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Abstract

The development of drug delivery strategies for efficacious therapeutic administration directly 

into the central nervous system (CNS) in a minimally invasive manner remains a major obstacle 

hindering the clinical translation of biological disease-modifying therapeutics. A novel direct 

trans-nasal delivery method, termed ‘Minimally-Invasive Nasal Depot’ (MIND), has proved 

to be successful in providing high CNS uptake and brain distribution of blood-brain barrier 

(BBB) impermeant therapeutics via direct administration to the olfactory submucosal space 

in a rodent model. The present study describes the engineering of custom-made implants 

with a unique architecture of an “osmotically-active core” entrapping the therapeutic and a 

“biodegradable polymeric shell” to enable long-acting delivery using the MIND procedure. The 

MIND-administered implant provided sustained CNS delivery of brain derived neurotrophic 

factor (BDNF) AntagoNATs for up to 4 weeks in Sprague Dawley rats resulting in significant 

endogenous BDNF protein upregulation in several brain tissues. The biocompatibility of such 

core-shell implants coupled with their substantial pharmacokinetic advantages and safety of the 

MIND procedure highlights the practical utility and translational potential of this synergistic 

approach for treatment of chronic age-related neurodegenerative diseases.
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1. Introduction

Neurodegeneration refers to the progressive atrophy or irreversible damage to the structure 

and/or function of specific subsets of neurons of brain and spinal cord which ultimately 

results in their death [1–3]. This leads to a large group of debilitating disorders manifesting 

heterogenous pathological characteristics that affect approximately 30 million people 

worldwide while the treatment options still remain scarce [4,4–6]. Aging is the primary 

risk factor for the escalating burden of such disorders, such as Alzheimer’s disease (AD) or 

Parkinson’s disease (PD) [6, 7]. Apart from being ineffective, the currently available drugs 

used for alleviating disease symptoms exert toxic side effects [5,6].

Brain derived neurotrophic factor (BDNF) is a neurotrophin important for the survival, 

differentiation and maturation of neurons of the nervous system [8,9]. BDNF protein and 

mRNA levels have been detected in the majority of adult brain sub-regions such as olfactory 

bulb, cortex, hippocampus, basal forebrain, hypothalamus, mesencephalon and brainstem 

[10,11]. Reduced expression of BDNF in the nigrostriatal dopaminergic brain regions 

has been implicated in the pathogenesis of Parkinson’s disease [12–15]. Additionally, 

insufficient supply of neuronal BDNF leads to defects in synaptic plasticity, thereby 

leading to neurodegeneration [13]. Therefore, there is a clear need for the development 

of therapeutic interventions aimed at increasing BDNF levels for neuroprotective as well 

as neurorestorative treatment arms [16,17]. On the other hand, there are several challenges 

that hinder the development and engineering of recombinant BDNF protein therapies: a 

complex synthetic process, the existence of multiple active BDNF isoforms binding to 

different receptors, the highly intricate structure of the BDNF gene, and the regulation of its 

expression at multiple levels [18–22]. Compounding these issues are the physico-chemical 

properties of neurotrophins that do not allow them to cross the blood-brain barrier (BBB) 

and further complicate central nervous system (CNS) delivery [23].

Oligonucleotides are gaining attention specifically as candidates for neurodegenerative 

disease therapy owing to high target specificity and accessibility, wide CNS distribution, 

and negligible toxicity concerns [23,24]. In contrast to some recombinant proteins, 

oligonucleotides have a more straightforward path to clinical translation and large scale 

commercial development, partly due to more defined constituent chemistry and precise 

synthetic processes. BDNF AntagoNATs are single stranded short synthetic oligonucleotide

based compounds possessing the ability to inhibit BDNF-AS, the conserved noncoding 

natural antisense transcript (NAT) which normally slows down BDNF sense RNA 

transcription and represses endogenous BDNF protein production. It has been previously 

reported that BDNF AntagoNAT (BDNF AT) treatment can induce BDNF mRNA and 

protein upregulation and in vitro differentiation and in vivo proliferation of neuronal cells 

[17]. Nevertheless, the BBB-impermeant nature of such ATs typically requires invasive 
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modes of CNS delivery such as intrathecal (IT) or intracerebroventricular (ICV) routes 

wherein the BBB is physically breached [23]. Such routes are associated with significant 

potential adverse effects such as brain edema, hemorrhage, seizures, cerebrospinal fluid 

(CSF) leak, catheter related complications, infections, and in rare cases death [25,26].

Intranasal administration, one potential alternative to direct CNS administration, has been 

reported to bypass the BBB in a non-invasive manner and deliver therapeutics including 

both small and macromolecules to the brain within a short period of time [27]. However, it 

has not been successfully clinically adopted owing to the pitfalls associated with uniformity 

of delivered dose, poor drug distribution, limited mucosal retention, and restricted trans

epithelial diffusion [28]. In this context, our group exploited the direct trans-nasal, trans

olfactory pathway to CNS through the direct submucosal implantation of a therapeutic 

depot. This ‘Minimally Invasive Nasal Depot (MIND)’ [28] technique is based on the 

routine endoscopic guided intranasal procedures performed by otorhinolaryngologists and 

provides a direct route of access to the basolateral aspect of the olfactory epithelium 

(OE) thereby enabling direct CNS delivery. Our previously reported rat model of MIND 

could recapitulate the anatomy of the proposed clinical depot delivery technique [28]. The 

procedure was found to be well tolerated by animals while eliminating the need for invasive 

BBB penetrating techniques such as ICV administration [28]. The administration of BDNF 

AT formulations (AT dispersed in thermosensitive Pluronic F-127 gel and AT liposomes-in 

gel suspension) to the submucosal compartment of rat OE by the MIND technique provided 

efficient and consistent dose delivery within the tissue surrounding the olfactory neurons 

[28]. MIND administration also provided high CNS uptake of the otherwise impermeant 

BDNF AT with a relative delivery efficiency approaching 40% of the direct ICV route. 

We further demonstrated that a single dose significantly increased BDNF proteins levels in 

different subregions of brain up to 4 days post administration [28] confirming the therapeutic 

translational potential of this method.

