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Purpose: Traumatic spinal cord injury (TSCI) induces a powerful inflammatory response 
that can significantly exacerbate the extent and severity of neural damage (termed as 
“secondary injury”). Thus, the suppression of inflammation is crucial for reducing neurolo-
gical dysfunction following TSCI. However, the conventional anti-inflammatory drugs show 
limited efficacy because of poor penetration and release kinetics at the injury site. This study 
describes the design, synthesis, release kinetics, biosafety, and preclinical efficacy of mino-
cycline (MC)-loaded poly(α-lipoic acid)–methylprednisolone (PαLA-MP) prodrug nanopar-
ticles (NPs) for the combined anti-inflammatory treatment of TSCI.
Methods: NPs were produced by conjugating MP to PαLA and then loading MC. The NP 
structure was confirmed through 1H nuclear magnetic resonance (1H NMR), Fourier trans-
form infrared spectroscopy, ultraviolet–visible absorption spectroscopy, gel permeation chro-
matography, dynamic light scattering, and transmission electron microscopy. Drug-loading 
content and efficacy were measured using high-performance liquid chromatography (HPLC) 
or 1H NMR and release kinetics through HPLC. Biosafety was examined using the MTT 
assay, cell penetration efficiency using confocal microscopy, and flow cytometry using 
Cyanine5 (Cy5)-labeled MC-PαLA-MP NPs, effects on injury-induced pro-inflammatory 
cytokine release using enzyme-linked immunosorbent assays and immunofluorescence, and 
treatment efficacy by measuring motor recovery in a rat model of TSCI.
Results: The MC-PαLA-MP NPs exhibited high biocompatibility and released 81% MC and 
54% MP within 24 h under TSCI-like conditions, effectively reducing 40% of pro-inflammatory 
cytokine release both in cultures and injured rat spinal cord tissues. Systemic injection increased 
the Basso, Beattie, Bresnahan score of TSCI rats from 2.33 ± 0.52 to 8.83 ± 1.83 in 8 weeks, 
providing effective neuroprotection and enhanced exercise recovery in the TSCI rats.
Conclusion: The MC-PαLA-MP NPs can mitigate secondary inflammation and preserve motor 
function following experimental TSCI, which suggests their potential for clinical application.
Keywords: anti-inflammation, motor recovery, nanomedicine, neuroprotection, spinal cord injury

Introduction
Among the numerous biochemical changes that occur following traumatic spinal cord 
injury (SCI; TSCI), the inflammatory response is one of the most important determi-
nants of secondary pathophysiological changes and lasting neurological dysfunction. 
This secondary inflammatory response is induced by the activation of resident macro-
phages (microglia) at the injury site, which release pro-inflammatory cytokines that, in 
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turn, promote the invasion and activity of other immune 
cells.1,2 Through these processes, acute inflammation acti-
vates a positive feedback loop that sustains the inflammatory 
response for several days to weeks, resulting in additional 
tissue damage within and outside the region of traumatic 
injury (termed as “secondary injury”).3,4

Several potential treatments have been developed to 
protect the surrounding healthy spinal cord tissues from 
inflammatory damage following TSCI, such as therapeutic 
hypothermia; hyperbaric oxygen therapy; intrathecal injec-
tion of chondroitinase ABC; and intravenous application 
of glucocorticoids, riluzoles, gangliosides, calcium chan-
nel blockers, and nerve growth factors.3,5–10 However, 
only methylprednisolone (MP) has demonstrated efficacy 
in clinical trials and thus has been approved for the treat-
ment of patients with TSCI.11 MP binds glucocorticoid 
receptors to prevent nuclear translocation of pro- 
inflammatory transcription factors, thereby inhibiting the 
production and release of pro-inflammatory signaling fac-
tors (cytokines and chemokines) and limiting membrane 
lipid peroxidation.11,12 However, owing to low accumula-
tion and retention in the spinal cord, high MP doses must 
be administered as pulse therapy, which may induce side 
effects such as sepsis, gastrointestinal bleeding, and 
thromboembolism.11–14 Therefore, there is a pressing 
need for more effective delivery strategies to achieve 
better therapeutic efficacy against TSCI while minimizing 
the side effects.

