to corresponding634

single drug treatment (P < 0.05). In addition, pretreatment with L/C-Lf-Pro markedly635

increased the activity of SOD to 93.5 %, the highest among all groups, even though636

there was no statistical difference compared with free L/C group. In short, our study637

indicated that L/C-Lf-Pro could efficiently recover the SOD activity impaired by638

rotenone.639

640

3.7.3 Lf-protocells improved rotenone-induced GSH depletion.641

GSH is a tripeptide nonprotein anti-oxidant and redox regulator in brain in which642

GSH depletion observed probably occurs via oxidative damages caused by increased643

ROS with significant mitochondrial damage [39]. Based on GSH neutralizing free644

radicals and reactive oxygen compounds in cells as described above, the assessment645

of intracellular GSH content should be thought about in further exploration. Since646

lf-protocells exhibited a profound effect on scavenging Rot-induced intracellular ROS647

and ameliorating SOD activity, we speculated that lf-protocells could also improve648

Rot-induced GSH depletion in SH-SY5Y cells.649

As shown in Fig. 3C, the content of total GSH decreased remarkably after650



31

incubation with rotenone (4 μM) (compared with control group), whereas the total651

GSH content increased after the pretreatment with levodopa/curcumin for 24 h (P <652

0.01), as the same trend as that on the improved SOD activity. Noticeably,653

pretreatment with L/C-Lf-Pro attenuated Rot-induced total GSH depletion, the best654

among all groups, even though there was no statistical difference compared with free655

L/C group. These observations implied that L/C-Lf-Pro might provide protection656

against Rot-induced oxidative damage in SH-SY5Y cells via regulating GSH657

antioxidant system to cope with oxidative stress.658

The occurrence and development of PD are closely related to oxidative stress,659

which are involved in the process of neuronal deformation in PD. The anti-oxidative660

therapeutic efficacy of binary-drug loaded lf-protocells were apparently confirmed by661

SOD and GSH experiment in vitro. The results of SOD and GSH were in conformity662

with the ROS assay. These findings suggested that levodopa and curcumin co-loaded663

lf-protocells, a novel nanoparticle platform comprised of a Lf-modified lipid bilayer664

(LB) containing curcumin as its outer membrane and MSNs containing levodopa as665

its supporting inner core , compared with free levodopa and curcumin, could666

effectively enhance the level of total GSH and SOD in damaged cells, reduce the667

oxidative damage, and thus protect cells against oxidative stress, improve the668

anti-oxidative therapeutic effect for PD.669

670

Fig. 3 Lf-protocells treatment ameliorated oxidative stress in SH-SY5Y cells induced by Rot.671

(A) Treatments with lf-protocells protected against Rot-induced ROS in SH-SY5Y cells. The672
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levels of intracellular ROS were quantified by fluorescence with DCF. The fluorescence data were673

obtained by flow cytometry. (B) Effect of lf-protocells on SOD activity reduced by Rot. SOD674

activity was measured and expressed as U/μg protein. (C) Lf-protocells improved Rot-induced675

total GSH depletion in SH-SY5Y cells. mean ± SD, n=3. * P < 0.05, ** P < 0.01, *** P < 0.001676

compared with the 4μmol/L Rot group. # P < 0.05, ## P < 0.01, ### P < 0.001, compared between677

two groups. Rot: rotenone; C: curcumin; L: levodopa; Lf-Pro: lf-protocells.678

679

3.8 Lf-protocells suppressed rotenone-induced reduction of the MMP680

As the most important organelle, mitochondria play a key role not only in681

supplying metabolic energy to cells in the form of ATP via direct participating in a682

number of metabolic reaction, but also in regulating the signal transmission during the683

apoptosis of cells [40]. In addition, although electron transport chain in mitochondria684

is the main source of intracellular ROS, mitochondrial dysfunction, including the685

collapse of MMP, the membrane non-integrity and membrane oxidative damage and686

so on, can be aroused by high ROS exposure [41].687

As we know, the burst of ROS and depletion of intracellular SOD and total GSH688

can induce the drop of MMP. The collapse of MMP, in turn, can also stimulate ROS689

generating excessively and the level of SOD and total GSH declining [38]. Since690

lf-protocells exhibited a profound effect in ameliorating oxidative stress in SH-SY5Y691

cells induced by rotenone, we postulated that lf-protocells could also ameliorate692

