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Abstract

In spinal cord injury (SCI), timely therapeutic intervention is critical to inhibit the post-injury 

rapidly progressing degeneration of spinal cord. Towards that objective, we determined the 

accessibility of intravenously administered biodegradable nanoparticles (NPs) as a drug delivery 

system to the lesion site in rat and pig contusion models of SCI. Poly (D,L-lactide co-glycolide, 

PLGA)-based NPs loaded with a near-infrared dye as a marker for NPs were used. To analyze and 

quantify localization of NPs to the lesion site, we mapped the entire spinal cord, segment-by-

segment, for the signal count. Our objectives were to determine the NP dose effect and duration of 

retention of NPs at the lesion site, and the time window post-SCI within which NPs localize at the 

lesion site. We hypothesized that breakdown of the blood-spinal cord barrier following contusion 

injury could lead to more specific localization of NPs at the lesion site. The mapping data showed 

a dose-dependent increase and significantly greater localization of NPs at the lesion site than in the 

remaining uninjured segment of the spinal cord. Further, NPs were seen to be retained at the lesion 

site for more than a week. With delayed post-SCI administration, localization of NPs at the lesion 

site was reduced but still localize even at four weeks post-injury administration. Interestingly, in 

uninjured animals (sham control), greater accumulation of NPs was seen in the thoracic and 

lumbar enlargement regions of the spinal cord, which in animals with SCI changed to the lesion 
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site, indicating drastic post-injury hemodynamic changes in the spinal cord. Similar to the rat 

results, pig contusion model of SCI showed greater NP localization at the lesion site. In 

conclusion, NPs could potentially be explored as a carrier for delivery of therapeutics to the lesion 

site to minimize the impact of post-SCI response.
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INTRODUCTION

Devastating motor, sensory, and autonomic dysfunctions give rise to long-term personal 

hardship for the survivors of traumatic spinal cord injury (SCI) [1]. The pathophysiology of 

traumatic SCI involves primary and secondary injury [2]. The primary injury is the 

immediate destruction of spinal cord tissue at the lesion site. The damaged and necrotic cells 

at the site of primary injury [3] activate a secondary injury cascade [4, 5], which has an 

acute, an intermediate and a chronic phase. While the exact time frames for each of these 

phases are not delineated, in general, there is a progression of pathophysiologic responses in 

the hours to days after the injury that can worsen the tissue damage as part of the “secondary 

injury” cascade (Figure 1) [6–8]. It is postulated that the long-term outcome of traumatic 

SCI significantly depends on the ability of exogenous treatments to prevent the progression 

of secondary injury cascade within this therapeutic window [9, 10]. During the chronic 

phase, delivery of therapeutics to the lesion site could facilitate axonal regeneration for 

neuronal connectivity and functional recovery [11]. Towards the above objective, we have 

been investigating intravenously injectable biodegradable nanoparticles (NPs) as a drug 

delivery system.

The purpose of this study was to evaluate the effect of different parameters and conditions 

that are critical for localization of intravenously injected NPs at the lesion site in a rat 

contusion model of SCI and then confirming the key outcome within the larger spinal cord 

of a pig contusion model of SCI. While rat model of SCI is relatively inexpensive and easy 

to evaluate for therapeutic efficacy, it is essential to demonstrate efficacy in a large animal 

model of SCI for clinical translation of therapy. In this regard, pig model of SCI is well 

suited as its spinal cord is comparable in size to that of humans [12]. We used near-infrared 

(NIR) dye-loaded NPs and developed a new optical imaging method to quantitatively map 

the entire spinal cord, segment-by-segment, for the signal count that can be correlated to the 

NP amount localized. Our objectives were to determine: a) the effect of dose of NPs injected 

on their localization at the lesion site with respect to the entire spinal cord; b) duration of 

retention of NPs at the lesion site following a single-dose injection; and c) the time window 

post-SCI within which the administered NPs localize at the lesion site. We hypothesized that 

intravenously administered NPs are accessible more at the lesion site than in the remaining 

uninjured segment of the spinal cord due to breakdown of the blood-spinal cord barrier 

(BSCB) at the lesion site. The results of these studies are critical for exploring NPs 

effectively as a drug delivery system for treating acute SCI.
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MATERIALS AND METHODS

Materials:

Poly (D,L-lactide co-glycolide) (PLGA; 50:50, inherent viscosity of 0.76–0.94 dL/g) was 

purchased from LACTEL Absorbable Polymers (Birmingham, AL). Poly (vinyl alcohol) 

(PVA; 87–90% hydrolyzed, mol. wt. 30,000–70,000), Bovine Serum Albumin (BSA), 

Dimethyl tartaric acid (DMT) and glucose were purchased from Sigma-Aldrich (St. Louis, 

MO). Near-infrared (NIR) dye (SDB5700) was obtained from H.W. Sands Corp. (Jupiter, 

FL). Chloroform was obtained from Fisher Scientific (Pittsburgh, PA).