The purpose of this study was to build on our prior data and develop implantable 

formulation from biodegradable polymers to further extend the release profile of 

therapeutics such as BDNF AT. We exploited the concept of custom-made core-shell 

implants with a unique design of an “osmotically-active core” and a “biodegradable 

shell” with tailorable dimensions, shapes and properties specifically amenable for MIND 

implantation. Unlike other biodegradable polymer implants, an osmotic core-shell implant 

design is highly versatile from an engineering perspective, can accommodate a variety of 

payloads and can be custom-designed for different therapeutic indications. We subsequently 

investigated the pharmacokinetic and pharmacodynamic advantages of sustained BDNF AT 

delivery and the in vivo safety profile of the ‘MIND Implant’ approach in healthy animals.

2. Experimental methods

2.1. Materials

Poly (epsilon-caprolactone) (PCL, molecular weight of 50 kDa) and the organic solvent 

2,2,2-trifluoroethanol (2,2,2-TFE) were purchased from Polysciences Inc. (Warrington, PA) 

and Acros Organics (Fair Lawn, NJ) respectively. Pluronic F-127 was obtained from BASF 

Corp. (Florham Park, NJ). BDNF expressing AntagoNAT was provided by Opko Health 
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(Miami, FL). The dye, fluorescein isothiocyanate (FITC) -Dextran (average molecular 

weight 3–5 kDa) used for in vitro release studies and EDTA-free Protease Inhibitor tablet 

used for making the tissue homogenization buffer were procured from Sigma Aldrich (St. 

Louis, MO). Pierce BCA assay kit for protein quantification, ELISA Femto Solution Mix 

and 96 well white NuncTM plates used for the BDNF AT hybridization assay were obtained 

from Thermo Fisher Scientific (Waltham, MA). The capture and detection probes used 

for hybridization assay were designed by Qiagen Inc. (Germantown, MD). 4x SSC/0.5% 

sarkosyl, 10% (v/v) neutral buffered formalin and histoplast paraffin wax were bought from 

Fisher Scientific (Fair Lawn, NJ). Streptavidin-HRP conjugate used for the hybridization 

assay was procured from Jackson Immuno-Research (West Grove, PA). ChemiKine Brain 

Derived Neurotrophic Factor sandwich ELISA kit for BDNF level quantification was 

purchased from Millipore Sigma (Burlington, MA). The drill used in in vivo surgery 

protocol was obtained from Dremel (Mt. Prospect, IL) and 5–0 nylon sutures used for 

incision closure were purchased from Med-Vet International (Mettawa, IL).

2.2. Methods

2.2.1. Fabrication of BDNF AT-loaded osmotic core-shell implants—BDNF AT 

loaded osmotic core-shell implants were fabricated in a step-wise manner as described 

below.

2.2.1.1. Fabrication of biodegradable PCL shell.: The biodegradable polycaprolactone 

(PCL) shell was fabricated using the conventional technique of dip-coating. For this, PCL 

solutions of different concentrations in the range of 10–14 w/v% were pre-formed by 

dissolving the polymer in the organic solvent 2,2,2-trifluoroethanol (TFE). A lubricated 

cylindrical glass rod of ~5 mm diameter (coating substrate) was then dipped into the 

PCL-TFE solution of optimized concentration for ~1 min. The dipped rod was then pulled 

out of the solution and air-dried. The number of dipping-drying cycles was optimized so as 

to obtain a thick polymeric sheath. The fabricated PCL shells were subjected to overnight 

vacuum drying in a desiccator at room temperature to facilitate the complete removal of 

residual organic solvent. PCL shells were thereafter carefully peeled off from the substrate 

rods thereby forming hollow reservoirs. The shell wall thickness was measured using a 

micrometer screw gauge (Eisco, Victor, NY).

2.2.1.2. Fabrication of BDNF AT-loaded osmotic core.: The osmotic core component of 

the implant is constituted of thermosensitive Pluronic F-127 gel. A 30 w/v% solution was 

pre-formed by dissolving Pluronic F-127 in 1X PBS at 4 °C upon continuous stirring. BDNF 

AT pre-aliquoted in water (2 mg/mL concentration) was added to 300 μL of homogenous 

Pluronic F-127 solution under stirring. The thermogelling property of Pluronic F-127 was 

exploited to formulate a gel-based osmotic core at room temperature.

2.2.1.3. Assembly of final core-shell implant.: The volume of Pluronic F-127 gel 

entrapping BDNF AT corresponding to the in vivo therapeutic BDNF AT dose for rats (0.15 

mg/kg) or the gel alone without BDNF AT was added into the fabricated biodegradable PCL 

shell reservoir, keeping the shell in a vertical position. After this step, the remnant length of 

shell was shortened and its open end was sealed with heat using a cautery pen.
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2.2.2. Characterization of PCL shell morphology—The morphology of PCL shell 

surface was qualitatively assessed by field emission scanning electron microscopy (FESEM) 

(Hitachi S-4800 FESEM, Tokyo, Japan). The samples were sputter coated with 5 nm of 

platinum using a sputter-coater (Cressington 208HR, Watford, UK) and imaged with an 

accelerating voltage of 3 kV.

2.2.3. In vitro release of FITC dextran from core-shell implant—Implants were 

fabricated according to the above-mentioned procedure with fluorescein isothiocyanate 

(FITC)-Dextran dye (2 mg/mL) as the payload. They were then immersed in Phosphate 

Buffered Saline (PBS) reservoir (pH 7.4, 37 °C, 100 rpm shaking). At time points such as 

0, 3, 6, 24, 48 h, 6, 11, 21 and 29 days, a definite volume was retrieved from the PBS 

reservoir and thereafter replenished with the same volume of fresh PBS to facilitate sink 

conditions. FITC fluorescence intensity of the collected aliquots were measured using a 

plate reader (Biotek, Winooski, VT) at excitation and emission wavelengths of 490 and 520 

nm respectively. Cumulative FITC-dextran release was calculated and plotted as a function 

of time.

2.2.4. In vivo administration of the implants using MIND approach in Sprague 
Dawley rats—The guidelines developed by the Institutional Animal Care and Use 

Committee (IACUC) of Northeastern University were followed for designing our animal 

experiments. Sprague Dawley rats (males, 250–300 g weight) were procured from Charles 

River Laboratories (Wilmington, MA) for the study. All animals were provided with 

drinking water and diet ad libitum and they were maintained under standard conditions 

of 12 h light cycle/12 h dark cycle.