Rot-induced oxidative damage to membrane and mitochondrial dysfunction.693

According to the flow cytometry charts, the quantitative data were shown in the694
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form of bar diagrams. As shown in Fig. 4A, the Rh123 fluorescence intensity of695

rotenone group was about half of that of control group, a remarkable decrease of696

fluorescence intensity was observed after treatment with rotenone (P < 0.001).697

Pretreatment with free drugs (including L group, C group and free L/C group),698

attenuated the decrease of Rot-induced mitochondrial function as reflected by699

increasing the fluorescence intensity of rotenone group (P < 0.05). In addition,700

pretreatment with L/C-Lf-Pro increased significantly the fluorescence intensity701

compared with that of free L/C group (P < 0.05).702

Furtherly, the change of Rh123 fluorescence intensity can be displayed by a703

visual way with the help of fluorescent confocal microscope (Fig. 4B). The green704

light intensity characterizing mitochondrial function weakened owing to the addition705

of rotenone, followed by becoming stronger after treatment with free L/C or706

L/C-Lf-Pro, which were in accordance with the former results.707

Our preliminary data demonstrated that L/C-Lf-Pro enabled to inhibit708

Rot-induced ROS accumulation. Further research revealed that L/C-Lf-Pro played a709

role in preventing mitochondrial oxidation due to improving the SOD activity and710

recovering the level of total GSH, thereby decreasing the oxidative damage to711

mitochondrial membrane. Since MMP reduction could induce apoptotic signalling712

downstream involving cytochrome C release from mitochondria and subsequent713

caspase activation, and could also induce pro-inflammatory signaling during714

apoptosis [42], L/C-Lf-Pro which suppressed the reduction of MMP might reduce715

apoptosis. As a consequence, L/C-Lf-Pro were expected to provide protection against716
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Rot-induced oxidative damage and mitochondrial dysfunction in SH-SY5Y cells.717

718

Fig. 4 Lf-protocells suppressed Rot-induced mitochondrial dysfunction in SH-SY5Y cells.719

(A) Effect of lf-protocells on Rot-induced oxidative damage and mitochondrial dysfunction in720

SH-SY5Y cells. The mean fluorescence intensity (MFI) was detected in each group. (B) The721

Rh123 accumulation in mitochondria was detected by confocal microscope (scale bar, 25 μm).722

(mean ± SD; n=3. * P < 0.05, ** P < 0.01, *** P < 0.001 compared with the 4 μmol/L Rot group.723

# P < 0.05, compared between two groups.) Rot: rotenone; C: curcumin; L: levodopa; Lf-Pro:724

lf-protocells.725

726

3.9 Lf-protocells inhibited rotenone-induced neuronal apoptosis.727

To investigate the detailed mechanisms, western blot analysis on several728

important apoptosis mediated signaling pathway proteins was performed.729

Anti-apoptotic protein Bcl-2 and pro-apoptotic protein Bax play key roles in the730

process of apoptosis. The Bcl-2 protein family modulates cell apoptosis by controlling731

the MMP. Protein Bax is the key component of apoptosis caused by mitochondrial732

stress and increases membrane permeability after apoptosis stimulation.733

Over-expression of Bax can accelerate apoptotic death by activating caspase pathway734

[35]. In addition, once the mitochondrial membrane permeability suffer from damage,735

Bax may release from the intermembrane space to initiate caspase activation in the736

cytosol [43]. Protein Caspase-3 has a vital role to play executor of apoptosis and737

could crack poly ADP-ribose polymerase (PARP). The proenzyme form of Caspase-3738
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is hydrolyzed and activated to a Cleaved Caspase-3 (17 kd subunit + 19 kd subunit).739

Moreover, PARP is one of the main shearing targets of Caspase-3 in vivo and could be740

used as a marker of apoptosis.741

Our results, as shown in Fig. 5A, indicated that Bcl-2 and Caspase-3 were742

up-regulated in both free L/C group and L/C-Lf-Pro group compared with Rot group743

and single drug groups. Similarly, the expression of Bax, Cleaved Caspase-3 and744

PARP were down-regulated in both free L/C group and L/C-Lf-Pro group compared745

with Rot group, and the degree of decrease was markedly enhanced in binary-drug746

groups compared with single-drug groups. Based on the role of apoptosis mediated747

signaling pathway proteins as described above, these results suggested that748

combination of levodopa and curcumin might partially reverse the apoptosis of cells749

by reducing mitochondrial damage.750

Since the typical pathological changes of PD include deformation of751

dopaminergic neurons, aggregation of intracellular α-synaptic nuclear (α-syn) protein752

and decrease of tyrosine hydroxylase (TH) expression. We measured the expression of753