Formulation of NPs:

These were formulated by a double water-in-oil-in-water (w/o/w)emulsion solvent-

evaporation method. In brief, BSA solution in water (10% w/v, 300 μL) was emulsified into 

a polymer solution containing 81 mg PLGA (with 9 mg DMT) and 250 μg ofNIR dye in 3 

mL chloroform. The primary w/o emulsion was formed, first by vortexing for 1min followed 

by sonication for 2 min on an ice bath using a stepped microtip probe at 40% power 

(Qsonica LLC, Model Q500, Newtown, CT). BSA was used as a model protein because of 

our interest in developing protein-based neuroprotective therapy [13, 14] and DMT as an 

inert plasticizer. As described in our previous study, DMT is unique in that it is soluble in 

both aqueous and organic solvents, and forms pore in the PLGA matrix, thus preventing 

accumulation of acidic oligomers within NPs that are formed as a result of polymer 

degradation; these acidic oligomers if remained entrapped can potentially denature proteins 

[15]. Also, because DMT forms pores, it helps in the release of the encapsulated protein in a 

sustained manner [16]. The above w/o emulsion was emulsified into 18 mL of 3% w/v PVA 

solution in water, first by vortexing for 1 min followed by sonication as above for 4 min to 

form multiple (w/o/w) emulsion. The PVA solution used for emulsification was prepared by 

sprinkling PVA slowly into water while stirring on a magnetic stir plate at room temperature 

and then warmed to ~ 80 °C to facilitate its further dissolution; the solution was then cooled 

to room temperature and filtered through 0.22 μm pore filtration flask (Millipore, Billerica, 

MA). The emulsion was stirred overnight (~18 hrs) on a magnetic stir plate at 1,000 rpm in a 

fume hood at room temperature with an airflow set at a face velocity of 200 feet/min (6,400 

cm/min). The formed NP dispersion was stirred for an additional one hr in a desiccator 

under vacuum (at ~ 23 psi) to ensure the removal of chloroform. The NPs formed were 

recovered by ultracentrifugation at 30,000 rpm (82,000 x g) (Optima XE-90 with a 50.2Ti 

rotor, Beckman Coulter, Brea, CA) for 30 min. The supernatant was discarded, and the pellet 

was resuspended in autoclaved Milli-Q water (ASTM Type 1 water, EMD Millipore Super-

Q Plus filtration system; EMD Millipore, Darmstadt, Germany). The above process of 

centrifugation and resuspension of NPs was repeated two times to remove excess PVA, as 

well as the unencapsulated BSA and dye. After a final re-suspension and sonication of the 

pellet as above, it was centrifuged at 1,000 rpm (216 x g) for 10 min (Thermo Electron 

Sorvall legend RT Plus centrifuge, Thermo Scientific, Waltham, MA) to remove large 

aggregates, if any. The supernatant was collected to which glucose was added as a 

cryoprotectant (2% w/v of NP suspension, volume of NP suspension = 20 ml or ~1:4 w/w 

NPs to Glucose). Appropriate aliquots of the NP dispersion were made in pre-weighted 

cryovials (Nunc, Roskilde, Denmark) and then the samples in vials were frozen at −80 °C in 
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a freezer. The samples were lyophilized in a Freezone 4.5 (Labconco, Kansas City, MO) for 

2 days (0.016mBar, −55 °C). The added glucose before lyophilization helps in re-dispersing 

NPs in saline without requiring sonication before injecting to animals. To estimate the NP 

amount in each vial, few representative vials containing aliquots of NP suspension with and 

without added glucose were lyophilized and weighted. The average difference in the weight 

was used to calculate the NP amount in each vial. The vials were stored at −20 °C until used 

for animal studies.

Characterization of NPs:

Size and zeta potential of NPs were determined using NICOMP 380 ZLS (Particle Sizing 

Systems, Port Richey, FL). Measurements were made on the NP dispersions prepared by 

sonication as above at ~1 mg NPs/mL in water.

ANIMAL STUDIES

Rat model of SCI:

The Cleveland Clinic’s Institutional Animal Care and Use Committee approved all animal 

procedures, and these were carried out according to the Federal and internal guidelines. 

Sprague-Dawley rats of age 6 to 8 weeks were obtained from Envigo (Cleveland, OH). Each 

group contained an equal number of male and female rats. Animals were housed in a 

temperature- and light-controlled room on a 12-hr light, 12-hr dark cycle with free access to 

water and food. Following laminectomy under gas anesthesia (isoflurane 2–4%), the spinal 

cord was exposed at T10. The SCI was induced using Infinite Horizon (IH) impactor (Mode 

IH-0400, Precision Systems and Instrumentation, LLC, VA) with an impact force of 250 

Kdyn and a speed of 100 mm/s with a dwelling time of 15 sec. As per the manufacturer of 

the impactor, these conditions are set to induce a “severe” contusion SCI. Bladder 

expression was performed manually twice daily during the first postoperative week, then 

once daily in the second wk or until spontaneous voiding was confirmed. Animals were 

monitored for signs of urinary tract infection such as urine color, content (blood or pus) and 

consistency. Animals’ weight was also recorded pre- and post-injury at a regular time 

interval.

Administration of NPs:

Following SCI, NPs dispersed in sterile normal saline were administered through tail vein at 

specified time points and doses. The injection volume was kept constant to 0.8 mL whereas 

the concentration of NPs was altered depending upon the protocol dose. Just before 

injection, NPs were dispersed by adding a required volume of saline followed by gentle 

vortexing. In one group of animals, different doses of NPs (15, 30 and 60 mg/kg) were 

administered at 6 hrs post-injury to determine the dose effect on localization of NPs at the 

lesion site whereas in another group, a dose of 30 mg/kg was administered at 1, 2, and 4 wks 

post-injury to determine how post-injury time delay influences NP localization at the lesion 

site. The 6-hr post-injury NP administration time point was taken from the above dose-

response study. Animals in all the above groups were euthanized at 24 hrs after the injection 

of NPs. In another group, NPs were administered (dose = 30 mg/kg) at 6 hrs post-injury, and 

the animals were euthanized at 1 wk post-NP injection. The 1-day retention time point was 
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taken from the above dose-response study to compare with the 1-wk time point. In the sham 

control group, NPs (dose = 30 mg/kg) were injected 6 hrs after performing laminectomy but 

without inducing SCI and the animals were euthanized 1 day after injecting NPs.