The in vivo surgical implantation of core-shell implants in naïve rats was carried out 

with the MIND protocol developed by our team previously [28]. Rats anesthetized with 

2% isoflurane were placed on a stereotactic apparatus equipped with ear bars and body 

temperatures were maintained at 37 °C. The surgical site at located at the snout was prepped 

aseptically with povidone iodine and alcohol. A 1 cm long midline sagittal incision was 

made with a sterile scalpel blade followed by the elevation of bilateral skin flaps to expose 

the underlying paired nasal bones. Thes nasal bones were removed using a high speed 

surgical drill without disturbing the deep layer of basolateral olfactory mucoperiosteum. 

This exposure provided for a subcutaneous cavity in direct contact with the basolateral 

olfactory epithelium. The implant, composed of BDNF AT entrapped in gel osmotic core 

and PCL shell (pre-sterlized by UV irradiation), was inserted into this cavity followed by 

closure of the skin incision using 5–0 nylon suture. Animals were randomly assigned to 

five groups and sacrificed at day 4, 7, 14, 21 or 28 (n = 4 rats/group) post-surgery. Control 

groups consisted of both age and sex matched untreated naïve animals as well as animals 

treated with placebo implants containing the Pluronic F-127 gel core without any BDNF 

AT payload. All animals subjected to the MIND procedure were monitored daily for any 

signs of health deterioration or changes in normal behavior throughout the study period of 

28 days.

2.2.5. In vivo distribution of BDNF at levels in rat brain sub-regions—Rats 

implanted with BDNF AT core-shell implants via MIND approach were sacrificed at 
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the above-mentioned time points post-surgery. Blood samples were collected by cardiac 

puncture prior to euthanasia so as to quantify the BDNF AT levels in plasma collected as 

supernatants upon centrifugation for 10 min at 2000 g and 4 °C. Following the sacrifice 

procedure, rat brains were harvested and various sub-regions of interest were isolated based 

on rat brain atlas coordinates along with the olfactory bulb (OB). Samples from striatum 

(STR), hippocampus (HC), substantia nigra (SN) and cerebellum (CB) were retrieved using 

3 mm tissue biopsy punches, which were thereafter homogenized with ice-cold tissue lysis 

buffer constituted by dissolving 10 mM Tris-HCl at pH 7, 0.4 mM EDTA, 100 mM NaCl, 

2 g BSA, 1.54 mM sodium azide and 2% Triton X-100 in 100 mL of water added with 

EDTA-free Protease Inhibitor tablet. Total protein samples from tissue homogenates were 

collected as supernatants after a 20 min centrifugation at 20,000g and protein content was 

quantified with standard BCA assay. The BDNF AT levels in these tissue extracts as well as 

plasma samples were quantified by AT hybridization assay described previously [28].

For the BDNF AT sequence: 5′-C*A*T*A*G*G*A*

G*A*C*C*C*T*C*C*G*C*A*A*C-3′

Capture probe and detection probes were designed with sequences given below, such that 

they were complementary to the 3′ and 5’ ends of BDNF AT respectively.

Capture probe sequence - (5AmMC12//iSp18/iSp18//

G*+T*+T*+G*+C*+G*+G*+A*+G).

Detection probe sequence -(+G*+G*+T*+C*+T*+C*+C*+T*+A*+T*+G/iSp18//iSp18//

iBiodT//3BioTEG).

Wherein * refers to phosphorothioate bond, + to LNA modifications, iSp18 to internal 

18-mer spacer, 5AMmc12 to 5′-amino modifier C12 m, 3BioTEG to 3′ biotin-TEG and 

iBiodT to internal biotin-dT.

A 96-well white NuncTM plate was coated with a solution made by dissolving 40 μL of 

5000 pmol/mL capture probe to 19.96 mL of capture probe buffer. BSA blocking was done 

as the next step followed by thermal annealing of samples added with detection probe. The 

detection probe solution was made by adding 200 μL of 5000 pmol/mL detection probe 

in 19.8 mL of buffer constituted by 4X SSC/0.5% sarkosyl. A streptavidin-HRP conjugate 

diluted at 1: 50,000 ratio was subsequently added to the washed plate. An incubation step at 

37 °C for 30 min was then followed by washes. Finally, the wells were added with 150 μL of 

the ELISA Femto Solution Mix and luminescence read outs were taken immediately with a 

plate reader (Biotek, Winooski, VT). The calculated BDNF AT levels were normalized to the 

amount of protein in each sample and expressed as pg AT/μg protein.

2.2.6. Pharmacokinetic analysis of BDNF at concentration in rat brain sub
regions—AntagoNAT amounts per gram tissue were converted to concentration (i.e., 

pg/mL) using reported values for rat brain density [29] in order to facilitate future modeling 

and simulation. Noncompartmental analysis (NCA) of the concentration-time data was 

performed using the SimBiology application within the MATLAB software (version#2020a) 

[30]. The maximum concentration (Cmax) and time of maximum concentration (tmax) 
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were determined using SimBiology and verified graphically. The area under the tissue 

concentration-time curve (AUC) from time zero to the last measured time (AUC0-last) 

was determined using the linear trapezoidal method. The area under the first moment 

concentration-time curve was calculated from time zero to the last measured time (AUMC0

last) using the linear trapezoidal method. Due to the lack of reliable terminal data points, 

namely in deep brain tissues, terminal slope analysis was not performed, and consequently 

AUC or AUMC analysis was not extended to time infinity. Mean residence time (MRT) was 

calculated as the ratio of AUMC and AUC (i.e., MRT = AUMC/AUC).

2.2.7. Quantification of BDNF protein levels in brain sub-regions—BDNF 

protein de-repression levels in each extracted protein sample were analyzed using BDNF 

sandwich ELISA kits according to the manufacturer’s protocol. The calculated BDNF 

protein concentration values were normalized to the amount of total protein in each sample 

and expressed as pg of BDNF per μg of protein.

2.2.8. Pharmacokinetic analysis of in vivo BDNF response—The tissue levels of 

BDNF in treated animals were baseline corrected using BDNF levels from naïve animals. 

NCA of the concentration-time curve of BDNF protein was performed using SimBiology/

MATLAB. The maximal concentration (Cmax) and time of maximal concentration (tmax) 

were determined with SimBiology and verified graphically. The area under the effect curve 

was determined via the linear trapezoidal method, and the analysis was restricted from time 

zero to the last measured time (AUEC0-last) due to inconsistent terminal data.

2.2.9. Comparisons of delivery efficiencies between core-shell implant and 
depot injection—The performance of the implant formulation was evaluated in 

comparison to the previously reported AT-Gel depot formulation [28]. As previously 

reported, kinetic parameters for the depot were determined from 0 to 96 h and not extended 

to time infinity due to unreliable terminal data points. Subsequently, the kinetic parameters 

such as Cmax and AUC of MIND core-shell implants were compared relative to those for 

depot and the percent changes were determined.