PD related proteins using certain experiments.754

The results of western blot on TH and α-syn showed that rotenone could755

significantly decrease the level of TH and increase the level of α-syn compared with756

blank group, while levodopa and curcumin reversed this trend (Fig. 5B). The addition757

of both free L/C and L/C-Lf-Pro could reduce Rot-introduced cytotoxicity as reflected758

by increased TH level and decreased α-syn level. Interestingly, the performance of759

binary-drug group was better than single-drug group. In addition, since TH is the key760
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enzyme in dopamine synthesis, co-delivery of levodopa and curcumin is expected to761

promote the dopamine synthesis by increasing TH expression. Moreover, the addition762

of levodopa as a dopaminergic neurotransmitter supplement would further increase763

dopamine levels. Therefore, the results demonstrated that levodopa and curcumin764

could protect dopaminergic neurons through decreasing the aggregation of α-syn765

protein and increasing the activity of TH.766

Overall, these studies implied that L/C-Lf-Pro pretreatment may alleviate the767

apoptosis of PD cells and protect dopamine neurons through the following768

mechanisms: reducing the accumulation of unfolded or misfolded α-syn proteins,769

enhancing the level of TH and transforming more levodopa into dopamine for770

supplementing the loss of dopamine in the brain, reducing the mitochondrial damage771

and dysfunction, down-regulating the expression of Bax protein and up-regulating the772

expression of Bcl-2, inhibiting the activation of Caspase-3 and thus exerting an773

anti-apoptotic ability, showing a protective effect in the degenerative changes of774

dopamine neurons finally.775

776

Fig. 5 The effects of levodopa/curcumin and L/C-Lf-Pro on rotenone-induced variation777

in expression of apoptosis related proteins and PD related proteins through western blot778

analysis.779

Representative blots on the upper panels, along with bar graph summarizing group data on the780

bottom panels. (A) Expression of apoptosis related proteins in experimental groups. The781

expressions of Bax, Cleaved Caspase-3, PARP were decreased while the expressions of Bcl-2 and782
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Caspase-3 were significantly increased by free L/C or L/C-Lf-Pro pretreatment compared with the783

10 μmol/L Rot group. Pretreatment with free L/C or L/C-Lf-Pro recovered the imbalanced784

expression profile of these proteins, protected SH-SY5Y cells against rotenone induced apoptosis.785

(B) Expression of PD related proteins in experimental groups. Pretreatment with free L/C or786

L/C-Lf-Pro reduced the accumulation of misfolded α-syn and enhanced the level of TH, most787

obviously compared with other groups. (mean ± SD; n=3. * P < 0.05, ** P < 0.01, *** P < 0.001788

compared with the 10 μM Rot group. # P < 0.05, ## P < 0.01, ### P < 0.001 compared between789

two groups.) Rot: rotenone; C: curcumin; L: levodopa; Lf-Pro: lf-protocells.790

791

3.10 Cellular Uptake792

The bEnd.3 cells are the brain microvascular endothelial cells in the BBB. The793

BBB blocks passage of most drugs. In our study, Lf modified protocells allowed more794

drugs to pass through BBB by the specific receptor-mediated transport. RBITC was795

labeled on the inner core of protocells by chemical bond, indicating the location of796

protocells. Calcein is loaded in protocells by the adsorption of MSNs, indicating the797

location of loading drugs. The cellular uptake of protocells and their loading drugs798

was investigated, through labeled with RBITC and Calcein respectively.799

The results of cellular uptake were shown in Fig. S8. Only the blue nucleus800

stained with DAPI were visible in the protocells group, and no other fluorescence was801

seen. While the lf-protocells group showed distinct red and green fluorescence besides802

blue. The experimental results indicated that RBITC/Calcein-protocells were hardly803

internalized by bEnd.3 cells, while the modification of Lf ligand was beneficial to804
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increase the cellular uptake of protocells and their loading drugs.805

806

3.11 In Vivo Research807

3.11.1 Biodistribution808

Biodistribution of carrier after intraperitoneal injection of Cy5-labeled809

lf-protocells, unmodified protocells and bare MSNs (denoted as Cy5-lf-protocells,810

Cy5-protocells, Cy5-MSNs, respectively) were qualitatively assessed by811

luminescence imaging in vivo (Fig. 6A). The results indicated that the injection site812