Nanodrug delivery systems are a promising strategy for 
improving drug bioavailability and tissue distribution 
because of the enhanced permeability and retention effect 
of nanoparticles (NPs).13,15,16 Moreover, the local destruc-
tion of the blood–spinal cord barrier (BSCB) promotes the 
targeting of NPs to the injury site following systemic 
administration.17,18 Thus far, carboxymethyl chitosan/ 
polyamidoamine dendrimer NPs, poly(lactic-co-glycolic 
acid) NPs, and poly(ethylene-oxide)-poly(phenylene- 
oxide)-poly(ethylene-oxide) copolymeric micelles have 
been used as delivery vehicles for MP and have achieved 
therapeutic effects in preclinical models.19,20 Furthermore, 
glutathione-pegylated liposomes and NEP140-conjugated 
human serum albumin were used to target deliver MP to 
the injured spinal cord.21,22 However, these NPs release 
MP passively, which may be extremely slow to effectively 
suppress the rapid inflammatory response and ensuing 
pathophysiological changes following TSCI.3,15

In the present study, we constructed minocycline 
(MC)-loaded poly(α-lipoic acid)-MP (PαLA-MP) prodrug 

NPs (MC-PαLA-MP NPs) for the combined mitigation of 
the inflammatory response following TSCI. First, PαLA- 
graft-poly(ethylene glycol) was synthesized and used to 
conjugate MP to form a polymeric prodrug, PαLA-MP. 
Then, MC—an effective drug for the treatment of SCI— 
was loaded into PαLA-MP to prepare MC-PαLA-MP NPs. 
Our results showed that these MC-PαLA-MP NPs can 
rapidly release MC and MP at the injury site to achieve 
a combined anti-inflammatory effect, leading to improved 
neuroprotective effect and thus resulting in reduced neu-
rodegeneration and greater functional recovery following 
experimental TSCI in rat models.23,24

Materials and Methods
Materials
α-Lipoic acid (αLA) was purchased from Jilin Chinese 
Academy of Sciences—Yanshen Technology (Changchun, 
China); MP, MC, and MTT or 3-(4,5-dimethyl-thiazol 
-2-yl)-2,5-diphenyl tetrazolium bromide from Dalian 
Meilun Biological Technology (Dalian, China); poly(ethy-
lene glycol) monomethyl ether (mPEG; polymer molecular 
weight = 2000 g/mol) and 4′,6-diamidino-2-phenylindole 
(DAPI) from Sigma-Aldrich LLC (Shanghai, China); and 
N-hydroxysuccinimide (NHS), 4-dimethylaminopyridine 
(DMAP), and 1-(3-(dimethylamino) propyl)-3-ethylcarbo-
diimide hydrochloride (EDC·HCl) from ΑLADDIN 
Biochemical Technology (Shanghai, China). Deuterated 
dimethyl sulfoxide (DMSO-d6) was obtained from the 
Energy Chemical Biochemical Technology (Shanghai, 
China). Lipopolysaccharide (LPS), Dulbecco’s Modified 
Eagle’s Medium (DMEM), and fetal bovine serum (FBS) 
were purchased from ThermoFisher Scientific (Shanghai, 
China) and Cyanine5-amino (Cy5-NH2) from Ruixi 
Biological Technology (Xi’an, China). Deionized water 
was prepared using a Milli-Q system (Millipore, Billerica, 
MA, USA). Other chemicals were purchased from 
Sinopharm Chemical Reagent (Shanghai, China). All chemi-
cals and reagents were used as received.

1H nuclear magnetic resonance (1H NMR) spectra were 
recorded in DMSO-d6 using the AV-300 NMR spectro-
meter (Bruker, Billerica, MA, USA). The Fourier trans-
form infrared (FT-IR) spectra were acquired using the Bio- 
Rad Win-IR spectrometer (Bio-Rad, Hercules, CA, USA), 
and the ultraviolet–visible (UV–Vis) absorption spectra 
was acquired using the UV-Lambda 365 spectrophotometer 
(PerkinElmer, Waltham, MA, USA). Polymer molecular 
weight and polydispersity were determined using a gel 
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permeation chromatography (GPC) system equipped with 
a Waters 515 HPLC pump and Waters 2414 Refractive 
Index Detector (Waters, Milford, MA, USA). A mobile 
phase of N,N-dimethylformamide at a flow rate was 
1 mL/min and temperature of 25°C was used for polymer 
analysis. Dynamic laser scattering (DLS) was performed 
using the Malvern ZEN3600 instrument (Malvern, 
Worcestershire, UK). The fluorescence intensity was mea-
sured using the Fluorescence Master System (Photon 
Technology International Inc., Birmingham, NJ, USA). 
For transmission electron microscopy (TEM), a JEOL 
JEM-1011 microscope (JOEL, Tokyo, Japan) was used at 
an accelerating voltage of 100 kV. High-performance 
liquid chromatography (HPLC) was performed using 
a Waters 1525 system (Waters, Milford, MA, USA) 
equipped with a reverse-phase column (Symmetry® C18). 
A mobile phase comprising N,N-dimethylformamide and 
0.2 mol/L ammonium acetate buffer (6:4 v:v) was used to 
analyze MC release, whereas that comprising acetonitrile 
and deionized water (4:6 v:v) was used to analyze MP 
release from MC-PαLA-MP NPs. For both measures, the 
flow rate was 1 mL/min and the temperature was 25°C. 
Electrospray ionization (ESI) mass-spectrometry (MS) was 
performed using the Fourier transform mass spectrometer 
(Bruker APEX-IV, Billerica, MA, USA). Cytotoxicity was 
assessed using the MTT assay, and the cytokine levels were 
measured using the enzyme-linked immunosorbent assay 
(ELISA) with an absorbance microplate reader (Infinite 
M200, Tecan, Switzerland). The cellular uptake was mon-
itored via confocal laser scanning microscopy (CLSM; 
Zeiss LSM780, Oberkochen, Germany) and flow cyto-
metric analysis (FCA; BD FACSCeletaTM, Franklin 
Lakes, NJ, USA).

