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Abstract

Recent advances in medications for neurodegenerative disorders are expanding opportunities for
improving the debilitating symptoms suffered by patients. Existing pharmacologic treatments,
however, often rely on systemic drug administration, which result in broad drug distribution and
consequent increased risk for toxicity. Given that many key neural circuitries have sub-cubic
millimeter volumes and cell-specific characteristics, small-volume drug administration into
affected brain areas with minimal diffusion and leakage is essential. We report the development of
an implantable, remotely controllable, miniaturized neural drug delivery system permitting
dynamic adjustment of therapy with pinpoint spatial accuracy. We demonstrate that this device can
chemically modulate local neuronal activity in small (rodent) and large (nonhuman primate)
animal models, while simultaneously allowing the recording of neural activity to enable feedback
control.
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INTRODUCTION

Transformative technologies, such as functional magnetic resonance imaging (fMRI) (1),
deep brain stimulation (DBS) (2), and optogenetics (3), have allowed the interrogation and
manipulation of neural circuitry with increasingly high spatial and temporal resolution and
show promise for therapeutic use. An emerging field is now opening to add molecular-based
therapeutic systems that can deliver neurochemicals to modulate neural functions with cell-
type specificity and equally high spatial and temporal targeting (4). Here, we describe a
microfabricated device that fulfills this therapeutic potential by allowing the monitoring of
neural circuits at a single-cell level while delivering nanodoses of therapeutic drugs to the
brain.

The brain harbors many potential drug targets (5, 6). Many of these targets are receptors and
related molecules that exist elsewhere in the body. Systemic administration of drugs will
also target these peripheral receptors (7). Moreover, the brain is an exquisitely
heterogeneous organ, in which tissue and cell types and functions vary on scales ranging
from submillimeter to many centimeters (8). This heterogeneity can lead to an off-target
exposure in the brain and to undesired effects of therapeutic agents (9). These issues have
prompted attempts to deliver drugs directly to the brain using physical means (catheters).
The most common delivery site is the ventricular system, which contains cerebrospinal fluid
(CSF). This route can provide drug exposure to much of the brain (10), but penetrance is
uneven and severely compromised by distance from the ventricular system; therefore,
increasingly, drug delivery strategies are targeting specific regions of the brain (11, 1.2).

Physical targeting to small regions of the brain is challenging. The volume of exposed tissue
depends on multiple parameters including concentration of the drug in the delivery medium,
volume and rate of infusion, and elimination rate of the drug. Delivery volumes used to date
range from 10 nl (13,14) to 6 ml (15). Many key neural circuit nodes have sub-cubic
millimeter volumes and cell-specific identities (16). Thus, small-volume modulation in drug
administration is crucial. Critically, the modulation of neural circuit dynamics requires fast,
acute intervention with controllable on/off dosing to enable prompt interaction with neural
network activity (17). Probes such as those used in convection-enhanced delivery, however,
suffer from diffusion and leakage problems even when turned off because of the large fluidic
outlet size and holdup volume within the device (18).

Because existing large-dimension neural probes can lead to significant gliosis and related
deleterious tissue reaction (19), smaller probes have been developed with microfabrication
techniques (19-21). These probes have, however, mainly been applied intracortically,
penetrating only into the most superficial parts of the brain due to the designed device
mechanics (low bending stiffness and small aspect ratio). A major challenge is presented by
the need to access deep brain structures, centrally involved in the complex processes
underlying behavior and emotion. Many studies have reported a variety of devices with
various sizes, down to 70 um (22) and infusion volumes as small as 10 nl (13). Several of
these, however, serve as acute cannulae or chronic implants with an external infusion source
(14, 22-24). A major obstacle to the clinical translation of the chronically implanted systems
is the need for a versatile, implantable, closed delivery system. Previous implantable remote-
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delivery systems, although valuable, are intended for use as research tools. They lack the
versatility to switch out drugs or concentrations being infused or refill fluid reservoirs (25,

26).

Here, we report on the neuroengineering of a miniaturized neural drug delivery system
(MiNDS). Key findings include the development of a MiNDS that has a diameter of 200 um
and an aspect ratio of 500. MiNDS (i) is integrated with a tungsten electrode to record neural
activity for potential feedback control at the single-cell and population level, and two fluidic
channels connected to modified wireless iPrecio pumps for delivering nanoliters of drugs on
demand; (ii) has functioning capability over at least 2 months; and (iii) has been tested in
small (rodent) and large (nonhuman primate) animal models to demonstrate chronic
behavioral and acute electrophysiological effects.