(above the right leg of mice) showed strong fluorescence intensity in all experimental813

groups after injection for 30 min. After 60 min, the fluorescence intensity of814

lf-protocells group enhanced dramatically in the brain. Interestingly, the brain815

fluorescence intensity of lf-protocells was further increased, which was much higher816

than that of bare MSNs and unmodified protocells groups for 120 min. The817

fluorescence of bare MSNs and unmodified protocells groups concentrated mainly in818

abdominal cavity, with little or no enrichment in the brain during the whole time of819

the test.820

According to the above results, lf-protocells had specific brain-targeting821

properties in mice, which may be distributed in the brain at a high concentration due822

to the modification of active targeting Lf ligand. While either bare MSNs or823

unmodified protocells had no brain targeting. Noteworthily, Lf is a type of ligand with824

brain-targeting potential, meanwhile, previous studies have demonstrated that the825

expression of Lf receptor was increased in the brain of PD patients [44]. Hence, the826
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high expression of Lf receptor in cerebral microvascular endothelial cells can be827

utilized to achieve internalization through blood-brain barrier (BBB) by828

receptor-mediated transport pathway, so as to promote the brain targeting ability of829

lf-protocells and make them more enriched in the brain of PD patients [45].830

Lf-protocells could not only make the brain absorb more levodopa and curcumin,831

increase the distribution of drugs in the brain compared to free drugs, but also832

overcome the disadvantage of low bioavailability of curcumin, thus play a better833

therapeutic role in PD.834

835

3.11.2 L/C-Lf-Pro ameliorated motor function deficits in MPTP-induced PD model836

mice.837

Exposure to MPTP induces a PD-like syndrome such as motor retardation in838

mice [34]. In the brain, MPTP is converted to MPP+, which is selectively transported839

into dopaminergic neuron axon terminals, causing oxidative stress, mitochondrial840

dysfunction, and cell death [46].841

The motor function of PD mice was assessed using the open-field test. Our842

results indicated that motor function was significantly attenuated from day 1 to day 5843

in the MPTP-exposed group, compared with the control group (P < 0.001). Neither844

levodopa nor levodopa/curcumin did affect the improvement of motor function,845

however, L/C-Pro and L/C-Lf-Pro significantly rescued the reduction of motor846

function induced by MPTP (P < 0.05, P < 0.01)(Fig. 6B), and the improvement effect847

of L/C-Lf-Pro were superior to that of L/C-Pro (P < 0.05).848
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These results suggested that levodopa and curcumin co-loaded lf-protocells had849

better therapeutic effect on PD-related motor deficits than other groups. One of the850

possible reasons is that lf-protocells can package drugs into nanoparticles for851

elevating the bioavailability of drugs. Especially, lf-protocells have an active852

brain-targeting distribution, which can deliver more drugs into the brain and exploit853

the advantages to treat PD. But it is important to note that the behavioral judgement of854

autonomic activity in mice includes a variety of evaluation systems, one of which is855

selected in this experiment. At the same time, behavioral evaluation is only a part of856

PD efficacy at the animal level. Therefore, the PD therapy evaluation of lf-protocells857

needs to be further completed at the animal level in our study.858

Because lf-protocells hold several advantages, including drug loading capacity,859

stability, and the ease of achieving multi-functionality, next studies will explore860

further improvement of lf-protocells through the addition of design features such as861

delivering additional synergistic drug combinations, inclusion of other862

neuroprotective agents.863

864

Fig. 6 In vivo experiments on biodistribution and improvement of motor function deficits.865

(A) In vivo imaging of BALB/c-nu mice after administration of Cy5-MSNs, Cy5-protocells,866

Cy5-lf-protocells at 30, 60, 120 min. (B) Effects of L/C-Lf-Pro on locomotor function in867

MPTP-induced PD model mice. Sum of lines crossing in different experimental groups for five868

days. (mean ± SD; n=3. ns P > 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001 compared with the869

MPTP group. # P < 0.05 compared between two groups.) Cy5-Pro: Cy5-potocells; Cy5-Lf-Pro:870
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Cy5-lf protocells; Rot: rotenone; C: curcumin; L: levodopa; Lf-Pro: lf-protocells.871