Harvesting of spinal cord:

Animals were euthanized and the blood was drained via cardiac puncture followed by 

perfusion with normal saline. Laminectomy was performed to expose the entire spinal cord 

from foramen magnum to sacrum and was then removed by severing at all nerve roots with a 

micro scissor before cut off at the base of the skull. Spinal cords were kept at −80 °C until 

taken for analysis.

Mapping of the spinal cord for the signal count:

The dye incorporated in NPs can be imaged in the near infrared region (NIR); it provides a 

strong and stable signal. Since the dye is hydrophobic and used at a very low concentration 

(~0.3% w/w polymer weight), it’s leaching from NPs is minimum under sink condition, and 

hence acts as a marker for NPs. Previously, we have determined that the dye leaching from 

NPs is insignificant, with a cumulative release of ~1.5% in 12 hrs, 2.5% in 48 h, and 3% in 

96 h, almost reaching to a plateau release phase with time when incubated in 1% bovine 

serum albumin (used to create sink condition) solution in PBS [17]. In our previous study, 

these dye loaded NPs were used to determine their biodistribution in animal models of the 

tumor [17], and also to study their transport across the skin layers in an ex vivo experiment 

[18]. The NP-specific signal in the NIR region could be quantified by appropriately setting 

the spectral parameters without the interference from the tissue background signal, which is 

insignificant in the NIR region.

The harvested spinal cords stored at −80 °C were thawed and kept on an ice bath in the dark 

until taken for imaging using the Maestro Optical Imaging System (Version 3.0.1, Caliper 

Life Sciences, Hopkinton, MA). They were then placed on a non-fluorescent blackboard 

positioned at stage 1A of Maestro. We confirmed that freezing and thawing of spinal cords 

do not affect the NP-specific signal count. The exposure protocols involved two filters: Blue 

filter (wavelength 500–720 nm) and NIR filter (wavelength 740–950 nm). The dye 

incorporated in NPs shows a peak at 770 nm. The blue filter was used for visual imaging of 

the spinal cord whereas the NIR filter for the detection of NPs localized in the spinal cord. 

The exposure time was optimized to 6200 ms so that the signal due to NPs is not saturated. 

The images obtained with blue and NIR filers were co-localized for visualization of both the 

spinal cord and the signal due to NPs. After un-mixing the spectra to separate the NIR dye 

signal from the tissue background signal, the co-localized images were analyzed segment-

by-segment (virtual segmental analysis using Maestro Software) with each segment of 7 × 2 

mm (sectional x axial) as the regions of interest (ROI). A total of ~35 ROIs were applied to 

complete the “mapping” of the entire spinal cord for an average signal count for each ROI. 

To enhance the visual effect, heat-maps were created to illustrate relative signal intensity due 

to the NPs localized in different segments of the spinal cord. After mapping, spinal cords 

were cut and the cross sections were imaged for NP signal as above.
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Correlating signal count to NP amount in spinal cord:

The spinal cords harvested as above from normal rats (uninjured and did not receive NPs) 

were weighed and suspended in RIPA lysis and extraction buffer (ThermoFisher Scientific) 

at 100 mg/mL and homogenized using Minilys Homogenizer (Bertin Technologies, 

Rockville, MD). The homogenization of spinal cords was carried out in two cycles, with 

each cycle lasting for 2 min, after a gap of 2 min, with the samples kept on an ice bath 

between the cycles to avoid their overheating during homogenization. The tissue 

homogenate (300 μL) was then added into wells of a black non-fluorescent 96-well plate 

(BRAND Plates, Wertheim, Germany). Unlike in a transparent plate, black opaque plate 

prevents interference of the sample signal from one well to another. The homogenized tissue 

samples were loaded into 20 wells that are in the center part of the plate (C4–8 to F4–8 or 

leaving three on left and right and two on top and bottom empty). Based on our prior 

experience, thesame sample when loaded into these wells produces a consistent signal. This 

is because thesignal reflected from these samples, which is captured by the camera located 

above the plate, is less affected by the angle at which the laser focuses onto these wells.

A stock suspension of dye-loaded NPs (2 mg/mL) was prepared in saline as above and was 

added to the tissue homogenate in wells so that the NP amount ranges from 0 to 40 μg. Since 

the volume of NP suspension added is insignificant in comparison to the total volume of 

spinal cord homogenate in each well (0.06% change in volume at 40 μg NP amount), it is 

not expected to cause significant dilution effect with increasing amounts of NPs added to the 

wells. The NP-tissue homogenate mixture was pipetted repeatedly for uniform mixing, 

taking care that no air bubbling occurs. The plate was imaged using Maestro, and the signal 

count was measured at an exposure time of 500 ms which was automatically detected 

optimal by the instrument for the loaded samples. A standard plot was created between the 

NP amount and the signal count. The spinal cords from the experimental group that received 

30 mg/kg NP dose at 6 hr post-SCI and harvested at 1-day post-NP administration, after 

mapping for the signal count, were processed and analyzed as above to determine the total 

NP amount present in the entire spinal cord. A factor was calculated correlating the area 

under the curve (AUC) from the mapping data and the amount of NP present in the entire 

spinal cord as determined from the standard plot in the spinal cord homogenate. This factor 

was used to determine the NP amount present at the lesion site from the AUC for those 

segments (21 to 26) obtained from the mapping data. The AUC values from the mapping 

data were used to determine the NP amount localized in the entire spinal cord, certain 

segments of the spinal cord, or in different treatment groups.