Cell Lines and Animals
Primary astrocytes purified from the cortex of 
postnatal day 5 rats were purchased from Bioleaf 
Biotech (Shanghai, China) and cultured to the fifth pas-
sage for subsequent experiments. The BV2 microglia cell 
line was obtained from BNCC (Beijing, China). The 
pheochromocytoma 12 (PC12) cell line was obtained 
from the Basic Medical College of Jilin University, and 
the use of the cell line was approved by Ethics Committee 
of Jilin University. Sprague Dawley (SD) rats (strain: 
inbred, sex: female, average body weight: 220–250 g, 
and age: 7–8 weeks) were purchased from Liaoning 
Changsheng Biotechnology (Liaoning, China). All animal 
protocols were in accordance with the Guidelines for Care 

and Use of Laboratory Animals of Jilin University, and 
experiments were approved by the Animal Ethics 
Committee of Jilin University (approval No. 
SY202103013).

Synthesis of PαLA
PαLA was synthesized as described previously.25,26 In 
brief, α-lipoic acid (1.03 g; 5 mmol) was added to a dry 
flask under nitrogen flow and stirred at 100°C for 2 h. The 
crude polymer product was dissolved in 20 mL of tetra-
hydrofuran and poured into 200 mL of cold ether. This 
process was repeated thrice to obtain a sticky white solid. 
Finally, PαLA was obtained through filtration and vacuum 
drying (0.73 g; yield: 70.9%).

Synthesis of PαLA-mPEG-MP and Cy5- 
Labeled PαLA-mPEG-MP
First, PαLA (0.62 g) was dissolved in 15 mL dimethyl 
sulfoxide (DMSO). MP (0.23 g; 0.60 mmol), EDC·HCl 
(229 mg; 1.20 mmol), and DMAP (36 mg; 0.30 mmol) 
were also dissolved in 15.0 mL DMSO and then mixed 
with PαLA and stirred for 24 h at room temperature. 
Subsequently, mPEG (1.20 g; 0.60 mmol) and EDC·HCl 
(229 mg) were added and the mixture stirred at room 
temperature for another 24 h. The reaction mixture was 
dialyzed against DMSO for 2 days and deionized water for 
another 2 days using a dialysis bag with a molecular 
weight cutoff (MWCO) of 3500 Da. The final product, 
PαLA-MP, was obtained as a white powder after lyophili-
zation (1.51 g; yield: 73.7%).

Cy5-PαLA-MP was prepared following the same meth-
ods. PαLA-MP (100 mg; containing 0.41 mmol carboxyl 
groups), Cy5-NH2 (0.48 mg; 20 µmol), EDC·HCl 
(19.1 mg; 100 µmol), and NHS (3 mg; 10 µmol) were 
dissolved in 5 mL DMSO. The mixture was stirred for 24 
h in the dark and dialyzed against deionized water for 
another 24 h. The Cy5-PαLA-MP was obtained through 
lyophilization (yield: 69%).

Preparation of PαLA-MP NPs and MC- 
PαLA-MP NPs
The MC-PαLA-MP NPs were prepared as mentioned in this 
section. PαLA-MP (100 mg) was dissolved in 8 mL DMSO 
and then added drop-wise to 80 mL phosphate-buffered 
saline (PBS; pH 7.4) under gentle stirring. After 2 h, the 
DMSO was removed through dialysis (MWCO: 3500 Da) 
against deionized water for 12 h with water replacement 
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every 2 h. The PαLA-MP NPs were obtained after lyophi-
lization. Cy5-PαLA-MP NPs were prepared using similar 
methods, and the fluorescence intensity was determined 
using a fluorescence spectrometer. For MC loading, PαLA- 
MP (100 mg) and MC (20 mg) were dissolved in 8 mL 
DMSO. Then, this mixture was added drop-wise to 80 mL 
PBS (pH 7.4) under gentle stirring in the dark. After 2 h, 
free MC and DMSO were removed through dialysis 
(MWCO: 3500 Da) against deionized water for 12 h with 
water replacement every 2 h. The MC-loaded NPs were 
obtained through lyophilization under darkness.

The drug-loading content (DLC) and drug-loading effi-
ciency (DLE) of these compounds were determined using 
HPLC or 1H NMR spectra and calculated according to the 
following formulas:

DLC (%) = (weight of loaded drugs/weight of MC- 
PαLA-MP NPs) × 100%

DLE (%) = (weight of loaded drugs/weight of feeding 
drugs) × 100%.