Fabrication and design of a MiNDS

The MINDS consists of a tungsten (W) electrode (75-um diameter), two borosilicate (BS)
channels [each with outer diameter (OD) of 30 mm and inner diameter (ID) of 20 um], and
poly(pyromellitic dianhydride-co-4,40-oxydianiline) amic acid [polyimide (PI)] templates
(9.2-um thick) that are all aligned using a vacuum tweezer inside an etched stainless steel
Hamilton needle (OD = 200 um, ID = 150 um) (Fig. 1A and figs. S1 and S2). Stainless steel
was chosen as the backbone of the MiNDS because it is mechanically robust, can be easily
etched, and is compatible with chronic use in brain implants (figs. S3 to S5) (27).
Furthermore, the MiNDS is scalable, with length modifiable according to the desired
application (Fig. 1B). Here, the lengths of the short (S)- and long (L)-MiNDS are 1 and 10
cm, respectively. Scanning electron microscopy (SEM) imaging of the tip of a MiNDS (Fig.
1, C and D) demonstrates the BS aligner tip with a tip angle of 30° and an OD of 150 pm,
consisting respectively of two 35-um-diameter and one 80-um-diameter openings for
individual channels and an electrode. The aligner tip serves as a protective confined layer for
the tip of the MiNDS and is aligned with the individual channels and electrode (Fig. 1A),
capitalizing on the fact that BS is a biocompatible material in the brain (28) and can readily
be etched chemically (29). A dielectric stack of silicon dioxide (SiO2, 50 nm)/ aluminum
oxide (Al,O3, 10 nm)/SiO, (50 nm) was used as an electrical insulation layer for the regions
that are ~25 pm away from the electrode tip (figs. S6 and S7).

Chronic in vivo biocompatibility assessment

We performed in vivo testing using the MiNDS in a series of experiments to determine
biocompatibility. The astrocytic activity measured as glial fibrillary acidic protein expression
surrounding the MiNDS shank was found to be limited to ca. ~200 um after an 8-week
implantation from confocal fluorescent microscopy analyses of five rats (Fig. 1E and fig. S8,
A and C). Increased microglia expression, an index of immune reaction measured as ionized
calcium binding adaptor molecule 1 (Ibal), was limited to 250 um around the MiNDS shank
(fig. S8D). No neuronal degeneration was noted beyond ~50 um from the implant as
measured by NeuN staining (fig. S8E). Identical analyses near the tip of the device showed
similar profile in gliosis; no neuron necrosis surrounded the tip and elevated 1bal expression
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for 450 um around the implant (fig. S8, F to H). Together, these results show that 8 weeks
after implantation of the MiNDS, cell death and immune activation is limited to the tissue
surrounding the implant.

iPrecio SMP-300 pump in vitro infusion characterization

We next connected the MiNDS into two independently controlled, modified, SMP-300
iPrecio pumps (Fig. 2A and fig. S9) and used a precision microbalance to determine the in
vitro behavior of the system (Fig. 2B and fig. S10). Modifications to the pump to improve
the accuracy of drug delivery involve replacing the original high-compliance thermoplastic
infusion tubing (elastic modulus, 1 to 200 MPa) with high-pressure, low-compliance
polyether ether ketone (PEEK) tubing with an elastic modulus of 3.6 GPa and using stainless
steel adapters. The iPrecio pumps allow for refilling of the reservoir even while implanted
via a septum that can be penetrated using a 31-gauge needle. The peristaltic pistons separate
reservoir pressure from the fluid in the cannula, preventing accidental leakage. The infused
medium used for in vitro infusion characterizations was deionized (DI) water. The average
infusion profile of the L- and S-MiNDS system was measured for 10 min at the flow rates of
10, 1, and 0.1 pl/hour (Fig. 2C and fig. S11, A to C). Longer infusion profiles at a different
flow rate (6 pl/hour for 20 min) through S- and L-MiNDS were also measured (fig. S11D).
The system performed with 3.3% accuracy at the rate of 10 pl/hour infusion (Fig. 2C).
Comparisons with unmodified iPrecio pumps were performed with two infusion profiles (1
and 10 pl/hour for 10 min) (fig. S11, E to F). These comparisons show the significant
compliance buildup in unmodified pumps, as evidenced by most of the fluid being output
past the end of infusion. No infusion past the programmed end of pumping was noted in
modified pumps, indicating that the compliance of the system is negligible and that there is a
negligible passive leakage of fluid out of the BS channel. The flow rates of MiNDS are one
order of magnitude lower than those used in convection-enhanced delivery (30). These
results show that the MiNDS can be acutely turned on or off to provide a controlled fluid
release without causing noticeable leaking, therefore suggesting that the use of MiNDS
might be an effective strategy to achieve repeated local drug delivery in small deep brain
regions.

Infusion characterization of the MiNDS via PET

We confirmed the system functionality of the MiNDS device in the rat brain using three-
dimensional positron emission tomography (PET) imaging to visualize and characterize in
vivo deep brain infusions (31). A 0.6% (by weight) agarose solution with an embedded S-
MINDS was used as a representative homogeneous brain phantom to perform the control
trials. For the in vivo testing, an S-MiNDS targeting the substantia nigra (SN), a brain region
containing dopaminergic neurons, was chronically implanted in a rat. To validate the tunable
infusion capability of the MiNDS, large (1.67 ul over 10 min) and small (667 nl over 4 min)
infusions of copper-64 (Cu-64), a positron-emitting isotope regularly used for PET imaging
(32), were performed. Accounting for the internal volume of the device, these infusions
resulted in a 1.2-pl and 167-nl net volume delivered to the brain, respectively. A syringe
pump was used to deliver infusions in the agarose control and in vivo, whereas iPrecio
pumps were used only in vivo. The large infusion (1.67 ul) into the agarose control with a
syringe pump produced a bolus with a volume of 3.78 + 2.43 mm3 (fig. S12, A, D, and E).
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An identical large-volume infusion delivered by a syringe pump in vivo produced a bolus
volume of 4.64 + 1.43 mm3 (fig. S12, B, D, and F); the in vivo iPrecio infusion resulted in a
bolus with a volume of 4.36 + 0.45 mm3 (Fig. 2, D to F, and fig. S12, C, D, G, and H).
Identical studies done with the smaller infusion (667 nl) formed a bolus volume of 2.35