Localization of NPs in pig contusion model SCI:

Because the delivery and biodistribution of a therapeutic within the spinal cord are quite 

likely to be influenced by the size of the spinal cord, we sought to confirm localization of 

NPs at the lesion site in a pig contusion model of SCI [19]. In brief, female Yucatan 

miniature pigs (Memorial University of Newfoundland, Canada and Sinclair Bio-resources, 

Columbia, MO) weighing 20–25 kg were used. All pre-surgical and post-surgical procedures 

were followed as per the guidelines of the Canadian Council on Animal Care (CCAC) and 

after institutional ethics approval. A dorsal laminectomy was performed from T9 to T12 to 

expose the dura and spinal cord. The weight drop guide-rail apparatus was fixed to the 
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thoracic spine at T9–T11, and the 50 g impactor was dropped along the rail from a height of 

20 cm to rapidly strike the exposed spinal cord at T10. Immediately after the contusion 

impact, a 100 g weight was gently lowered onto the impactor, and this 150 g weight was left 

in place to compress the cord for 5 min. Animals received a dose of 6 mg/kg dye-loaded NPs 

which is equivalent to 30 mg/kg NP dose used in the above rat study. This dose was 

calculated using the correction factor (Km), which is based on weight/surface area values for 

different species of animals [20]. One animal received the NP dose at 3 hrs post-injury and it 

was euthanized at 2 hrs post-NP-infusion whereas the second animal received the NP dose at 

30 min post-injury and spinal cord was harvested at 5 hrs post-NP injection. Due to its long 

length, the entire spinal cord could not be placed onto the Maestro stage for mapping. 

Therefore, longitudinal slices of the spinal cord representing the lesion site at T10 and 

uninjured sites from R1 to R2 and C1 to C2 representing the rostral and caudal areas 

respectively were taken for imaging using Maestro as above.

Statistical Analysis:

Data are shown as mean ± s.e.m. Statistical analysis was performed using Prism 6 for one-

way analysis of variance (ANOVA) or Students t-test to assess differences between groups. p 

≤ 0.05 was considered significant.

RESULTS

Physical characterization of NPs:

Mean hydrodynamic diameter of the dye-loaded NPs was 282 nm with a polydispersity 

index of 0.06 and zeta potential of 0.6 mV. The low polydispersity index (<0.1) indicates the 

uniform size distribution of NPs.

Spinal cord injury:

Although of the same age, male and female rats had different body weight; an average 

weight of male rats was 350 ± 6 g, and that of female rats was 256 ± 3 g. The average 

impact force in rat studies was 243.9 ± 3.6 Kdyn, and the speed of the impactor was 120.7 

± 0.4 mm/s. All the animals developed complete paraplegia following SCI. There was no 

animal mortality during the experimental period in any of the groups.

Effect of dose on localization of NPs in spinal cord:

This study was carried out in animals in which the dose of NPs was administered at 6 hrs 

post-injury, and the spinal cords were harvested 1 day after the injection. The signal count 

for each ROI was plotted to map the entire spinal cord. The data show significantly greater, 

and dose-dependent increased NP-specific signal at the lesion site/epicenter (segments 21 to 

26) than in the remaining uninjured segments of the spinal cord (Figure 2A). The AUC for 

the lesion site and that for the entire spinal cord were used to determine the relative signal 

count for the lesion site (Figure 2B). At lower NP doses (15 and 30 mg/kg), most of the NP 

signal was from the lesion site (~76%); however, at higher NP dose (60 mg/kg), the signal 

count also increased in the areas of cervical (segments 5–11 or C4-T) and lumbar (Segments 

27–32 or T11-S2) enlargement regions [21, 22] (Figure 2B) but remained significantly lower 

than that at the lesion site (~60% signal from Epicenter) (Table 1). The spinal cord images 
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show the NP-specific signal whereas the spinal cords of the animals which did not receive 

NPs show no such signal (Figure 2Ca vs. 2Cb). The cross-sectional views of spinal cord 

further confirmed the localization of NPs deep into the lesion site (Figure 2C).

Interestingly, we also noticed that the distribution of NPs in the spinal cord significantly 

changes following the injury. In uninjured animals (sham control), distribution of NPs was 

bimodal, with greater NP localization seen in the thoracic and lumbar enlargement regions 

of the spinal cord than in rest of the spinal cord but in animals with injury, localization of 

NPs was more at the lesion site whereas that in the enlargement regions was significantly 

reduced (Figure 3).

Retention time of NPs at lesion site:

In this study, a dose of NPs (30 mg/kg) was administered at 6 hrs post-injury, and the 

animals were sacrificed at 1 wk after the injection for spinal cord analysis. The AUC for the 

lesion site and the entire spinal cord from this experiment were compared to the AUC for the 

spinal cords that were analyzed at 1-day post-injection at the same dose (experiments from 

the dose-response study from above). The results show no significant difference in the AUC 

for the lesion site and the entire spinal cord at 1 day; however, at 1 wk this difference was 

significant (Figure 4).