Cellular Uptake
The cellular uptake rate and intracellular distribution of 
NPs were determined using CLSM and FCA. For CLSM, 
BV2 and PC12 cells were seeded in 6-well plates at 
1.0×105 cells/well and cultured at 37°C under a 5% CO2 

for 24 h. Then, 200 μg of Cy5-PαLA-MP NPs dissolved in 
200 μL DMEM were added to the culture and incubated 
for 1, 2, or 4 h, as indicated. After washing thrice with 
PBS, the cells were fixed with 4% formaldehyde for 20 
min, followed by three additional washings with PBS. 
Subsequently, the cell nuclei were stained via incubation 
in DAPI for 5 min. Cells were then observed via CLSM.

For FCA, BV2 and PC12 cells were seeded in 6-well 
plates at 1.0×105 cells/well and cultured at 37°C under 
a 5% CO2 for 24 h. Then, 200 μg of Cy5-PαLA-MP NPs 
dissolved in 200 μL DMEM were added to the culture and 
incubated for 1, 2, or 4 h. Cells were then washed thrice 
with PBS, detached with trypsin, washed again with PBS, 
collected, and resuspended in 1 mL PBS. Signals from 
Cy5 were measured via FCA. Untreated cells were used 
as controls.

Cell Viability Assay
The biocompatibilities of PαLA-MP and MC-PαLA-MP 
NPs were determined in the cultures of primary astrocytes, 
BV2 cells, and PC12 cells using the MTT assay. In brief, 
cells were seeded in 96-well plates at 7000 cells/well and 
cultured for 24 h. The medium was then replaced with 200 

μL DMEM containing PαLA-MP or MC- PαLA-MP NPs 
at concentrations ranging from 31.25 to 1000 μg/mL. After 
incubation for 24 h, 20 μL of MTT solution (5.0 mg/mL) 
was added, and the cells were incubated for another 4 
h. Subsequently, the medium was carefully removed, and 
150 μL DMSO added into each well. After shaking for 5 
min, the absorbance value of each well was measured at 
490 nm on the microplate reader.

Release of Pro-Inflammatory Cytokines
The release rates of pro-inflammatory cytokines from acti-
vated BV2 cells was evaluated using an ELISA kit. In 
brief, the cells were seeded in 6-well plates at 3×105 cells/ 
well and then activated with 1 μg/mL LPS for another 24 
h. The cell culture medium was then replaced with 2 mL 
DMEM containing MC, MP, MC + MP, PαLA-MP NPs, or 
MC-PαLA-MP NPs (at final MC and MP concentrations 
of 5 and 6.9 μg/mL, respectively). After 24 h, the super-
natant was collected, and pro-inflammatory cytokine 
release was measured using ELISA.

Animal Model of TSCI
The rat model of TSCI was developed using the Allen 
method. In brief, a T10 segment laminectomy was per-
formed under pentobarbital anesthesia to expose the 
thoracic spinal cord. The exposed dorsal surface was 
then damaged at the laminectomy site by dropping a 40 
g rod from a height of 60 mm. Criteria for successful 
model preparation were as follows: the impact site 
exhibited hemorrhage and edema, hind limbs exhibited 
retractable flapping, tail exhibited spasmodic wagging, 
and animal developed sluggish paralysis.27,28 After sur-
gery, the muscle, fascia, and skin were closed in layers, 
and the external skin was disinfected with iodophor. The 
animals were resuscitated in an incubator and provided 
with adequate food and water. Penicillin (2×106 U/kg/ 
day) was administered for 3 days to prevent infection, 
and the bladder was massaged twice daily until the 
bladder function was restored. A separate sham group 
also underwent laminectomy with no spinal impact.

Treatment of the TSCI Rats
Rats were randomly divided into eight groups comprising 
six rats each. An untreated sham group was used as the 
negative control. TSCI rats received intravenous injection 
of either 1) saline, 2) 10 mg/kg MC, 3) 14 mg/kg MP, 4) 
10 mg/kg MC + 14 mg/kg MP, 5) 54 mg/kg PαLA-MP 
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NPs, 6) 32 mg/kg MC-PαLA-MP NPs, or 7) 64 mg/kg 
MC-PαLA-MP NPs within 5 min of injury.

Locomotor Assessment
The Basso, Beattie, Bresnahan (BBB) locomotor rating 
scale was used to evaluate the hind limb locomotor func-
tion following TSCI.29 At 1 day and 1–8 weeks after 
injury, two independent researchers blinded to the treat-
ment group rated the locomotor function according to the 
BBB criteria. The recovery time of the bladder function 
was also recorded during these assessments.