2.2.10. Analysis of explanted osmotic implants for residual BDNF AT—Upon 

euthanasia, the implants were carefully inspected for any visual changes in shape, 

morphology and integrity following which they were explanted from the olfactory 

submucosal space of animals. The weights were recorded and compared to the weight of 

the exact implant measured prior to MIND administration. The implants were then cut open 

to retrieve the remaining gel which was subjected to nanodrop quantification of BDNF AT. 

These values subtracted from the initially loaded BDNF AT amount gave the amount of AT 

released from the implant at that time-point. The cumulative AT release was then calculated 

to plot the in vivo AT release profile over time. The surface features of explanted implants 

were qualitatively assessed by FESEM in order to study the morphological alterations over 

time.

2.2.11. Histological analysis of explanted osmotic implants—The surgical sites 

of all animals subjected to MIND implantation were closely monitored throughout the 

study frame for any signs of infection, edema or inflammation. After sacrifice, the rat 
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nasal cavities were opened and visually inspected for any signs of infection around the 

implant. Nasal tissues at the implant-nasal cavity interface were collected from the snouts of 

animals subjected to MIND implantation upon sacrifice at different time points. The tissue 

samples were fixed in 10% (v/v) neutral buffered formalin, embedded in paraffin wax and 

sectioned by microtome at a thickness of 5 μm for standard histology analysis. Staining was 

done with hematoxylin and eosin (H&E) and slides were imaged with a camera-equipped 

microscope (Keyence BZX710 All-in-One Fluorescence Microscope, Itasca, IL) for the 

qualitative analysis of the gross morphology of tissues at the interface of implant and nasal 

cavity.

2.2.12. Statistical analysis—Average of experimental read out values were collected 

from all in dependent experiments and final datas were represented as mean ± SEM. 

Student’s t-tests and one way ANOVA with post-hoc Tukey tests were used for comparisons 

to determine the statistical significance. GraphPad Prism (version 6.01) was used for all 

statistical analyses with significance set at p < 0.05.

3. Results and discussion

3.1. Fabrication of an osmotic core-shell implant specific for BDNF AT delivery using 
MIND

We have engineered polymeric implants having a unique core-shell architecture as 

potential candidates for prolonged delivery of different kinds of therapeutics to the CNS 

using the MIND technique. We have previously established the advantages of MIND 

technique for trans-nasal drug delivery directly to the brain via the basolateral aspect of 

olfactory epithelium [28]. Herein, we intend to develop biodegradable and biocompatible 

implants that could sustain-release the entrapped therapeutic payload for increased duration, 

ultimately yielding enhanced CNS uptake and efficacy, as a complimentary technology to 

MIND, for CNS delivery of drugs for treatment of various neurodegenerative diseases.

In order to guide the design strategy for such implants, we determined the approximate 

dimensions of the rat nasal cavity containing the submucosal space formed by the MIND 

technique to be 1.186 ± 0.08 cm length by 1.131 ± 0.09 cm breadth (Fig. S1). We 

hypothesized that a core-shell design would be ideal because (1) an osmotic core component 

encapsulates the payload (e.g., small molecule, biologic, etc.) and modulates its release 

profile by hydrolytic swelling and (2) an erodible polymeric sheath around the core acts as 

a barrier layer to delay and further control the drug release profile. Poloxamers or Pluronics 

are nontoxic and FDA approved amphiphilic high molecular weight polyethylene oxide–

polypropylene oxide–polyethylene oxide (PEO–PPO–PEO) triblock copolymers consisting 

of hydrophilic PEO segments and hydrophobic PPO sections [31,32]. Pluronic F-127-based 

hydrogels have properties of good water retention, reverse thermal gelation and can also 

provide controlled release of biomolecules/drugs incorporated within their hydrophilic 

networks making them good candidates as injectables for drug delivery [33–36]. Several 

studies highlight the ability of poloxamer-based osmotic membranes to modulate the 

penetration rate and permeation flux of the corresponding coagulation medium (mostly 

water) [31,37,38]. Considering these properties, we chose Pluronic F-127 as the core 
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component entrapping BDNF AT as it could simultaneously behave as an osmotic hydrogel 

core enhancing the water permeation rate leading to hydrolytic swelling and thereby 

controlling the rate of AT release. This reported osmotic effect could be regulated with the 

amount of Pluronic F-127 entrapped in the final implant. PCL, a first generation synthetic 

aliphatic polyester is an FDA approved non-toxic, biocompatible and biodegradable polymer 

extensively investigated in the fields of controlled drug delivery and regenerative medicine 

with a history of human use [39–42]. Herein, we chose PCL as the component for 

fabricating the outer sheath entrapping Pluronic F-127 core, owing to its hydrophobicity 

and slower degradation profile using the simple dip-coating technique. The tailorability in 

processing all properties in addition to the relatively cheaper production strategies, make 

PCL easily amenable to physical, chemical and biological manipulations to modulate the 

degradation kinetics in order to suit the specific anatomical site, desired drug release profile 

and application [39,43–45]. Therefore, the shell is also modular in its biodegradation profile 

and diffusional kinetics-based release which in turn, is based on the molecular weight of 

PCL and the sheath thickness. Herein, we engineered PCL shell specifically for diffusional 

release of the payload (not by degradation) based on the time scale of our overall study.

As the first step, PCL shell in the initial form of a hollow reservoir was fabricated using the 

method of traditional dip coating (Fig. 1A1–3). An optimized PCL solution concentration 

of 14% w/vand 9–10 dipping cycles formed a shell with an average thickness of 0.54 ± 

0.05 mm and diameter of approximately 5 mm. Concentrated Pluronic F-127 gel with the 

BDNF AT payload was added to this hollow PCL shell and the open end of the reservoir 

was subsequently sealed (Fig. 1A4–5). Therefore, the overall strategy offers flexibility with 

regard to several parameters such as selection of biodegradable polymers or copolymers with 

different degradation time frames enabling incorporation of a variety of payloads with high 

loading and control of their release profiles. Processing parameters such as concentration 

of the polymeric solution, choice of the coating substrate and control of optimum dipping 

cycles aid in the modulation of dimensions and tailorability of shapes of the implants (Fig. 