Effect of post-injury time of administration on localization NPs at lesion site:

In this set of experiments, the same dose of NPs (30 mg/kg) was administered at different 

times post-injury, and the harvested spinal cords were analyzed for AUC at the lesion site 

and the entire spinal cord at 1 day after NP injection. The results show reduced localization 

of NPs at the lesion site with delayed post-injury NP administration. The highest signal 

intensity at the lesion site was seen when NPs were administered at 6 hrs post-injury, the 

earliest time-point in our study (Figure 5). Interestingly, localization of NPs at the lesion site 

or the entire spinal cord was higher at 2 wks post-injury administration than at 1 wk post-

injury administration (Figure 5). Although delayed post-injury administration reduced the 

localization of NPs at the lesion site, there was increased uptake of NPs in the entire spinal 

cord when they were administered at 2 and 4 wks post-injury. This is evident from 

significantly increased AUC for the entire spinal cord at 2 and 4 wks time points than at 1 

wk time point.

Correlation between NP amount in spinal tissue homogenate and optical signal count:

The optical signal count showed a linear correlation with the NP amount added in the spinal 

cord tissue homogenate (R2 = 0.99) (Figure 6). Using this standard plot and total wet weight 

of the spinal cord (125 ± 8.9 mg), the NP amount present in the entire spinal cord treated 

with 30 mg/kg dose at 6 hr post-injury and harvested at 1-day post-NP administration was 

14.0 ± 1.6 μg. From the mapping data, the total AUC for the above treatment group was 

697± 93. Therefore, 100 Units of the AUC equals to 2.0 ± 0.7 μg NPs. The above factor was 

used to determine the NP amount localized at the lesion site (segments 21–26) from the 

respective AUC for those segments at different doses and conditions (Table 1). Based on the 

NP dose injected to each animal (average weight of rat =289 g, 30 mg/kg dose or 8.7 mg/per 

animal), it can be estimated that 0.13 ± 0.02% of the administered NP dose localized at the 
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lesion site which is equivalent to 10.5 ± 1.4 μg NPs localizing at the epicenter for this group. 

Table 1 shows the % dose, and amounts of NPs localized at the epicenter in different 

treatment groups.

Localization of NPs at the lesion site in the porcine model of SCI:

Similar to the rat results, the pig SCI model also showed greater localization of NPs at the 

lesion site than at uninured sites. The signal count of the spinal tissue collected from the 

lesion site was ~3 fold greater than the spinal tissue collected from uninjured sites (Figure 

7).

DISCUSSION

The most common therapeutic strategy for acute SCI condition is a neuroprotective 

treatment that is aimed at preventing or slowing further progression of the secondary injury 

cascades. In this regard, different therapeutic approaches that are either targeted at 

immunomodulation to prevent inflammatory response, inhibition of apoptotic pathways to 

prevent cell death, reducing oxidative stress to neutralize the effect of reactive oxygen 

species, or promoting axonal growth using different growth factors have been investigated 

[23]. However, most therapeutic agents either have rapid clearance and/or high degradation 

rate, and hence are not able to achieve and maintain therapeutic levels for a prolonged period 

at the lesion site. Further, repeated and/or high dosing of therapeutic agents (e.g., 

methylprednisone) can cause severe toxicity [24].

Recently, we reviewed several drug delivery approaches that are focused on addressing the 

above issues [25]. Most of these approaches are for direct injection (e.g., hydrogels, 

nanoparticles, nanofibers, etc.) at the lesion site but few studies have also reported the use of 

nanomaterials for drug delivery via intravenous injection but were given immediately or 

within a very short time window post-injury [26, 27]. As such, there is no systematic study 

aimed at analyzing the effect of different parameters that are critical for localization of NPs 

at the lesion site under clinically relevant conditions. In this regard, the optical imaging 

method that we have developed to quantitatively map the spinal cord including the lesion 

site for NP localization is quite sensitive and efficient, as it does not require tissue 

processing. The method is also useful in understanding the dynamics of distribution of NPs 

within the spinal cord with time. The PLGA-based NPs were used in our study as they are 

formulated using an FDA approved biocompatible and biodegradable polymer, and also 

different therapeutic agents can be encapsulated with sustained release properties. Further, 

depending upon the pathological need of a disease condition, the rate and duration of drug 

release from these can also be modulated [28].

Our data show that the localization of intravenously injected NPs at the lesion site is 

significantly greater than in the remaining uninjured segments of the spinal cord. Further, 

increasing the dose of NPs resulted in increased localization of NPs at the lesion site (Figure 

2). Since contusion SCI leads to the rupture of blood vessels at the impacted site, causing the 

BSCB to breakdown [29], the NPs from the circulation can extravagate to the lesion site. A 

proportional increase in localization of NPs at the lesion site with an increasing dose of NPs 

(Figure 2, Table 1) is advantageous, as it provides flexibility in dose adjustment depending 
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upon the treatment response. Further, significantly greater localization of NPs at the lesion 

site than in the remaining uninjured segment gives a target-specific therapeutic intervention 

within the spinal cord.