+ 1.14 mm3 in the agarose brain phantom (fig. S13, A, D, E, and F) and volume of 1.81
+0.00 mm?3 and 2.80 + 0.15 mm?3 in vivo using the syringe and iPrecio pumps, respectively
(fig. S13, B to E and G to I). We observed localized bolus delivery in all cases, with ~1-mm
diffusion in each direction for the largest volume infusions (Fig. 2E). These results
demonstrate the capability of the MiNDS to control the delivery of small quantities of the
drug remotely into a rat brain area without any tethering or physical connection. The time
sequence of PET images acquired at various time points further show the capability of the
MiINDS to maintain a localized bolus delivery (figs. S12 and S13). The collective infusion
results indicate that MiNDS avoids the problems of backflow that we encountered in acute
infusions (removing the needle after drug delivery) (fig. S14) and can deliver nano-liter
quantities of drugs in a tunable, repeatable manner. In addition, no delay in infusion was
noted, suggesting that no effective resistance to infusion developed up to 65 days after
implantation (fig. S15). This confirms that MiNDS retains chronic functionality in vivo up to
8 weeks.

In vivo evaluation of the MiNDS in anesthetized rats

We next performed acute electrophysiological recordings and micro-injections in
anesthetized rats (7= 2) to test the MiNDS with a tetrode (T-1, T-2, T-3, T-4) tungsten
electrode (Fig. 3, A to C, and fig. S16). We measured the firing rate of a single neuron after
infusion of control solution (saline, 100 nl/min for 3 min) and muscimol, a y-aminobutyric
acid agonist known to reduce neuronal firing (100 nl/min for 3 min), in the rat hippocampus.
There was a smaller than 10% change in firing rate after the saline infusion (12.8 spikes/s
before, 11.6 spikes/s after) and after one muscimol infusion (11.6 spikes/s before, 10.6
spikes/s after). Therefore, we performed a second muscimol infusion, which completely
abolished neuronal firing (Fig. 3, Ato C, and table S1). The amplitude of the action
potentials recorded simultaneously from different tungsten wires of the same tetrode
electrode (T1 and T2; Fig. 3B) is used to isolate signals coming from different neurons (33).
The stability of the recorded neurons during multiple injections did not affect the shape of
their action potentials (Fig. 3C). The ability of MiNDS to deliver muscimol and
consequently inhibit neuronal activity was confirmed in a second neuron in a different
animal (fig. S17A and table S1). The mean normalized spike rate for each infusion intervals
for both trials is shown in fig. S17B. We also implanted a MiNDS in the striatum of another
rat and recorded local field potentials (LFPs) for up to 4 weeks (fig. S18A). Spectral analysis
of LFPs reveals robust and consistent 6-band activity up to 4 weeks after implantation (fig.
S18, B and C), indicating the ability of MiNDS to record neuronal activity in anesthetized
rats while chronically implanted.

In vivo behavioral evaluation of the MiNDS in awake rats

We tested the capability of interfacing the MiNDS with deep brain structures to remotely
control behavior. S-MiNDS was implanted in the rat SN and connected to two implanted
iPrecio pumps, containing either saline or muscimol (Fig. 3, D and E, and figs. S19 and
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S20). Unilateral delivery of muscimol to the SN is known to evoke preferential ipsilateral
rotation of the animal, reflecting a hemiparkinsonian state (34). This parkinsonian behavior
was induced by remotely controlled infusion of 1.67 pl of muscimol (0.2 mg/ml) through the
MiNDS but not by comparable injection of saline (Fig. 3, F to H). Muscimol remained stable
up to 50 days at 37°C (fig. S21). Muscimol infusion induced a 52-fold increase in the
number of clockwise (CW) rotations without affecting counterclockwise (CCW) rotations (7
= 3 rats, three trials per rat, *£< 0.01; Fig. 3H and fig. S22). These experiments illustrate the
ability of MiNDS to repeatedly and reproducibly deliver small volumes of drugs that can
induce behavioral changes.