1A6 and Fig. S2). Specifically, cylindrical PCL shells of different dimensions (~5 mm and 

~2 mm) could be fabricated using glass rods as coating substrates with the corresponding 

diameters (Fig. S2). The qualitative assessment of the surface of PCL coated shell with 

FESEM revealed a uniform homogenous crack-free morphology and texture (Fig. 1B).

We performed an initial in vitro release experiment wherein we assessed the release profile 

of the fluorescent dye FITC-Dextran entrapped within the implant at different time points 

until 30 days. This experiment was conducted in order to understand the basic release 

characteristics of any payload entrapped within the designed implant. FITC-Dextran was 

chosen owing to its similarity in physico-chemical properties to that of BDNF-AT such 

as hydrophilicity and molecular weight. We observed a biphasic release profile, with an 

immediate faster burst release of 2.79 ± 0.13% of the total amount of the entrapped FITC 

Dextran within 3 h and 3.84 ± 0.18 within 2 days (Fig. 1C). This was followed by a phase 

of much slower release wherein 4.19 ± 0.2% of the payload was released at day 6 which 

then increased very slowly to 5.27 ± 0.2% within a span of 30 days (~1.89 fold higher 

than the release observed at the initial time points). The results also indicated the possibility 

of obtaining a prolonged release at slower rates for further durations beyond 30 days. We 

hypothesized that, such a release pattern would ideally mimic the clinical administration of 
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an initial ‘loading’ bolus dose of the therapeutic payload in the beginning of the proposed 

treatment period in patients, followed by a trend of slower release for ‘maintenance therapy’. 

Such a strategy would obviate the need for repeated drug administrations and also enhance 

the pharmacokinetic advantages in contrast to single phase extended formulations [46,47]. 

It is also important to note that the rate at which drug release occurs in different phases of 

the biphasic profile can be controlled upon modulating the formulation parameters such as 

concentration of the Pluronic F-127 gel core and the design attributes of the PCL polymeric 

sheath. Hence, the engineering of core-shell implants was established to be a simple yet 

versatile approach offering good control over implant dimensions as well as an optimal drug 

release profile; the two important characteristics for MIND implants.

3.2. In vivo administration of BDNF AT core-shell implants using MIND

Core-shell implants entrapping BDNF AT as payload were implanted within the submucosal 

space of healthy Sprague Dawley rats using the MIND technique. The clinical MIND 

procedure in humans requires a simple endoscopy guided trans-nasal injection of drug 

within the olfactory sub-epithelium in awake, topically anesthetized patients. In contrast, the 

rat snout is too small to access this space trans-nasally thereby necessitating an open surgical 

approach [28].

The sagittal midline skin incision simultaneously exposes the rat nasal bones while creating 

the subcutaneous pocket to accept the implant (Fig. 2A). Careful drilling of a segment 

of the nasal bones exposes the intact olfactory submucosa (Fig. 2B) onto which the core 

shell implant was placed (Fig. 2C). The implant dimensions were designed to conform to 

this cavity without compressing the surrounding structures which also mitigated the need 

for suturing them. Primary closure of the surgical incision by continuous suturing (Fig. 

2D) facilitated rapid wound closure without signs of infection or dehiscence (Fig. S3). 

The MIND implantation procedure easily reproducible and all experimental rats remained 

healthy throughout the study period of 4 weeks without any signs of illness or lethargy.

3.3. CNS delivery of BDNF AT via MIND implantation and pharmacokinetic analysis

The entire in vivo study was conducted over a time span of 4 weeks with time points of 

4, 7, 14, 21 and 28 days post implantation to assess the long term BDNF AT delivery 

potential of MIND implants. Animals were euthanized at each time point and AT levels 

in different subregions of brain were quantified to analyse the CNS uptake and brain 

distribution of BDNF ATs. The sub-regions chosen for our study were olfactory bulb (OB); 

the first intracranial structure present in the trans-olfactory route, striatum (STR) in the 

forebrain, hippocampus (HC) which forms an extension of the temporal part of cerebral 

cortex, substantia nigra (SN) in the midbrain and cerebellum (CB) in the hindbrain [48,49]. 

The sustained BDNF AT distribution over all these different sub regions of brain over 28 

days can be noted from Fig. 3..

The observed trends in mean AT concentration over time indicate a tissue-specific AT 

distribution pattern, which is in line with prior observations for the CNS distribution of AT 

[28]. For OB, the highest mean AT concentrations were detected on day 4 (~1.8 pg/μg) 

which was then followed by a slow and steady decline in the AT levels over time. We 
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observed that the BDNF AT levels persisted in the OB at detectable concentrations for the 

duration of the study. A similar trend was also noted for the striatum (STR) wherein the 

mean AT levels decreased over time. However, the hippocampus (HC) and substantia nigra 

(SN) displayed a different trend wherein high mean AT levels were observed on day 7 (1.25–

1.5 pg/μg) which was then followed by a steep decline to negligible AT amounts. Although 

the cerebellum (CB) displayed a similar trend in AT concentration to the HC and SN, the 

overall concentration was higher, and therefore appreciable AT levels were detectable at 

later timepoints. These data suggest that the midbrain and hindbrain sub-regions displayed 

comparable trends of AT distribution with a slower rise in mean AT levels and a subsequent 

decrease towards 2–4 weeks.

Furthermore, no AT was detected in plasma samples of all animals subjected to MIND 

implantation, which again confirms our previous observation [28] that MIND mediated CNS 

uptake occurs directly through the olfactory epithelium and not by secondary peripheral 

distribution [50,51].

We further characterized the time course of BDNF AT tissue concentrations using NCA 

to evaluate pharmacokinetic parameters of the implant formulation (Table 1). These data 

also suggest tissue-specific distribution of AT within the CNS. The extent of distribution, as 

determined by AUC values, varied from 115 to 369 pg*mL−1*day, with the least distribution 

in the HC and SN, and the most AT distributed to the OB (Table 1). Similar trends were 

observed for Cmax with a range of 13.4–19.4 pg*mL−1 for deep brain tissues and 27.8 

pg*mL−1 for the OB. Interestingly, MRT values, which ranged from 7.27 to 10.8 days, were 

more uniform for all brain sub-regions which indicates that on average, AT molecules stayed 

in the brain for more than a week and were cleared from tissue sub-regions at similar rates. 

Collectively, these pharmacokinetic parameters suggest that the OB, which is the tissue 

closest to the implant site and also the first point of contact in the trans-olfactory route [48], 

behaved distinctly from deeper brain tissues. The rate of AT diffusion partly enhanced by 

the swelling and osmotic action of Pluronic F127 gel core could have also led to high AT 

distribution into OB.