Histological Analysis and 
Immunohistochemistry
Rats were deeply anesthetized with pentobarbital sodium 
and perfused via the left ventricle with PBS and 4% 
paraformaldehyde. A 2-cm section of spinal cord was 
collected at the injury site and fixed with 4% paraformal-
dehyde. After dehydration in gradient ethanol, the tissue 
segment was embedded in paraffin and sectioned in the 
coronal plane. The sections were stained with hematoxylin 
and eosin (H&E) and Luxol fast blue (LFB, a myelin 
stain) and then were examined under an optical 
microscope.

The expression levels of tissue injury marker proteins 
and pro-inflammatory factors were estimated through 
immunofluorescence staining. In brief, paraffin sections 
were permeabilized with 0.1% Triton X-100 PBS for 15 
min, blocked with 10% goat serum for 1 h, incubated with 
the indicated primary antibodies overnight at 4°C, and 
then incubated with appropriate secondary antibodies at 
room temperature for 2 h. The nuclei were counterstained 
through the immersion of the sections in DAPI for another 
5 min. Finally, the sections were observed via CLSM. All 
images were acquired at the same exposure settings for 
comparison across the treatment groups.

In vivo Expression of Pro-Inflammatory 
Cytokines
The rats were deeply anesthetized and euthanized. After 
sacrifice, a 1-cm segment of injured spinal cord was col-
lected and homogenized in precold PBS. The cell lysates 
were centrifuged at 12,000 × g for 20 min at 4°C, and the 
supernatants were retained. The total protein content in the 
lysate was measured using the Bicinchoninic Acid Protein 
Assay Kit. The levels of tumor necrosis factor (TNF)-α, 
interleukin (IL)-1β and IL-6 in the supernatant samples 

with equal amounts of protein were measured using 
ELISA.

Statistical Analysis
All results are presented as the mean ± SD. Treatment 
group means were compared via one-way analysis of 
variance using the GraphPad Prism Software (version 
8.4.2; GraphPad Software Inc., San Diego, CA USA). *p 
< 0.05 (two-tailed) was considered significant for all tests.

Results and Discussion
Synthesis and Characterization of PαLA- 
MP
The synthesis of PαLA-MP is presented in Scheme 1. 
First, PαLA was synthesized by the ring-opening polymer-
ization of αLA. The 1H NMR spectra showed that the 
proton hydrogens adjacent to the sulfur atom were shifted 
right from 3.60 ppm and 3.15 ppm to 2.83 ppm, indicating 
the successful synthesis of PαLA (Figure S1, Supporting 
Information).25,26 The UV−Vis spectrum of PαLA also 
showed that there was no characteristic peak of dithiolane 
at 330 nm, further confirming successful PαLA synthesis 
(Figure S2, Supporting Information).30

Next, MP and mPEG were conjugated to PαLA via 
esterification to obtain the PαLA-MP prodrug. The suc-
cessful synthesis of PαLA-MP was confirmed using 
1H NMR, FT-IR, and GPC analyses. All expected peaks 
of PαLA, MP, and mPEG were detected in the 1H NMR 
spectrum of PαLA-MP (Figure S1, Supporting 
Information). PαLA-MP also demonstrated high DLC for 
MP (17.7 wt%). Furthermore, the characteristic peak of 
carbonyl at 1734 cm−1 was found in the FT-IR spectrum, 
confirming the successful modifications of MP and mPEG 
(Figure S3, Supporting Information). In addition, the 
molecular weight was 95 kDa according to GPC analysis, 
which was consistent with the expected molecular weight 
of PαLA-MP (Figure S4, Supporting Information). In sum-
mary, all spectroscopic and GPC results confirmed the 
successful synthesis of PαLA-MP.

Preparation and Characterization of NPs
Owing to its amphiphilic property, PαLA-MP can self- 
assemble into NPs. As measured by DLS, the average 
hydrodynamic diameter of PαLA-MP was 81 nm, and 
the polydispersity index (PDI) was 0.326 (Figure S5A, 
Supporting Information). TEM revealed a uniform spheri-
cal morphology with an average diameter of 
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approximately 60 nm, slightly smaller than the size mea-
sured using DLS (Figure S5B, Supporting Information).

As an anionic polymer, PαLA can efficiently encap-
sulate positively charged drugs.31,32 MC is a positively 
charged drug with a highly hydrophobic group and can 
be effectively encapsulated by PαLA-MP.33 As expected, 
the encapsulation efficiency of MC by PαLA-MP NPs 
was high, as indicated by the DLC of 15.9 wt% and DLE 
of 79.5%. The high DLE of MC is likely attributable to 
the strong electrostatic interaction with PαLA-MP. 
Moreover, MC-PαLA-MP NPs exhibited an average 
hydrodynamic diameter of 121 nm, PDI of 0.10, and 
spherical shape averaging 79 nm in diameter 
(Figure 1A and B). Moreover, MC-PαLA-MP NPs were 
larger than PαLA-MP NPs, indicating the successful 
incorporation of MC.26 The MC-PαLA-MP NP size 
was maintained for 3 days in PBS and PBS containing 
10% FBS, indicating its excellent stability in the aqueous 
environment (Figure S6, Supporting Information).