Interestingly, increasing the NP dose also resulted in greater localization of NPs in the 

uninjured segments of the spinal cord, more specifically in the thoracic and lumbar 

expansion regions (Figure 2). These enlargement regions are the segments of the spinal cord 

where a myriad of neurons cluster to control muscular movement and other functions of the 

upper and lower extremities. As such, oxygen demand and hence capillary density in these 

areas is significantly higher than in other parts of the spinal cord [30]. It is therefore likely 

that more NPs are entrapped in these regions than in other regions of the spinal cord. 

Because of the same reason, sham control animals demonstrated greater localization of NPs 

in these regions than in the rest of the spinal cord (Figure 3). However, this distribution of 

NPs dramatically changed in the spinal cords of the animals with injury that showed greater 

localization of NPs at the lesion site whereas the levels in the enlargement regions were 

significantly reduced (Figure 3). This reduction in NP levels in the enlargement regions 

could be due to the post-injury ischemic condition created in the spinal cord, thus reducing 

the blood flow and hence the transport of NPs to the enlargement regions [31]. Thus, the 

overall results indicate significant hemodynamic changes in the spinal cord following the 

injury.

The administered NPs were seen to be retained at the lesion site, as there was no significant 

decline in the AUC for the lesion site at 1 day and 1 wk post-NP administration (Figure 4). 

Eventually, localized NPs would degrade slowly and completely because of the 

biodegradable nature of the polymer; however, the availability of the encapsulated drug at 

the lesion site would depend on its release profile from NPs. In this case, the dye is 

encapsulated at a very low concentration, and hence its release is minimum, and also the 

degradation of NPs within a week is not expected to be significant to cause their complete 

dissolution. We have previously shown that drug release and biodegradation of NPs could 

follow a different kinetic; the drug release would mainly depend upon its physical 

characteristics, drug loading, and the mechanism of release (diffusion plus biodegradation of 

polymer) whereas biodegradation of NPs would mainly depend on the polymer composition 

(lactide to glycolide ratio) and its molecular weight [32]. Nonetheless, the critical point is 

that the NPs that localize at the lesion site are retained, acting like a depot through which the 

encapsulated therapeutic agent would be released locally and in a sustained manner.

The data also show that there is greater diffusion of NPs in the spinal cord when analyzed at 

1-wk compared to that at 1-day post-NP administration. This diffusion of NPs with time 

could be because of a partial resumption of blood flow to the spinal cord and/or due to 

increased inflammation and edema at one week, causing NPs to diffuse from the lesion site 

to the uninjured segments of the spinal cord [33]. It is also possible that the NPs localized in 

other body compartments equilibrate with the blood with time, and they then extravasate into 

the inflamed spinal cord.

The administration of NPs at 1-wk post-injury reduced their localization at the lesion site as 

compared to that seen when NPs were injected at 6 hrs post-injury (Figure 5). This reduced 
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localization of NPs with delayed post-injury injection time could be due to partial healing of 

the injured vasculature. Interestingly, there was increased localization of NPs at the lesion 

site when they were injected at 2-wks than at 1-wk post-injury. It is possible that 

inflammation is causing the BSCB to partially open-up again for greater uptake of NPs at 

the lesion site. It is known that macrophages, which infiltrate the lesion site following injury, 

may be the cause of inflammation. Injecting NPs at 4-wks post-injury reduced the 

localization of NPs at the lesion site as compared to that seen at 6-hr and 2-wks post-injury 

administration. This drop in NPs localization could be due to partial closure of the BSCB, 

caused by subsiding inflammation and/or due to scar tissue formation at the lesion site [34, 

35]. The surprising result was the overall increased localization of NPs in the entire spinal 

cord when these were administered at 2- and 4-wks as compared to at1 wk post-injury 

(Figure 5). Although more studies are needed to understand the above phasic behavior of NP 

localization in the spinal cord, it is known that different events occur in a phasic pattern 

following SCI, which either overlap or occur in a sequential pattern [34, 35]. For example, 

Figley et al. [36] have reported time-dependent phasic changes in the BSCB permeability 

and revascularization, not only at the lesion site but also distal to the lesion site. 

Nonetheless, one critical finding from this study was that even after 4 wks post-injury, the 

BSCB at the lesion site remains accessible to the intravenously injected NPs. However, the 

localization of NPs in the spinal cord could change if these are encapsulated with a 

therapeutic agent and its mechanism of action. Interesting would be to explore the dye and 

drug-loaded NPs to determine how the incorporated drug influences the mobility of NPs 

within the spinal cord and/or their uptake to analyze the treatment effect on spinal cord 

inflammation, change in the BSCB permeability, and overall healing of the spinal cord.

Similar to the rat results, we observed greater localization of NPs at the lesion site in the pig 

contusion model of SCI (Figure 7). Kwon et al. have developed and extensively 

characterized this pig model of SCI for locomotor recovery and also physiologic and 

biochemical responses to injury [39].

Based on the 30 mg/kg dose injected 6 hrs post-injury and spinal cord analyzed at 1-day 

post-NP administration, it is estimated that ~0.13% of the injected NP dose localizes at the 

lesion site. However, as shown in Table 1, various factors influence the dose and efficiency 

of localization of NPs at the lesion site. It is anticipated that the lesion site, depending upon 

the injury volume would have a limited holding capacity for the injected NPs; therefore, the 

critical consideration while developing a treatment for SCI is the potency of therapeutic 

agents so that the dose delivered to the lesion site is effective.