Overall the PK studies confirmed that MIND implants could elute BDNF AT for prolonged 

durations thereby successfully delivering the otherwise BBB-impermeant AT to deep brain 

sub regions and sustaining its concentrations for extended time periods.

3.4. BDNF protein levels in brain sub-regions at different time points post MIND 
implantation

Having analyzed the PK profiles and CNS distribution of BDNF AT delivery by MIND 

implants, we next studied its biological effects by quantifying the BDNF protein levels in 

brain subregions (Fig. 4) and assessing the response kinetics (Table 2). Previous studies have 

established the age-dependent significant variations in BDNF distribution and expression 

levels in different regions of rat brain [52–54]. Therefore, it was crucial for us to consider 

aging of MIND implanted rats within the treatment frame of 28 days as a study parameter. 

Therefore, naïve rats of appropriate ages and matched sexes were used as negative controls 

for this study (Fig. 4).
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Within 2 weeks post MIND implantation, we noticed significant BDNF upregulation in 

all tissues in comparison to naïve BDNF levels as shown in Fig. 4A. A 2-fold increment 

in BDNF expression was observed at days 4 and 7 in OB relative to naïve BDNF levels. 

By day 14, BDNF levels in the OB were 4-fold higher than naïve animals, which was 

a statistically significant difference. Similarly, the STR, SN, and HC all demonstrated 

statistically significant increases in BDNF levels at 4, 7, and 14 days. There were tissue

specific BDNF level increases of 2.5–3.5 fold in STR and SN and 3–4 fold increases in the 

HC. The BDNF expression at day 14 was the highest in all of these tissues compared to the 

levels attained at days 4 and 7. The CB was the only region wherein a slightly different trend 

was noted with a plateau in BDNF levels from days 4–14. We did not notice upregulation 

of BDNF levels at day 21 (Fig. 4B) or day 28 (Fig. 4C) relative to the corresponding 

naïve levels. This observation could be correlated to the extended period of very low BDNF 

AT levels noted in majority of the brain sub-regions at these time points. Additionally, 

it can also be attributed to the reported fluctuations in BDNF levels in the course of rat 

brain development and aging. Semba et al. has previously quantified the specific changes 

in BDNF concentrations in different regions of rat brain in the course of its development 

and aging for ~6 months [53]. While regions such as olfactory bulb, hippocampus and 

cerebellum clearly indicated a steady increase in BDNF levels in the course of aging until 

60–120 days, regions such as cerebral cortex, hypothalamus and striatum exhibited an 

opposite oscillating trend of an increase followed by a steep decrease around the same time 

frame. These findings also underline the broad and differential expression of BDNF mRNA 

throughout the adult brain. This stands in contrast to other neurotrophins, such as NT-3, 

with much narrower and limited mRNA distribution which makes BDNF more susceptible 

to intricate variations under different treatment conditions [55–59]. To further probe these 

findings, we also included animals implanted with bare or placebo core-shell implants 

(without BDNF-AT) as an additional negative control for the extended time point of 28 

days and compared their BDNF levels to those of rats of comparable age group (Fig. S4). 

We noted that there was no increase in BDNF levels with the placebo implant. While there 

were no statistical differences between the BDNF levels of olfactory bulb and cerebellum 

of implant bearing rats relative to their respective controls, other tissues showed a 0.2–0.3 

fold decrease, further highlighting the need and importance of BDNF AT to induce BDNF 

protein upregulation.

To further evaluate the outcomes associated with the novel implant formulation, the kinetics 

of the BDNF response were also evaluated via NCA (Table 2). This analysis suggests 

that the BDNF response kinetics behave somewhat similarly amongst the brain tissues, 

irrespective of distance from the implant site. Indeed, Cmax values ranged from 1.01 to 

1.35 pg*μg protein−1 for all brain tissues (Table 2). Moreover, the AUEC values, which 

represent the extent of BDNF response over this time-frame, ranged from 13.8 to 18.9 pg*μg 

protein−1*day.

Collectively, the kinetic parameters describing the BDNF response suggest that there 

are tissue-specific responses to BDNF-AT exposure that are not directly proportional to 

AT exposure. These findings reaffirm the previously observed lack of a direct PK/PD 

relationship for BDNF AT [28]. The tissue-specific amounts of BDNF mRNA and variable 

BDNF NAT copy numbers strongly influence the extent of BDNF upregulation induced 
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by the inhibition of BDNF-AS by AT binding, mechanisms which support an indirect 

PK/PD response for the BDNF AT [17, 60]. Moreover, these findings indicate that future 

PK/PD modeling of BDNF AT will require special considerations including region-, age-, 

and species-specific variations in response. These nuances of the BDNF response present 

a challenge for animal to human allometric scaling, and therefore extra care must be taken 

with model validation to account for the anticipated variabilities in response.

3.5. Comparison of kinetics of BDNF AT delivery and BDNF protein response for the 
AT-implant relative to AT-Gel depot

Having established the sustained AT delivery potential of core-shell implants, we evaluated 

the performance of the implants by comparing the data with that of the AT-Gel (BDNF AT 

dispersed in Pluronic-F127 gel; same AT dose of 0.15 mg/kg) reported previously by our 

group [28] (Fig. 5). Given the additional complexity of the core-shell implant formulation, 

relative to the AT-Gel, it was critical to establish the relative delivery efficiency of the novel 

formulation and therefore discern the value added. Our previously reported AT-Gel depot 

data from 0 to 96 h [28] was utilized for this comparison since the terminal data points 

were at or under the limits of detection, and any later time points were expected to give 

non-quantitative results. Using NCA data for both formulations, the Cmax, MRT and AUC or 

AUEC ratios were calculated for the MIND implant relative to the MIND depot, for both AT 

(Fig. 5A–D) and BDNF protein levels (Fig. 5E–G).