In vitro Release of NPs
These MC-PαLA-MP NPs showed faster MC release at 
a weakly acidic pH (6.8) than at the physiological pH 

(7.4), reaching 81% of the total loaded MC within 24 
h (Figure 1C). This high release rate at pH = 6.8 may be 
because of the increased protonation of the carboxyl 
groups in PαLA and concomitant weakening of the elec-
trostatic interaction with MC. After incubation with ester-
ase (220 U/mL) for 48 h,23 nearly 54% of the total MP 
concentration used was also released within 24 
h (Figure 1D). In contrast, there was no detectable release 
of MP in esterase-free aqueous medium.

We also performed ESI-MS analysis using the solution 
released from the esterase treatment group at 48 h. We 
found that MP exists in the form of pristine drugs in the 
released solution; thus, drugs may still have pharmacolo-
gical effects after release (Figure S7, Supporting 
Information). These results suggest that MC-PαLA-MP 
NPs have the capacity for rapid MC release at the weakly 
acidic injury site and slower sustained release of MP 
catalyzed by extracellular esterases, thereby producing 
a stronger combined anti-inflammatory response.

Cellular Uptake of NPs
The primary therapeutic targets of MC and MP are likely 
intracellular; thus, the drug efficacy may depend on the 

Scheme 1 Construction of minocycline (MC)-loaded poly(α-lipoic acid)–methylprednisolone (MP) prodrug nanoparticles (MC-PαLA-MP NPs). (A) Synthesis of PαLA-MP. 
(B) Self-assembly of MC-PαLA-MP NPs. (C) Intravenous injection of MC-PαLA-MP NPs to treat traumatic spinal cord injury (TSCI) rats. (D) Microenvironment-responsive 
drug release and the mechanism of phased inflammation inhibition after TSCI.
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efficiency of NP endocytosis. Therefore, cellular internali-
zation was assessed in BV2 and PC12 cells via CLSM and 
FCA using Cy5-labelled PαLA-MP NPs.34 Cy5-PαLA-MP 
NPs showed similar size and morphology compared with 
PαLA-MP NPs, and the successful loading of Cy5 was 
also confirmed using UV−Vis and fluorescence spectra 
(Figure S8, Supporting Information). Strong red fluores-
cent signals were observed in Cy5-PαLA-MP NP-treated 
BV2 cells, and the fluorescent intensity increased with 
incubation time (Figure 2A and C). In contrast, weaker 
fluorescence was detected in PC12 cells after the same 
incubation time (Figure 2B and D). Similar results were 
also noted after FCA (Figure 2E–H). Thus, PαLA-MP NPs 
may be effectively endocytosed by microglia but are less 
efficiently endocytosed by neurons.

In vitro Cytotoxicity
To evaluate the biosafety of PαLA-MP NPs and MC-PαLA- 
MP NPs, we first performed in vitro MTT cytotoxicity assays35 

using astrocytes, BV2 cells, and PC12 cells after exposure to 
0–1000 μg/mL NPs for 24 h. Even at 1000 μg/mL, the mean 

cell viability was >90% in all cultures, suggesting that these 
NPs possess good biocompatibility and, thus, may be safe for 
the treatment of SCI (Figure 3A–C).

In vitro Anti-Inflammatory Effects of NPs
To characterize the anti-inflammatory effects of these NPs, 
the release rates of the pro-inflammatory cytokines IL-1β, 
IL-6, and TNF-α into the culture medium were measured 
in untreated control as well as LPS-activated and NP- 
treated LPS-activated BV2 cells using ELISA.4,15,33 

Compared with the resting control cells, LPS-activated 
cells showed markedly elevated levels of inflammatory 
cytokines. The treatment with MC-PαLA-MP NPs was 
roughly as effective as the combined MC–MP treatment 
(Figure 3D–F) in suppressing the release of IL-6 and TNF- 
α, although not in suppressing the release of IL-1β. This 
surprising in vitro efficacy of MC-PαLA-MP NPs may be 
because of sustained drug release (Figure 1) and efficient 
endocytosis (Figure 2). In contrast, PαLA-MP NPs demon-
strated a poor anti-inflammatory effect, possibly because 
of the slow hydrolysis of MP in the absence of esterases.