In vivo evaluation of the MINDS in a rhesus macaque monkey

We further confirmed the functionality of the MiNDS (specifically, the L-MiNDS) in a large
animal model, the rhesus macaque (Macaca mulatta) monkey (Fig. 4, A and B). The L-
MiINDS was used to modulate and monitor local neuronal activity in the neocortex of a
head-fixed monkey through serial infusions of artificial CSF (aCSF) and muscimol (Fig.
4C). The impedance measurement of the tungsten electrode was 1.5 MQ in brain and 2 MQ
at preimplantation in saline. Modulation of neuronal firing activity was monitored by
recording signals at the MiNDS electrode adjoining the infusion ports. The MiNDS was
lowered until stable recording of a unit was observed to establish a baseline for comparison
of firing rates and unit waveforms. Then, aCSF was infused for 5 min and 20 s at an infusion
rate of 100 nl/min. This control infusion reduced the firing rate by 33.2% compared to
preinfusion baseline (2.0 spikes/s before, 1.3 spikes/s after; £< 0.0001) without affecting
unit waveform during and after the infusion (Fig. 4C). Muscimol was then infused at the
same location for 5 min at an infusion rate of 100 nl/min. This infusion decreased the rate of
detected spike activity by 97% as compared with the period between the aCSF infusion and
the muscimol infusion (1.3 spikes/s before, 0.04 spikes/s after; £< 0.0001) (Fig. 4C). The
average spike waveforms were highly correlated between periods (Fig. 4D and fig. S23;
Pearson’s correlation coefficient, # = 0.96 for average waveforms between baseline and
post-aCSF, and R = 0.92 for average waveforms between post-aCSF and post-muscimol)
suggesting that the same unit was being monitored throughout the serial infusion
experiments.

A second experiment was conducted to target deeper layers of the neocortical region (dorsal
bank of the cingulate cortex) (35). We asked whether we could reverse the effect of
muscimol on neuronal firing through an additional infusion of aCSF at this adjoining site.
Our results show that infusion of aCSF was effective in reversing the inhibitory effect of
muscimol (fig. S24, A to C), with waveforms closely resembling those found during the pre-
muscimol period (fig. S24, D to G). We replicated the results of the first experiment through
an aCSF control infusion, which minimally changed the firing rate (0.5 spikes/s before, 0.6
spikes/s after), and subsequent muscimol infusion, which decreased the firing rate (0.6
spikes/s, 0.08 spikes/s after) (fig. S24). A summary of all statistical calculations is given in
table S1. We further evaluated LFP activity changes induced by the infusions. Broadband
power from 30 to 100 Hz remains relatively consistent from baseline (10 min) to post-
aCSF infusion periods (0, 10, and 20 min) and decreases immediately after muscimol
infusion (30 min, and all subsequent periods) (fig. S25A). a-band (7 to 13 Hz) and B-band
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(13 to 30 Hz) power fluctuate without correlation to the infusions (fig. S25B). The
prominent power at 60 Hz is due to coupling of power mains noise (fig. S25A). Relative
baseline power is demarcated with a horizontal dashed black line across both plots to show
relative changes in LFP broadband power that is especially visualized in fig. S25A 20 min
after muscimol infusion (black arrow). Collective results in the NHP demonstrated the fine,
localized, bidirectional control capabilities of the MiNDS.

DISCUSSION

Chronically implanted neural probes provide the ability to modulate specific brain regions
for therapy (2). This study presents a miniaturized neural drug delivery system called
MiINDS as a versatile platform for multimodal interfacing in small and large animals. We
show here that MiNDS can chemically modulate the local neuronal activity and related
behavior in animal models while simultaneously recording neuronal electroencephalogram
(EEG) activity.

We demonstrated that MiNDS was able to deliver drugs selectively in small deep brain
structures in a controlled manner in rats and in a monkey. Moreover, longitudinal analysis in
rodents shows that MiNDS performances were stable for up to 2 months in vivo, suggesting
that the platform might be used for chronic treatment and recording.

We conducted series of trials in small (rodent) and large (NHP) animal models
demonstrating chronic behavioral and acute electrophysiological effects, respectively. By
inducing a reversible hemiparkinsonian state in rats, we illustrated the ability of MiNDS to
interface with deep brain circuitry. Many neurological disorders, such as Parkinson’s
disease, arise due to dysfunctional basal ganglia circuits. The ability, then, to modulate this
circuitry suggests the potential to use implanted MiNDS as therapy for such disorders.

The possibility to perform serial infusions of multiple distinct drugs while simultaneously
recording the local EEG activity will be important for clinical applications that may require
a chronic recording from a fixed brain location (36) and an online analysis to detect changes
in LFP activity caused by drug delivery in real time. For example, pathological -band LFP
oscillations in Parkinson’s disease and/or epileptic discharges in epilepsy could be recorded
from the chronically integrated electrode to track and treat dysfunctions with multidrug
therapies.

Together, these experiments demonstrate that this miniaturized, customizable device with
high-bending stiffness, high aspect ratio, and adjustable number of stainless steel channels
can reliably reach deep brain structures in small- and large-animal models without the need
of an extraneous guide tube to implant.