As shown in Fig. 5A, the implant formulation substantially reduced the Cmax in the OB 

and reduced the tissue-to-tissue variability in Cmax, relative to the depot formulation. As 

shown in Fig. 5B, the implant formulation substantially increased the exposure in all 

tissues, as measured by AUC, when compared to the AT-gel depot. Indeed, exposure in 

the deep brain tissues of interest, such as the HC, SN, and CB, showed a remarkable 1000% 

increase. Exposure in the OB was only increased by 300%, which suggests that the implant 

formulation increased the fraction of the dose reaching the end target regions in addition to 

increasing overall exposure relative to the gel depot. In addition to increasing the extent of 

exposure, the implant formulation greatly increased the duration of exposure as determined 

by MRT (Fig. 5C), with tissue-specific increases ranging from nearly 1000% in the OB 

and STR to over 2500% in the CB. Collectively, these changes in peak and cumulative 

exposure (Fig. 5D) suggest that the implant formulation was able to flatten and extend the 

AT concentration-time curve and thereby enhance the delivery efficiency of an equivalent 

AT dose when compared to the gel depot.

A comparison of the kinetics of the BDNF response shows that the implant formulation 

increased the BDNF Cmax relative to the depot (Fig. 5E), which stands in contrast to the 

effect seen on AT Cmax. The maximum BDNF concentration in the OB increased by nearly 

250% for animals treated with the implant formulation, which suggests that the BDNF 

response is not driven by the AT Cmax. Interestingly, the Cmax of the BDNF response did 

not change substantially for deep brain tissues in animals implanted with MIND core-shell 

implants. As shown in Fig. 5F, treatment with MIND core-shell implants substantially 

increased the cumulative BDNF exposure, as determined by the AUEC, by nearly 1000% in 

all tissues when compared to the depot formulation. The changes in BDNF response kinetics 
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for the implant relative to the depot (Fig. 5G) demonstrate that the novel formulation was 

able to substantially extend the cumulative BDNF exposure for the same dose of BDNF-AT. 

The observed differences in exposure to AT and BDNF suggest differences in the intrinsic 

tissue response to AT, likely due to tissue-specific differences in BDNF mRNA levels and/or 

BDNF NAT levels [17,60].

3.6. Analysis of explants for residual BDNF AT

Implants retrieved from the surgery sites upon rat sacrifice (Fig. 6A) at different time points 

(Fig. S5) were weighed and thereafter cut open to withdraw the remnant gel volumes (Fig. 

6B). Any potential change to the integrity of implants in the course of in vivo implantation 

would have significantly hampered the ease and success of explanting them out of the nasal 

cavities. However, all the implants could be easily explanted at all time points and they 

were found to preserve their original shape without distinct changes in morphology (Fig. 

S4) and mechanical integrity (no crimpling or tearing). An increase in the volume of core 

was noted for implants retrieved at late time points (Fig. S4). Fig. 6C shows the percent 

change in implant weights and remnant gel volumes. As evident from the figure, implants 

of the initial time points displayed a slight decrease in weights which was then followed by 

an increase within 14 days, when compared to the weights of implants preimplantation. A 

20% increase in weight was noted around 21 and 28 days. Similarly, the remnant gel volume 

collected from implants at initial time point was smaller than the ones from longer time 

points such 21 and 28 days. This could be attributed to the mechanism of diffusion which 

favored the release of BDNF AT from the core to the rat submucosal space. However, with 

the progression of time, the Pluronic F-127 gel core also enhanced the permeation rate of 

biological fluid present in the vicinity of implant due to an osmotic action and contributed 

to the increase in the weight of implant as well as the gel volume at longer time points (also 

seen in implants of late time points in Fig. S5).

The remnant AT amounts in retrieved gel fractions were analyzed and compared to the 

initially loaded AT amounts to compute the in vivo cumulative AT release% (Fig. 6D). It 

was observed that ~30% of BDNF AT was released from the implant in vivo within the first 

few days which increased to ~45% by 1 week and 50% by 2nd week. The slow release rate 

of AT after day 4 also emphasizes the role of diffusion as the prominent mechanism at the 

initial time points and can also be related to the higher BDNF AT levels detected in brain 

regions at these time points (Fig. 3A). However, the rate of AT release post 2 weeks could 

have slowed down due to the compounded effects of water permeation into the core matrix. 

We noted a cumulative AT release of ~50–60% from implants explanted at week 3, which 

strongly indicates the possibility of further release (of the remaining 40%) gradually over 

time. However, we could not extract the accurate gel fraction from the 28th day implants, as 

there were higher amounts of transudates mixed with the gel which subsequently interfered 

with the sample processing and remnant AT analysis. The smaller fraction of BDNF AT 

released in the longer time points can also be correlated to the relatively lower amounts 

of BDNF AT detected in the deeper brain tissues at these timepoints (Fig. 3). This also 

emphasizes the utility of such implants as drug depots favoring slower yet sustained release 

profiles.

Padmakumar et al. Page 14

Biomaterials. Author manuscript; available in PMC 2021 November 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We also evaluated the surface morphology of all explanted implants qualitatively by FESEM 

(Fig. S6). The changes to the implant morphology at day 4 were minimal except for the 

coarse surface topography and enhanced roughness relative to pre-implanted ones (Fig. 

1B) which is expected to happen in the course of contact with a biological fluid/surgery 

site. The implant surface at day 7 showed small pore-like structures which could have 

possibly formed along the course of the matrix hydration. The surface at day 28 showed 

the presence of small cracks or crevices which are typical characteristics of the onset 

of polymer degradation or erosion [61,62]. These observations suggest the possibility of 

polymer degradation becoming the dominant release mechanism at later timepoints instead 

of diffusion. Although PCL has a slow biodegradation profile, the surrounding biological 

milieu with the exposure to transudates and enzymes at the site of surgical implantation, and 

enhanced rate of water permeation triggered by the osmotic core could have accelerated its 

hydrolytic and enzymatic degradation profile [63,64].

3.7. Histological evaluation of rat nasal tissues after MIND implantation procedure

The current study was carried out for an extended period of 28 days and hence it was 

imperative to evaluate the long-term safety of the procedure as well as biocompatibility 

of the core-shell implants. We have previously established the safety of MIND approach 

in naïve Sprague Dawley rats [28]. As mentioned above, the animals remained healthy 

throughout the treatment period of 28 days without any significant changes in their routine 

activities or behavior. Upon euthanasia at different time points, the implantation site 

within the rat submucosal space was carefully inspected to check for any visual signs of 

inflammation, tissue ingrowth or fibrous capsule formation around the implant which are 

the commonly observed signs of foreign body reaction [65, 66]. As shown in Fig. S7, there 

were no abnormalities in the rat nasal cavities or any prominent signs of infection or tissue 

ingrowth. Further, we collected the tissues from the interface of implant and nasal cavity 

to qualitatively assess these signs by standard histological analysis (Fig. 7). Apart from a 

slightly thickened epidermis observed at the initial few time points which is expected as the 

response to the surgical incision, there were no significant changes in the tissue histology of 

implanted animals relative to the intact histology of untreated animals. The absence of any 

prominent histological signs of adverse tissue reactions confirmed the biocompatibility of 

the fabricated core-shell implants.