872

Fig. 7 Schematic illustration of binary-drug loaded lf-protocells for treating Parkinson's873

disease.874

(A) Parkinson’s disease (PD) is the second most frequent neurodegenerative disease. (B) The875

pathological hallmark of PD is the characteristic loss of dopaminergic neurons and the appearance876

of Lewy bodies formed by misfolded and oligomeric α-synuclein. Both mitochondrial dysfunction877

and oxidative stress are key elements in the pathogenesis of PD. (C) The blood-brain barrier (BBB)878

limits the delivery of the vast majority of drugs passing from the bloodstream into the brain. (D)879

Drug delivery system named as binary-drug loaded lf-protocells (L/C-Lf-Pro) shows greatly880

improved BBB transport efficiency of levodopa and curcumin through lactoferrin881

receptor-mediated endocytosis. (C) While penetrating into the central nervous system, levodopa882

and curcumin exhibit neuroprotective effects aganist PD with multiple mechanisms, including883

enhancing the cell viability, decreasing the expression of a-synuclein, ameliorating oxidative stress884

and mitochondrial dysfunction.885

886

4. Conclusion887

In summary, this work prepared and characterized successfully organic-inorganic888

composite nanoparticles (namely lf-protocells) which were formed by coating MSNs889

with lf-modified lipid bilayer for levodopa/curcumin co-delivery to brain, and890

evaluated therapeutic effects of the binary-drug loaded lf-protocells on PD both in891

vitro and in vivo, and explored the possible related mechanism (Fig. 7). As a892
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mitochondrial protective antioxidant, curcumin combined with levodopa was typically893

effective for PD treatment. It was worth noting that levodopa not only acted as a894

dopamine precursor, but also showed a certain degree of anti-oxidative activity. It was895

reported that levodopa oxidation products prevented H2O2-induced oxidative damage896

to cellular DNA in cultured tissue cells [47]. Compared to that observed following897

treatment with free levodopa and curcumin, binary-drug loaded lf-protocells898

(L/C-Lf-Pro) could increase the distribution and bioavailability of drugs in the brain,899

thereby exhibit better effects on reducing the level of ROS, increasing the level of900

SOD and total GSH, ameliorating MMP reduction and decreasing the damage of901

oxidative stress to PD cells. Furthermore, L/C-Lf-Pro treatment not only reduced902

α-syn accumulation that could cause the formation of Lewy bodies, but also elevated903

the activity of TH, which is the rate limiting enzyme for the synthesis of dopamine.904

Presumably, binary-drug loaded lf-protocells (L/C-Lf-Pro) not only converted more905

levodopa into dopamine to make up for the loss in the brain, but also inhibited MMP906

reduction, turned off apoptosis signaling pathway, alleviated dopaminergic neuron907

damage and restored cell survival rate. Loss of dopaminergic neurons leading to908

striatal dopamine depletion is the core mechanism underlying the cardinal motor909

features of PD [48]. In vivo, the intraperitoneal injection of L/C-Lf-Pro resulted in910

improvement of motor function deficits, which was evidently superior to those of any911

other groups. However, more experiments are required to testify the current point of912

view. For example, an in vivo study using MPTP-induced animal models is necessary913

to be further completed. Overall, L/C-Lf-Pro not only replenished the loss of914



43

dopamine in the brain, but also played the neuroprotective role of antioxidant and915

repairing injured neurons. The synergy of two different mechanisms can yield a better916

efficacy for PD, which has been successfully confirmed in vitro and in vivo. As far as917

we know, it is the first time that the effect of levodopa & curcumin loaded918

lf-protocells combination therapy has been applied in PD. The most intriguing thing is919

the potential application of this approach to other CNS diseases where future920

lf-protocells could be extended to nanoparticle delivery system for a broad range of921

drugs, genes or cell-specific targeting [49]. Thus, lf-protocells could offer a basis for922

future nanocarrier for drug delivery to the CNS.923
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Figures

Figure 1

Preparation and characterization of lf-protocells.



Figure 2

Effects of levodopa and curcumin on Rot-induced cytotoxicity.



Figure 3

Lf-protocells treatment ameliorated oxidative stress in SH-SY5Y cells induced by Rot.

Figure 4

Lf-protocells suppressed Rot-induced mitochondrial dysfunction in SH-SY5Y cells.



Figure 5

The effects of levodopa/curcumin and L/C-Lf-Pro on rotenone-induced variation in expression of
apoptosis related proteins and PD related proteins through western blot analysis.



Figure 6

In vivo experiments on biodistribution and improvement of motor function de�cits.



Figure 7

Schematic illustration of binary-drug loaded lf-protocells for treating Parkinson's disease.
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