Current therapies for neurological disorders remain limited. New tools are needed to treat
the most severe cases of neuropsychiatric disorders (19-21). The capacity to selectively
deliver drugs on demand to brain structures could greatly improve the therapeutic outcome
and minimize unwanted side effects over currently available methods (4). The results shown
here motivate future research efforts to facilitate the incorporation of MiNDS technologies in
neural drug development and therapy. We note that in addition to treating neurological
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disorders, the customizable feature of this microfabricated device could open new routes to
deliver chemicals, light, and electricity to other organs with pinpoint spatiotemporal
resolution. Optogenetics of peripheral nerves together with electrical and chemical
interfacing could be achieved through a single implant (37). Another potential use of
MINDS could be to achieve the targeted delivery of chemo-therapeutics to tumors in the
body. Such a technique would enable delivery of higher doses without associated systemic
toxicity (38). MiNDS could also be used to deliver growth factors and stem cells to regions
of significant cellular necrosis (39). For neurological and cardiovascular diseases, combining
growth factor therapy with electrical stimuli might help regenerate electroactive cells.

A number of improvements can be incorporated to MiNDS to enhance clinical translation.
Substituting device components with nonmetallic materials would offer MRI compatibility.
Thin hydrogel coatings along the device shaft could further enhance biocompatibility (40).
The short life span of the current pump batteries is a limitation for chronic use. For use
beyond 1 month, batteries would have to be changed frequently, requiring recurring surgical
procedures with associated complication risks and additional health care costs. One
promising solution is to use energy harvesting through natural organ movement to recharge
or replace batteries (41). Other improvements to this technology may include sensors at the
tip of MiNDS to monitor real-time phenotypic parameters such as temperature, pressure,
stiffness during drug infusions, and an integrated tissue retrieval channel for obtaining brain
biopsies. Such multi-modal capabilities would allow for more in-depth investigation into the
pathology of neurological conditions in vivo. Incorporating these sensors would also permit
closed-loop therapy of neurological disorders (42). Closed-loop electrical stimulation has
been shown to be superior to blind DBS for the treatment of epilepsy (43) and Parkinson’s
diseases (44). These developments could pave the way toward an adaptive, multimodal
treatment for neurologic disease and eventually revolutionize therapy for patients.

MATERIALS AND METHODS

Study design

The objectives of the studies were to develop a biocompatible, remotely controllable,
MINDS that permits dynamic neural adjustment with pinpoint spatial resolution in small-
and large-animal models. We first characterized the performance of the system in vitro,
using an ultrahigh-precision microbalance to detect nanoliter infusions. We performed in
vivo acute electrophysiological recordings and micro-injections in anesthetized rats. Next,
we tested the capability of interfacing the MiNDS with deep brain structures to remotely
control behavior in the rat SN. We further confirmed the functionality of the MiNDS in a
large, awake behaving animal model, the rhesus macaque (Macaca mulatta) monkey. We
characterized the tissue reaction to the chronic MiNDS implant using immunohistochemical
staining for neural cell markers. Sample sizes were chosen to demonstrate statistical
significance. Tissue sections were scored by a MATLAB image analysis algorithm, and
behavioral data were analyzed using EthoVision software in a blinded manner. Mean values
and SDs are indicated in each figure legend.
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Fabricating the polymer template

A silicon (Si) wafer was coated with a 50-nm-thick layer of poly(methyl methacrylate)
(PMMA 495 A2) at 3000 rpm (Headway Research, PWM32) for 30 s and baked on a
hotplate at 180°C for 2 min. A poly(pyromellitic dianhydride-co-4,40-oxydianiline) amic
acid solution was then spun at 4000 rpm for 30 s and precured on a hotplate at 150°C for 1
min to form a 1.3-um-thick PI layer (45—47). This step was repeated for seven times to reach
a ~9.2-um-thick layer of PI. Next, the sample was cured in a vacuum oven at 250°C for 1
hour. The walls of the PI template (depth of 2.8 um) were formed by reactive ion etching
(March RIE, Nordson) through a pattern of photoresist (AZ 4620, Clariant) until the layer of
PMMA was reached on the Si wafer (fig. S1). The length of the PI template is set to 7 cm.

Customizing the stainless steel needle for the MiNDS

The OD of a stainless steel needle (30-gauge, Hamilton Company) (fig. S2) was etched
down to 200 mm via a chemical solution of 10 wt % (weight %) ferric chloride (FeCls), 10
wt % hydrochloric acid (HCI), and 5 wt % nitric acid (HNO3) at 50°C with an etching rate
of 2 um/min (48). To protect the inner wall of the stainless steel needle from the chemical
solution, a PI tubing was tightly placed inside and then removed after the etching process
(figs. S1 and S2).

Polishing the tip of the BS channel to a 30° angle

A BS channel with an 1D of 20 um and an OD of 80 mm (VitroCom Inc.) was firstly etched
down to 30 um via a chemical solution of hydro-fluoric acid (HF 48%, Sigma-Aldrich) in DI
water (volume ratio of 1:2) with an etching rate of 6 pm/min. The ends of the BS channel
were protected via three layers of Pl tape (Capling Corporation, 20-um thick). Afterward,
the BS was placed into the polisher holder, angled to 30°, and positioned until the tip
touched the polishing film (20.3-cm-diameter aluminum oxide, Al,O3, polishing film,
ULTRA TEC Manufacturing Inc.). The lap speed was set to 250 rpm. After the tip of the BS
channel was polished for ~2 hours, it was immersed into water in an ultrasonic cleaner
(KENDAL, model CD-3800A) for ~3 min to clean the remaining residues (figs. S3 and S4).