Although we did not determine biodistribution of NPs in this study, previously we have 

shown in mice with a similarly formulated dye-loaded NPs that they localize in other body 

compartments including in the liver, spleen, lung, and kidney [17]. However, the major 

fraction of the administered dose was seen to be eliminated from the body in ~4 days, 

presumably via the biliary duct to the gut [37]. In this study, we show that the NPs are 

retained at the lesion site for more than a week without significant change from 1 day to 1 

week (Figure 4). This is advantageous as the NPs at the lesion site will be retained for a 

longer period of time whereas those in other body compartments will be eliminated, 

minimizing the risk of non-specific effect. In addition, it is known that apart from local 
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injury within the spinal cord, SCI patients are characterized by multiple organ dysfunction or 

failure, due to marked increase in circulation of immune cells, pro-inflammatory mediators, 

and free radicals [38]. Hence, in addition to protecting spinal cord, the NPs localized in 

other organs can also have a protective effect. For example, NPs loaded with anti-

inflammatory agents or antioxidants could provide protective effect to both the spinal cord 

and other organs. A significant advantage of using NPs as a drug carrier is that the drug 

effect at the lesion site can be substantially prolonged as compared to that when drugs are 

given as a solution. Sustained drug effect at the lesion site with NPs vs. transient effect with 

solution can potentially influence the short- and long-term therapeutic outcome. Also, it 

cannot be ruled out that the NPs retained at the lesion site acting as a scaffold, providing a 

support structure to facilitate neuronal regrowth and regeneration.

Direct injection of NPs to the lesion site has been tested as a therapeutic approach for SCI. 

For example, Chvatal et al. have shown that the PLGA-NPs encapsulating 

methylprednisolone were effective in controlling inflammation and reducing the lesion 

cavity in a rat model of contusion SCI [40]. However, the study was carried out by injecting 

NPs immediately following inducing SCI which is not a clinically relevant scenario but 

useful to demonstrate that the localized and sustained drug effect is effective than one may 

see with a transient effect with drugs administered as a solution.

Considering the degenerative nature of the secondary injury cascade that rapidly progresses 

with time following the injury, therapeutic intervention is sought that can be administered as 

soon as possible post-injury including at the site of incidence or en route to a trauma center. 

The timely intervention is especially critical in a battlefield condition where resources are 

limited, requiring victims to be transported to a nearby military base; victims may suffer 

from other life-threatening conditions that may require urgent attention; or in rural areas 

where a trauma center may be far away from the site of incidence. Although direct injection 

of NPs to the spinal cord could be more efficient than the intravenous injection in localizing 

the treatment to the spinal cord, it cannot be carried out under the above circumstances and 

within a short period of time post-injury. Hence, our focus has been on developing an 

intravenously injectable formulation that can be administered under the above conditions, 

potentially at the site of incidence to inhibit the rapidly progressing post-injury secondary 

injury cascade. Besides, repeated treatment may be needed with the same or a combination 

of a therapeutic agent(s) during the chronic phase to facilitate the regeneration of the injured 

spinal cord. Recently, Anderson et al. [41] have shown that a combination of growth factors 

delivered in sequential order via hydrogel applied directly to a completely transected spinal 

cord is needed for robust axonal regrowth across the site of the incision. In this regard, NPs 

could provide an effective drug carrier system that can be administered at different time-

points post-injury to minimize the impact of the injury response as well during the 

regenerative phase carrying different therapeutic agents.

CONCLUSIONS

Our data demonstrate that following their intravenous injection, NPs localize at the lesion 

site in a dose-dependent manner within a wide time window post-injury. Further, such NPs 

are retained at the lesion site for a sustained period. The delay in injecting NPs post-injury 
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reduces their localization at the lesion site; however, the BSCB at the lesion site remains 

accessible to the intravenously administered NPs for a prolonged period of time following 

the injury. Due to their sustained release properties, NPs can potentially provide early as 

well prolonged drug effect at the lesion site that can impact short- and long-term outcomes. 

Further, different pathways for post-injury degeneration of spinal cord have been under 

investigation, and these could be phasic or sequential. Thus, one could potentially time NP 

delivery so that a particular pathway or pathways active at that time could be targeted to 

intervene in the cascade of spinal cord degeneration.
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BSCB Blood-spinal cord barrier

IV Intravenously

NIR Near-infrared

NPs Nanoparticles

PLGA Poly (D,L-lactide co-glycolide)

PVA Poly (vinyl alcohol)

rpm Rotations per minute

SCI Spinal cord injury
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Figure 1: Progression of spinal cord injury response.
A depiction of the progression of degenerative events with time following SCI. The 

intermediate phase provides a window of treatment to minimize the impact of secondary 

injury cascade.
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Figure 2: Effect of dose of NPs on their localization at the lesion site.
Different doses of NPs were administered via tail vein at 6 hr post-injury, and spinal cords 

were harvested 24 hrs post-NP injection. The mapping of the spinal cord for the signal count 

was carried out using the Maestro Optical Imaging System. A) Dose-dependent change in 

signal intensity along the entire spinal cord including the lesion site. The lesion site shows 

significantly greater signal intensity than the uninjured site. Data as mean ± s.e.m., n= 6 to 7. 