4. Conclusions

The present study demonstrates the development and application of biodegradable implants 

with a unique osmotic core and polymeric shell design as a potential strategy to prolong 

delivery of BBB impermeant biological therapeutics to the CNS via the MIND technique. 

Using a straightforward implant fabrication followed by MIND implantation procedure, we 

demonstrate evidence of sustained release and delivery of the therapeutic to specific regions 

in Sprague-Dawley rat brain. The implant composition and dimensions can be tailored for 

specific therapeutic payloads and indications.

In the context of BDNF AT delivery, an osmotic Pluronic F-127 gel core entrapping 

BDNF AT and a PCL dip-coated sheath enables the modulation and optimal control of 
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the release of AT over sustained duration as compared to the previously reported gel depot 

[28]. Such implants resulted in a more efficient and prolonged CNS uptake of BDNF AT 

relative to previously repored gel formulations of BDNF AT. We observed a substantial 

1000% enhancement in the cumulative BDNF exposure for animals administered with the 

MIND implant, particularly in regions such as hippocampus and substantia nigra, which are 

important for AD and PD therapy. Therefore, the core shell implant technology coupled 

with MIND approach can synergistically serve to improve the CNS uptake and prolonged 

delivery of therapeutics to the brain for extended time periods. The MIND dechnique is 

directly derived from routine, minimally invasive, non-surgical Ear, Nose and Throat (ENT) 

clinic procedures and the implant fabrication is fairly simple and flexible. Consequently, 

the resulting combined MIND Implant approach may be directly clinically translated for 

the treatment of chronic age-related neurodegenerative diseases such as Alzheimer’s and 

Parkinson’s disease.
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CNS Central nervous system

CSF Cerebrospinal Fluid

ENT Ear, Nose and Throat

FESEM Field Emission Scanning Electron Microscopy

FITC Fluorescein isothiocyanate

ICV Intracerebroventricular

IT Intrathecal

MIND Minimally Invasive Nasal Depot

MRT Mean residence time

NAT Natural antisense transcript

NCA Noncompartmental analysis

OE Olfactory epithelium

PCL Poly(epsilon-caprolactone)

PD Parkinson’s disease

(PEO–PPO–PEO) Polyethylene oxide–polypropylene oxide–polyethylene 

oxide

tmax Time of maximum concentration

2,2,2-TFE 2,2,2-Trifluoroethanol
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Fig. 1. 
Design and fabrication strategy of osmotic core-shell implant. (A) Fabrication of 

biodegradable polymeric shell: (1) a lubricated cylindrical glass rod acting as the coating 

substrate is dipped into a concentrated PCL-TFE solution for 9–10 cycles and vacuum dried; 

(2) the PCL shell is peeled off from the substrate rod such that it forms a (3) hollow 

reservoir; (4) Pluronic F-127 solution with the dye/drug corresponding to in vivo dose is 

pipetted into the hollow shell; (5) the shell is then shortened and its open end is sealed 

with heat using cautery pen; (6) the final implant, composed of an osmotic core entrapping 

the payload enclosed within a biodegradable shell. (B) Surface morphology of dip-coated 

PCL shell assessed by FESEM (low and high magnification images). (C) In vitro cumulative 

release of FITC-dextran dye (expressed as percent of the total payload) from the implant into 

PBS (37 °C, pH 7.4, 100 rpm).
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Fig. 2. In vivo administration of BDNF AntagoNAT (AT) core-shell implant by MIND technique 
to the submucosal space of naïve Sprague Dawley rats.
(A) Exposure of nasal bones after the elevation of bilateral skin flaps post-midline sagittal 

incision. (B) High speed drill-aided removal of nasal bone for formation of a subcutaneous 

cavity within the submucosal space. (C) Placing BDNF AT core-shell implant within the 

cavity. (D) Closure of skin incision with nylon sutures.
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Fig. 3. BDNF AntagoNAT (AT) levels in rat brain sub-regions at different time points post-MIND 
implantation.
Illustration showing the location of implant with various sub-regions of interest in rat brain 

and BDNF AT levels in these tissues at different time points such as 4, 7, 14, 21 and 28 days, 

quantified by BDNF AT hybridisation assay (n = 4 rats/time point, AT levels represented as 

mean ± SEM).

Padmakumar et al. Page 23

Biomaterials. Author manuscript; available in PMC 2021 November 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. BDNF protein levels in rat brain sub-regions at different time points post-MIND 
implantation.
BDNF protein levels in brain sub-regions of rats administered via MIND implants at 

different time points such as (A) 4, 7 and 14 days; (B) 21 days and (C) 28 days relative 

to protein levels of naïve animals of comparative ages, measured by BDNF ELISA (n = 4 

rats/group, fold change values represented as mean ± SEM, *p < 0.05, **p < 0.01, ***p 

< 0.001, One-way ANOVA with Tukey post-hoc test for multiple comparisons for (A), 

student’s t-test for (B) and (C)).
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Fig. 5. Relative delivery efficiency of BDNF antagNAT (AT) using MIND implant as compared to 
the MIND AT-Gel depot reported previously by our group [28].
Top panels: Comparisons by kinetic analysis of AT concentrations by noncompartmental 

analysis with respect to (A) Cmax; (B)AUC; (C) MRT; (D) overall percent changes. 

Bottom panels: Comparisons by kinetic analysis of BDNF protein concentrations by 

noncompartmental analysis with respect to (E) Cmax; (F) AUEC; (G) overall percent 

changes.
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Fig. 6. Characterisation of the course of in vivo BDNF AntagoNAT (AT) release from osmotic 
core-shell implant.
(A) MIND implant explanted from the rat submucosal space after euthanasia; (B) explanted 

implant cut open to retrieve the remnant gel volume; (C) quantification of changes in 

the weights of explanted implants and remnant gel volumes with respect to time; (D) in 
vivo cumulative release of BDNF AT from core-shell implants determined using nanodrop 

spectrophotometer.
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Fig. 7. Histological evaluation of nasal tissues retrieved from the MIND implantation site of rats 
after euthanasia at different timepoints.
Inset images show the photographs of tissue with the implants at different time points. H & 

E stained images (scale bar corresponds to 100 μm).
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