Electrical insulation of the tungsten electrodes

A dielectric stack of silicon dioxide (SiO2) (50 nm)/aluminum oxide (Al,O3) (10 nm)/SiO,
(50 nm) was deposited on the tungsten electrode (FHC Inc.) via plasma-enhanced chemical
vapor deposition (PlasmaTherm System VI1) and atomic layer deposition (Cambridge
NanoTech Inc.), respectively, to provide electrical insulation. The exposed tungsten
electrode tip (~9700 um?) was defined by dipping the wire into polyvinyl alcohol (PVA)
solution with a depth of ~25 um (fig. S5). After the dielectric stack deposition, the protective
layer of PVA on the tungsten tip was dissolved in a water bath.

Aligning the channels on the Pl template and assembling the MiNDS

A 2-cm-thick stamp of polydimethylsiloxane (Sylgard 184), with a length and a width of 8
and 2 cm, respectively, and a mixing ratio of 8.5:1.5 base to cross-linker, was used to pick up
the BS channels and the electrode gently and aligned it with the Pl template under optical
microscopy with the help of a mask aligner (Karl Suss Model MA4) (fig. S1, H and I). Two
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BS channels were then aligned side by side on the PI template, whereas the electrode was
placed on the center of the glass tubes. A ~3-um-thick layer of ultraviolet (UV) light-curable
silicone adhesive (UV epoxy, LOCTITE 5055, Henkel Corp.) coated the Pl template and
covered both the channels and the electrode inside a desiccator. Once the epoxy was cured,
the PI template with the channels and the electrode was immersed in a hot (85°C) acetone
bath to allow the sacrificial layer of PMMA to dissolve away (fig. S1J). The epoxy-coated PI
template was then physically free and could be retrieved from the acetone bath. Afterward,
the Pl was aligned with the polished end of the needle hole and aligned along the needle
hole by using a vacuum tweezer (Ted Pella Inc., Vacuum Pickup System, 115 V), which
holds the template gently from the other end with a vacuum of 50.8 cm of mercury.

A customized BS tip aligner (VitroCom Inc.) was obtained containing two 35-um-diameter
and one 90-um-diameter channels to serve as the alignment of the fluidics and the electrode,
respectively. The tip of the tip aligner was also polished to an angle of 30° (fig. S6). The
length of the aligner tip can be engineered, and the other end was polished with an angle of
0°. Later, the blunt end of the aligner tip was aligned with the expanded electrode and
attached to the precured epoxy layer in the tip of the needle. The fluidic connections to
connect the channels to the wireless pumps were created via PEEK tubes (Tub Radel R,
IDEX Health & Science LLC, 1.59 mm OD x 0.25 mm ID) and followed by UV-epoxy
sealing.

The fluidic connection is simply made by aligning the PEEK tubing with flexible BS
channels in the metal cup of stainless steel needle under microscope and filling all the gaps
with UV epoxy with a connection yield of ~100%. The electrical connection to the electrode
was made via a metal pin (Conn Recept Pin, Mill-Max Manufacturing Corp, 7.62 mm
length, ~0.38 mm to ~0.56 mm accepting pin diameter, 0.94 mm mounting hole diameter,
0.79 mm pin hole diameter, 1.04 mm flange diameter, 0.46 mm tail diameter, 3.81 mm
socket depth). The UV epoxy was then used to fill the gap between the P1 template and the
needle hole via vacuum tube, sucking from one end and filling with epoxy on the other end
of the needle. Because the MiNDS is scalable, its length can be modified according to the
desired subject application (figs. S7 and S8).

Chronic in vivo biocompatibility assessment

Four rats underwent the MiNDS implantation as described in the rat surgery section. At 56
days after implantation, the animals were euthanized using carbon dioxide asphyxiation.
Each animal consequently underwent cardiac perfusion of 60 ml of 1x phosphate-buffered
saline solution (Corning Inc., Corning), followed by 60 ml of 4% paraformaldehyde (PFA)
solution (Alfa Aesar). The head was then removed and immersed in 4% PFA for 48 hours.
The implanted devices were extracted, and the brain was removed and placed in 4% PFA
overnight and subsequently in sinking solutions of increasing sucrose (AMRESCO Inc.)
concentration (10, 20, and 30% w/v) overnight or until the brain sinked (Fig. 1). All animal
protocols were approved by the Massachusetts Institute of Technology (MIT) Committee for
Animal Care (0714-072-17).
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iPrecio SMP-300 pump in vitro infusion characterization