Figure 1 Physical characterization and in vitro release kinetics of MC-PαLA-MP NPs. (A) Dynamic light scattering (DLS) measurement of MC-PαLA-MP NP size distribution. (B) 
Transmission electron microscopy (TEM) image of MC-PαLA-MP NPs revealing a spherical shape of approximately 60 nm mean diameter. Scale bars are 200 and 50 nm, respectively 
(C) Minocycline (MC) release from MC-PαLA-MP NPs in the aqueous medium. (D) Methylprednisolone (MP) release from MC-PαLA-MP NPs in the aqueous medium.
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Therapeutic Effects of MC-PαLA-MP NPs 
in Rat Models of TSCI
To comprehensively evaluate the therapeutic efficacy of 
MC-PαLA-MP NPs in the rat model of TSCI, we first 
investigated the biodistribution of the Cy5-labeled 
PαLA-MP NPs after intravenous administration.36 At 
6 h after injection, a fluorescent signal was observed in 
the injured spinal cord that remained for at least 72 
h (Figure S9, Supporting Information). This rapid 
accumulation might have been facilitated by the breach 
of the BSCB during TSCI. In contrast, the fluorescence 

intensity in other tissues decreased significantly after 
24 h, indicating that PαLA-MP NPs can be effectively 
cleared from the body, thereby reducing the potential 
side effects.

Next, the therapeutic effects of MC-PαLA-MP NPs were 
investigated by periodically evaluating the BBB locomotor 
function for up to 8 weeks after TSCI.37 Initially, the TSCI 
rats exhibited a complete loss of hind limb locomotion. 
Subsequently, differing degrees of functional restoration 
were observed in all treatment groups over the 2−5 weeks 
after injury, including a gradual increase in the weight-bearing 

Figure 2 Cellular uptake efficiency of Cy5-labeled PαLA-MP NPs. (A and B) Confocal laser scanning microscopy (CLSM) images of (A) BV2 microglial and (B) PC12 cells 
after incubation with Cy5-PαLA-MP NPs for 1, 2, or 4 h. (C and D) Semiquantitative analysis of Cy5 fluorescence intensity in (C) BV2 and (D) PC12 cells from CLSM images. 
(E and F) Flow cytometry analysis (FCA) results of Cy5 uptake into (E) BV2 and (F) PC12 cells incubated with Cy5-PαLA-MP NPs for 1, 2, or 4 h. (G and H) Cy5 
fluorescence intensity in (G) BV2 and (H) PC12 cells measured using semiquantitative FCA.
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ability of the lower limbs. These improvements are reflected 
by the gradual increase in the BBB scores (Figure 4A). Finally, 
all groups reached a functional recovery plateau at 6–8 weeks 
after injury. Compared with saline and PαLA-MP NP 

treatments, the high-dose MC-PαLA-MP (H-MC-PαLA-MP) 
treatment demonstrated the best therapeutic efficacy, as indi-
cated by the highest BBB score (8.83 ± 1.83) at 8 weeks after 
injection (Figure 4A and B). The greater efficacy than the MC 

Figure 3 In vitro biocompatibility and anti-inflammatory efficacy of MC-PαLA-MP NPs. (A–C) Viabilities of (A) astrocytes, (B) BV2 microglial cells, and (C) PC12 cells after 
incubation with different concentrations of PαLA-MP NPs or MC-PαLA-MP NPs. (D–F) Release rates of (D) TNF-α, (E) IL-1β, and (F) IL-6 from lipopolysaccharide-activated 
BV2 cells treated with the vehicle (phosphate buffer saline), MC-PαLA-MP NPs, or various NP components. ****p < 0.0001; ***p < 0.001; **p < 0.01. 
Abbreviation: ns, no significant difference.

Figure 4 Facilitated recovery of the hind limb motor function by MC-PαLA-MP NPs. (A) Basso, Beattie, Bresnahan (BBB) scores of TSCI rats receiving the indicated 
treatments. (B) Final BBB scores at 8 weeks after injury. ****p < 0.0001; **p < 0.01. 
Abbreviation: ns, no significant difference.
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+ MP treatment likely reflects the superior targeting and 
regulated release of MC and MP from the MC-PαLA-MP 
NPs at the injury site, leading to a greater mitigation of 
inflammation in both acute and chronic phases following 
TSCI.3,33 In contrast, PαLA-MP NPs did not effectively pro-
mote functional recovery, possibly because of the slow release 
rate of MP and concomitant unchecked inflammation during 

the early phase following TSCI. Thus, MC-PαLA-MP NPs 
promote superior functional recovery through a dual anti- 
inflammatory effect mediated by the rapid MC release during 
the early phase and delayed but sustained MP release during 
the later phase following TSCI.

We also examined the effects on neurogenic blad-
der, a frequent complication of TSCI.38,39 Consistent 

Figure 5 Histopathological changes induced by TSCI and mitigation by MC-PαLA-MP NPs. (A) Images of injured spinal cord stained with hematoxylin and eosin (H&E). Low 
magnification images are on the left (2×), and higher magnification images of the boxed regions are on the right (20×). Scale bars are 500 and 50 μm, respectively. (B) 
Immunofluorescence staining for the astrocyte marker glial fibrillary acid protein (red) and the neuronal marker NF200 (green) in the injured spinal cord. Low magnification 
images (2×) are on the left, and higher magnification images (10×) on the right. Scale bars are 500 and 100 μm, respectively. Arrows indicated the pathological characteristics.
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with motor recovery, MC-PαLA-MP NPs effectively 
inhibited the progression of neurogenic bladder, as 
evidenced by reduced bladder endometriosis and fibro-
sis compared with the other treatment groups (Figure 
S10, Supporting Information).