B) The AUC calculated from the mapping of the entire spinal cord and the lesion site 

(segments C21 to C26). The data show dose-dependent increased localization of NPs at the 

lesion site. Data as mean ± s.e.m, n=6 to 7. Differences in signal count for entire spinal cord 

vs. epicenter at 15 and 30 mg/kg, *p<0.05 and at 60 mg/kg, **p<0.01. Differences in AUC 

between the doses for both epicenter and entire spinal cord p = 0.01. C) Representative 

images of the spinal cord of a) control animals which did not receive NPs and b) animals 

that received NP injection, showing greater localization of NPs at the lesion site than in 

uninured segments. Representative cross-sectional views show localization of NPs deep into 

the lesion site whereas spinal cords of control animals that did not receive NPs show no NP-

specific signal. Shown are sections from the epicenter and representative sections rostral and 

cranial ends.
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Figure 3: Dynamics of changes in NP localization following SCI.
Animals with and without SCI injury were injected NPs. The data show a bimodal 

distribution of NPs in sham control animals whereas, in injured animals, localization of NPs 

was seen primarily at the lesion site. Data as mean ± s.e.m., n=6
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Figure 4: Retention of NPs at the lesion site following post-injury administration.
NPs were (30 mg/kg) administered at 6 hrs post-injury, and spinal cords were harvested for 

mapping either at 1-day or 1-wk post-NP injection. NPs are seen to be retained at the lesion 

site over 1 wk. Data as mean ± s.e.m., n=6. *p<0.01. NS= 1-day epicenter vs. entire spinal 

cord; NS=1-day vs. 7-day epicenter or entire spinal cord.
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Figure 5: Effect of time post-injury administration of NPs on the localization of NPs at the lesion 
site.
NPs were injected at different time point post-injury, and spinal cords were harvested 24 hrs 

post-NP injection. The AUC shows a phasic change in the localization of NPs. At earlier 

time points (6 hr and 1 wk), NP localization was seen mostly at the epicenter whereas, at 

later time points (2 and 4 wks), there is greater localization of NPs in the entire spinal cord 

as compared to that at the epicenter. Data as mean ± s.e.m, n= 5 to 6. Difference in the AUC 

between epicenter and entire spinal cord *p<0.05 but NS at 1-wk. Differences in the AUC 

for the entire spinal cord and epicenter with time p<0.05.
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Figure 6: Correlation between signal counts and NP amount in spinal tissue homogenate.
Different amounts of NPs were added to spinal tissue homogenate, and the signal count was 

measured. The relation between NPs added, and the signal count is linear. A) Optical image 

of the well loaded with different amounts of NPs added into spinal cord homogenate, B) 
Linear co-relation between signal count and NP amount added in spinal cord homogenate. 

R2 = 0.99, Data as mean ± s.e.m., n=3. Error bars are smaller than the size of symbols.
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Figure 7: Localization of NP at the lesion site in the pig model of SCI.
The dye-loaded NPs were injected IV (8 mg/kg in 20 ml saline) 3 hrs post-contusion injury, 

the spinal cord sections from the impact and non-impact sites were harvested 2 hrs following 

NP injection and imaged using Maestro. Images are longitudinal pieces (not cross sections) 

of the spinal cord. Four pieces were cut from the lesion site and one each from caudal and 

rostral sites. Data shown for the lesion site are mean ± s.e.m. of four pieces of tissue 

collected from the lesion site. In another animal, NPs were injected 30 min post-injury, and 

the spinal cord was harvested 5 hrs post-NP injection which also showed similar greater 

uptake at the lesion site (data not shown).
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Table 1:

Effect on different parameters on localization of NPs at impacted site

A: Effect of dose: NPs administered at 6 hrs post-injury and spinal cords were analyzed at 24 hrs post-injection

Dose AUC for entire 
spinal cord

AUC for Epicenter % at Epicenter 
compared to entire 
spinal cord

% administered NP dose 
localized at epicenter

NP amount localized at 
Epicenter
(μg)

15 mg/kg 343 ± 87 256 ± 59 77.2 ± 3.1 0.15 ± 0.04 6.08 ± 1.4*

30 mg/kg 697 ± 92 441 ± 58 74.8 ± 4.3 0.13 ± 0.02 10.49 ± 1.4

60 mg/kg 1878 ±35 1084 ± 18 60.5 ±3.7 0.08 ± 0.01 14.29 ± 1.1

B: Effect of time post-injury NP administration: dose of NPs =30 mg/kg and spinal cords were analyzed at 24 hrs post-injection

6 hr 697 ± 92 441 ± 58 74.8 ± 4.3 0.13 ± 0.017 10.49 ± 1.4**

1 wk 119 ± 43 71 ± 21 71.3 ± 8.9 0.021 ± 0.006 1.69 ± 0.5

2 wk 533 ± 83 185 ± 28 35.8 ± 0.9 0.027 ± 0.004 2.05 ± 0.3

4 wk 652 ± 83 87 ± 30 22.7 ± 3.5 0.009 ± 0.003 0.77 ± 0.2

C: Retention of N Ps: dose of NPs =30 mg/kg; injected at 6 and spinal cords were analyzed either at 24 hrs or 1 wk post-injection

1 day 697 ± 92 441 ± 58 74.8 ± 4.3 0.13 ± 0.02 10.49 ± 1.4***

1 wk 756 ± 62 423 ± 29 56.5 ± 1.8 0.113 ± 0.03 10.08 ± 0.7

Data as mean ± s.e.m, n= 5–6. Includes both male and female rats.

*
A: p < 0.05 (two tailed) between doses;

**
B: p < 0.05 (two tailed) between different time points;

***
C: p < 0.0001
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