To achieve fine control over volume delivery, it was necessary to add modifications to the
pump, such as replacing the original high-compliance thermoplastic infusion tubing (elastic
modulus, 1 to 200 MPa) with high-pressure, low-compliance PEEK tubing (elastic modulus,
3.6 GPa) and stainless steel adapters. For each of the two iPrecio SMP-300 pumps
(Primetech Corp.) used, the original external tubing was cut, leaving only the first 2.5 mm of
outlet tubing (fig. S12, A and B). A 24-gauge stainless steel connector was inserted into the
pump fluid outlet, and a 31-gauge connector was placed within the larger connector (fig.
S12C). The two steel connectors are glued together using UV epoxy, creating a water-tight
secure junction (fig. S12, D and E). The protruding end of the 31-gauge connector was
inserted into the PEEK tubing of the MiNDS, and the junction was again glued with UV
epoxy (fig. S12F). The MiNDS was placed into a custom-made polytetrafluoroethylene
holder (manufactured with CNC Micro Machining Center-S, Cameron Microdrill Presses)
and attached to a syringe pump to be used as a vertical frame (Harvard Apparatus PHD
2000) (fig. S12, G and H). The assembly was combined with a computer-controllable
Mettler Toledo microbalance for pump characterization experiments (fig. S12J).

A plastic weighing dish was made by cutting the needle cap of a 28-gauge blunt needle
using a stainless steel blade (fig. S13). The dish was half-filled with DI water (~30 ml) and
placed on the weighing plate of the microbalance (fig. S13, F to H). The glass cap of the
microbalance was removed, and parafilm was stretched over the top (fig. S13C). A circular
hole was cut out in the center of the parafilm using scissors (fig. S13, D and E). The MiNDS
was lowered through the hole, and the pump set was used to infuse fluid until a drop of fluid
appears at the top of the MiNDS (fig. S13, | and J). At this point, the device was lowered
further down until the tip of the MiNDS was submerged in the water of the weighing dish.
To minimize water evaporation, we placed a 20-ml mineral oil layer (paraffin oil and liquid
petrolatum, Mallinckrodt Chemicals) on top of the water of the weighing dish (fig. S13L).
The system was allowed to stabilize before any infusions were tested. The pump was
programmed wirelessly using proprietary iPrecio pump software (more information can be
found at: http://iprecio.com/products/tabid/212/Default.aspx).

The microbalance was set to read output twice per second and send the data to a computer
via a RS232 serial connector. Commercially available Advanced Serial Data Logger
software (AGG Software) was used to acquire the data and export it to Microsoft Excel for
further analysis. For every infusion, data recording begins and ends at least 10 min before
and after infusion onset and end, respectively. This process was repeated for both L- and S-
MINDS, and each infusion protocol was run for four times. The four infusion protocols were
run for each device: (i) 10 pl/hour for 10 min, (ii) 1 pl/hour for 10 min, (iii) 0.1 pl/hour for
10 min, and (iv) 6 ml/hour for 20 min.

Statistical analysis

We performed X2 tests in NHP and rodent tetrode trials to calculate significant differences in
spike firing rate before and after infusion of aCSF and muscimol (Fig. 4, fig. S24, and table
S1). We used Pearson’s correlation coefficient (/) to evaluate the similarity between
waveforms (Fig. 4). The mean waveform for each period in Fig. 4 was computed to calculate
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R between periods: 4593 waveforms in base-line period (25 min), 51 waveforms in post-
aCSF period (20 min), and 165 waveforms in post-muscimol period (46 min). Averaged
action potentials of a well-isolated unit (single unit) are given in Fig. 3C during each period
(saline infusion, 20,940 waveforms; muscimol 1 infusion, 19,073 waveforms; and muscimol
2 infusion, 132 waveforms; 7= 1 unit). Orange shading represents a band around the mean
with a width of three SDs. Immunohistochemical slides were imaged with fluorescent
microscopy and analyzed using MATLAB. Fluorescence intensity was quantified in 2-um
radial increments away from the implant site, up to 1100 um away. We performed one-way
analysis of variance (ANOVA) with Dunnett’s post hoc test to calculate significant
differences in fluorescence intensity near the implant compared to far field (*~< 0.05, **P<
0.01, ***P < 0.005, and ****P < 0.001). PET data were analyzed by calculating the sum
intensity at the infusion site region of interest. This was done for three scenarios: syringe
pump infusion into agarose, syringe pump into brain, and iPrecio pump into brain. One-way
ANOVA with Tukey post hoc test was used to determine the significant difference in the
intensity between scenarios at each time point (*£< 0.0332 and ***P < 0.0002). Behavioral
modulation in rodents was assessed by comparing the number of CW and CCW rotations
made (i) before saline infusion, (ii) post-saline infusion, and (iii) post-muscimol infusion.
One-way ANOVA with Tukey post hoc test was performed to calculate significant
differences among number of CW rotations in each trial period, as well as CCW rotations in
each period (***£< 0.0001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. A miniaturized neural drug delivery system: The MiNDS.
(A) Schematic illustration of a miniaturized neural drug delivery system (MiNDS) with an