To investigate the physiological basis of locomotor 
recovery in the TSCI rats, changes in histopathological 

features were evaluated via H&E and immunofluores-
cence staining of spinal cord coronal sections at 8 
weeks after injury.37 In the saline group, a large num-
ber of apoptotic neurons were observed at the injury 
site and the continuity of the spinal cord was inter-
rupted by large cavities (pan necrosis; Figures 5A, B, 
and S11, Supporting Information). In contrast, the 

Figure 6 Treatment of TSCI rats with intravenous MC-PαLA-MP NPs significantly reduced microglial activation, astrocyte activation, and production of pro-inflammatory 
cytokines at the injury site. (A) Immunofluorescence images of activated astrocytes (glial fibrillary acid protein-positive, red) and microglia (Iba1-positive, green) in the 
injured spinal cord. Low magnification images (2×) are on the left, and higher magnification images (10×) of the outlined areas are on the right. Scale bars are 500 and 100 
μm, respectively. Arrows indicated the pathological characteristics. (B–D) Immunoexpression of (B) TNF-α, (C) IL-6, and (D) IL-1β in the spinal cord of TSCI rats receiving 
the indicated treatments. ****p < 0.0001; ***p < 0.001; *p < 0.05. 
Abbreviation: ns, no significant difference.
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H-MC-PαLA-MP group showed significantly fewer 
apoptotic neurons and better tissue continuity than the 
other treatment groups, consistent with functional 
recovery measures.

We also evaluated the white matter integrity using 
LFB staining because progressive demyelination and 
associated impulse conduction impairment frequently 
lead to the sustained loss of function following 
SCI.3,40,41 Consistent with functional recovery results, 
the H-MC-PαLA-MP group demonstrated the highest 
degree of myelin preservation (Figure S12, Supporting 
Information).

Anti-Inflammatory Effect of MC-PαLA-MP 
NPs in vivo
To further investigate the neuroprotective mechanisms 
of MC-PαLA-MP NPs, we performed immunofluores-
cence staining of reactive astrocytes and activated 
microglia because the densities of these cells are indi-
cative of the neuroinflammation severity and poten-
tially worse secondary injury. In the saline group, 
there were large numbers of glial fibrillary acid protein 
(GFAP) -positive reactive astrocytes and Iba-1-positive 
activated microglia as well as neuronophagy signs 
around the necrotic neurons—three hallmarks of 
severe neuroinflammation, whereas Iba-1 immunostain-
ing intensity was markedly reduced in all other treat-
ment groups (Figures 6A and S13, Supporting 
Information) with greatest reduction in the MC-PαLA- 
MP NP group.

Activated microglia in the injury site can release 
several inflammatory cytokines such as TNF-α, IL-1β, 
and IL-6, which amplify inflammation3,40 and further 
aggravate SCI.2 To investigate the mechanisms through 
which MC-PαLA-MP NPs preserve tissue integrity and 
promote functional recovery, we evaluated the inhibi-
tory effect on inflammatory cytokine production using 
ELISA (Figure 6B–D).40 As expected, the levels of 
TNF-α, IL-1β, and IL-6 were significantly elevated at 
the injury sites in all groups after TSCI compared with 
the sham group. The treatment with MC-PαLA-MP 
NPs reduced TNF-α, IL-1β, and IL-6 immunoreactiv-
ities to a greater extent than that all other treatments, 
including MC plus MP, consistent with functional and 
histopathological results. These findings strongly sug-
gest that MC-PαLA-MP NP inhibits the progression of 

secondary SCI by reducing the release of inflammatory 
cytokines.

Biocompatibility of NPs
According to previous studies, high doses of MC or 
MP can cause significant systemic toxicity and even 
death.11,42 Therefore, this study also examined poten-
tial tissue toxicity using H&E staining (Figure S14, 
Supporting Information). The analysis of stained sec-
tions revealed no significant differences in the histo-
pathological signs of toxicity across the treatment 
groups, further confirming the safety and biocompat-
ibility of MC-PαLA-MP NPs.

Conclusion
We developed MC-PαLA-MP NPs for the combined inhibi-
tion of neuroinflammation following TSCI. In vivo and 
in vitro studies confirmed that these MC-PαLA-MP NPs pos-
sess favorable drug release kinetics and biocompatibility and 
can effectively inhibit the generation of inflammatory reac-
tions and improve the recovery of motor function after TSCI. 
Therefore, systemic MC-PαLA-MP NP administration is 
a promising strategy for the clinical treatment of spinal cord 
injury.
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