exploded view of the key device components (right, bottom inset) and with a magnified view
of the borosilicate (BS) aligner tip aligning with the key device components in black arrow
direction (left, top inset). (B) Image of L-MiNDS and S-MiNDS; electrical connection
[tungsten (W) electrode] and the fluidic channels [borosilicate (BS)] are indicated. (C)
Scanning electron microscopy (SEM) of the tip of L-MiNDS. (D) Magnified view of a BS
aligner tip in the red dashed box in (C). The right inset shows the magnified view of W
electrode in the yellow dashed box. (E) Representative confocal fluorescence images of
horizontal brain slices showing the stab wound created by implanted MiNDSs, 8 weeks after
implantation (n7= 5 rats). Immunohistochemical staining for DNA (4’,6-diamidino-2-
phenylindole, blue), astrocytes [glial fibrillary acidic protein (GFAP), green], microglia
[ionized calcium binding adaptor molecule 1 (Ibal), red], neurons (NeuN, purple), and the
merged signals are shown. Results are normalized to intensities 900 to 1100 pm away and
averaged into 50-um bins. The calculated error bars are the SDs.
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Fig. 2. Invitro and in vivo functionality of the SMiNDS.
(A) Image of a MiNDS with U-junctions connected to two independently controlled iPrecio

SMP-300 pumps. (B) Hllustration of in vitro pump characterization setup with distinct layers
of water and oil in the weighing dish as represented in green dashed box. (C) Line graph
showing the mean infusion profiles of three infusion trials through S-MiNDS with flow rates
0.1, 1, and 10 pl/hour. End infusion (E.I.) (black dashed line) represents the end of infusion,
and total volume (T.V.) (colored dashed lines) denotes the theoretical value of the volume
infused. (D) Positron emission tomography (PET) images of Cu-64 in vivo delivery via an
implanted MiNDS as seen in (A) (3 uCi/ul iPrecio infusion, 1.67-ul infusion at 10 pl/hour).
Representative images at 5, 10, 15, and 20 min after Cu-64 injection show Cu-64 expression
(fluorescence scale is depicted on the right). (E) Normalized fluorescence intensity in
relation to position across the bolus. The diameter (1) of the bolus was determined using a
three-dimensional (3D) region of interest (ROI), where the borders were defined as 10% of
peak core intensity (/). (F) Normalized ROI sum fluorescence intensity at different times for
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identical Cu-64 infusions delivered into an agarose phantom (0.6% by weight) and in the rat
brain through implanted S-MiNDSs using a syringe pump and an iPrecio pump (77 = 3 trials;
error bars represent SE). Statistical analysis was done using one-way ANOVA followed by
Tukey post hoc test at each time point. Significance differences were only found at time = 20
min. *P< 0.05. DI, deionized.
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Fig. 3. Tetrodetrialsand behavioral study in rats.
(A) Firing rate histograms for 1-min bins of the recorded unit. The vertical black dashed

lines indicate the start of saline infusion (first line at 30 min), the muscimol infusion (second
line at 60 min), and the second muscimol infusion (third line at 90 min), respectively (7= 1).
(B) Representations of sorted (orange) and unsorted (gray) action potentials based on peak
values. Peaks 1 and 2 are the maximal value of waveforms measured by T-1 and T-2,
respectively, during each period (preinfusion baseline, 22,928 waveforms; saline infusion,
20,940 waveforms; muscimol 1 infusion, 19,073 waveforms; and muscimol 2 infusion, 132

Sci Trans/ Med. Author manuscript; available in PMC 2019 September 16.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dagdeviren et al.

Page 20

waveforms; 7= 1 unit). (C) Averaged action potentials of a well-isolated unit (single unit)
during each period (saline infusion, 20,940 wave-forms; muscimol 1 infusion, 19,073
waveforms; and muscimol 2 infusion, 132 waveforms; 7= 1 unit). Orange shading
represents a band around the mean with a width of three SDs. (D and E) Picture and
schematic illustration (orange dashed outline) of a rat with an implanted MiNDS targeting
substantia nigra. Expanded view of black dashed line in (E) shows coronal cross section of
the brain 5-mm posterior to the bregma. The red dot identifies the position of the MiNDS tip
within substantia nigra. (F) Schematic of a rat inside an opaque chamber during the
behavioral study. (G) Color-tracking map of a rat during the preinfusion, post-saline, and
post-muscimol infusions periods. (H) Mean number of 180° clockwise (CW) and
counterclockwise (CCW) turns during preinfusion, post-saline, and post-muscimol infusion
periods (n7= 3 rats, 2 trials per rat; error bars represent SE; **£ < 0.0021). Statistical
analysis was done using one-way ANOVA followed by Tukey post hoc test.
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Fig. 4. In vivo MiNDS evaluation in an NHP.
(A) Image of an experimental setup integrated with the head stage of a nonhuman primate

(NHP). (B) Magnetic resonance imaging (MRI) image showing the estimated location of the
L-MiNDS infusion and recording. Estimated coordinates of the L-MiNDS tip are 22 mm
(anteroposterior) and 2 mm (mediolateral) from the bregma. (C) Unit rate histograms for 1-
min bins. The first vertical orange dashed line indicates the start of artificial cerebrospinal
fluid (aCSF) infusion (at 20 min), and the second vertical orange dashed line denotes the
time of muscimol infusion (at 63.7 min) (7= 1 unit). (D) Average waveforms for units
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binned during each period (preinfusion baseline, 4593 waveforms; aCSF infusion, 51
waveforms; and muscimol infusion, 165 waveforms) with SD in gray shading
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