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Abstract 

William Lykins 

Microscale Material Strategies for Drug Delivery Applications 

As the global market for next generation therapeutics continues to expand, there is a growing 

need to ensure that these strategies remain accessible. One strategy that has been historically 

successful in the context of pharmaceuticals is to develop new dosage forms to better conform to 

the clinical needs of the end user, which has been successful in the field of contraceptives, anti-

psychotics, and other therapeutic areas. However, as our understanding of the underlying biology 

of disease and our ability to more easily generate highly defined microscale materials matures as 

it has in the last several decades, we have the ability to now adapt both the therapeutic and the 

dosage form to specific clinical indication. Manipulation of free-standing microscale materials 

that have the ability to function on biological length scales opens up the possibility of generating 

therapeutics that can be finely tuned to specific clinical needs, but has been historically limited 

by the intrinsic properties of conventional materials. Here, we present two examples of adapting 

a material platform to meet both a clinical need and a need for microscale materials that better 

conform to pharmaceutical standards. First, we discuss the use of polymer blends as a strategy to 

reduce the mismatch between useful lifetime and material residence times in long-acting drug 

eluting implants. Next, we discuss the development of a novel strategy for fabricating planar 

microdevices for oral protein delivery, composed entirely of materials used in existing FDA 

approved products, and how we can use the flexibility of this technique to understand how 

microscale materials behave in the gastrointestinal tract. These findings open the door to 

developing new, and more accessible, therapeutics to meet the diversifying needs of patients and 

providers on a global scale.                  
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Chapter 1 –Designing Long Acting Implants for HIV Pre-Exposure 

Prophylaxis via Microscale Techniques    
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1.1 Abstract:  

Oral pre-exposure prophylaxis for the prevention of HIV-1 transmission (HIV PrEP) has been 

widely successful as demonstrated by a number of clinical trials. However, studies have also 

demonstrated the need for patients to tightly adhere to oral dosing regimens in order to maintain 

protective plasma and tissue concentrations. This is especially true for women, who experience 

less forgiveness from dose skipping than men in clinical trials of HIV PrEP. There is increasing 

interest in long acting (LA), user independent forms of HIV PrEP that could overcome this 

adherence challenge. These technologies have taken multiple forms including LA injectables and 

implantables. Phase III efficacy trials are ongoing for a LA injectable candidate for HIV PrEP. 

This review will focus on the design considerations for both LA injectable and implantable 

platforms for HIV PrEP. Additionally, we have summarized the existing LA technologies currently 

in clinical and pre-clinical studies for HIV PrEP as well as other technologies that have been 

applied to HIV PrEP and contraceptives. Our discussion will focus on the potential application of 

these technologies in low resource areas, and their use in global women’s health. 
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1.2 Introduction:  

Despite international success in the prevention and treatment of HIV-1, infection rates have 

stagnated throughout the 21st century.1 Over the past 10 years oral pre-exposure prophylaxis 

(PrEP) has been found to successfully reduce the sexual and parenteral transmission of HIV.2–5 

Currently, there is only one approved HIV PrEP product, consisting of a fixed dose combination 

of two nucleoside analogue reverse transcriptase inhibitors (NRTI), tenofovir-disproxil fumerate 

200mg (TDF) and emtricitabine 300mg (FTC), sold under the brand name Truvada® as a once 

daily oral pill. When taken daily, Truvada®  is highly effective at preventing the sexual 

transmission of HIV by more than 75 percent with regular use,2,4 and upwards of 92 percent with 

perfect adherence.6  This highlights the major drawback of currently available HIV PrEP: the need 

for daily adherence to an oral pill regimen. Furthermore, oral PrEP has lower forgiveness for 

prevention of vaginal transmission, which requires use of at least 85 percent of expected doses (6 

of 7 weekly doses) to maintain protective active pharmaceutical ingredient (API) concentrations 

in the lower female reproductive tract, whereas protective API concentrations in rectal tissues can 

be maintained with as little as 28 percent of expected doses (2 of 7 weekly doses).7,8 Notably, two 

clinical trials of orally dosed HIV PrEP among female study populations that had very low 

estimated product use (less than 40% of participants) were unable to demonstrate effectiveness.5,9 

To overcome this adherence challenge, there has been extensive research and development 

invested in the optimization of long-acting (LA), user independent HIV PrEP formulations.10–17 

Feedback from end-users suggests that LA dosage forms are not only acceptable, but preferred 

over more frequent dosing regimens.18–20 Healthcare providers also appear to have a preference 

for LA approaches.[Lutnick et al 2017, unpublished data]  



 

4 

 

In this review, we will summarize LA HIV PrEP delivery systems (defined here as at least 30 days 

between doses) that are systemic (excluding transient topical and local delivery technologies). We 

will also address technologies that have not been directly applied to HIV PrEP, but offer promising 

contributions to the future delivery pipeline. Our discussion will focus on the use of these 

technologies in vulnerable populations, low resource settings, and their application to global 

women’s health.  

1.3 Injectables for LA HIV PrEP:   

The field of LA systemic HIV PrEP has been dominated by LA injectable formulations of highly 

potent antiretrovirals (ARVs).10,17,21,22 To date, a number of phase I and II clinical trials have been 

carried out with a range of ARVs,  with a phase IIb/III efficacy trial ongoing now for LA 

Cabotegravir.[hptn.org/research/studies/176, HPTN 083]  

LA injectables span a wide range of formulations and processing strategies.23,24 In this review we 

will primarily focus on wet nano-milling approaches that have been applied to the development of 

LA ARV depot injectables. Nano-milling describes the process of applying physical agitation and 

stresses to reduce the size of poorly soluble solid drug crystals as a means to improve their 

pharmacokinetic (PK) properties.25–28 Nano-milling uses coated metal ball bearings (often 

zirconium) to mechanically grind drug suspensions that include a stabilizing polymer or surfactant 

coating29,30. The coating enables colloidal stability of the particles and prevents agglomeration of 

the nano-suspension by blocking hydrophobic collapse. This is accomplished either via steric 

hindrance or ionic repulsion. Common stabilizers include polyethylene glycol, cyclodextrin, and 

other polymers or surfactants.23,24 Nano-milling — generating particles on the order of 200nm in 

diameter23 — dramatically increases the surface area of a drug suspension. Increased surface area 
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has a positive impact on dissolution by increasing the solvent-accessible drug.31 This increases the 

possible peak plasma concentration (Cmax), compared to more traditional injectable solutions.32,33 

Because absorbance and dissolution time is delayed in the case of an intra-muscular (IM) nano-

suspension injection, there is also an improved safety profile and a decrease in injection site 

reactions.34,35 It is important to note however, that because the distribution of nano-suspensions is 

dissolution limited, concentration dependent kinetics of low solubility agents can be accompanied 

by long, sub-therapeutic PK tails.10,24    

In the design and selection of an agent for a LA injectable formulation it is necessary to understand 

the potency (IC50), hydrophobicity (LogP), and pharmacokinetic parameters (clearance, 

distribution kinetics etc.) of the API of interest.36 There are a wide range of APIs available for the 

treatment and prevention of HIV that span orders of magnitude in potency and solubility. However, 

low solubility high potency APIs are preferred to best extend the release of the API from a nano-

suspension and to decrease the total dose of API needed for effective protection. For this reason, 

the development of LA injectables has primarily focused on two agents: the non-nucleoside reverse 

transcriptase inhibitor (NNRTI) rilpivirine (RPV), and the integrase strand transfer inhibitor 

(INSTI) cabotegravir (CAB). Both APIs exhibit sub nanomolar potency, and are minimally soluble 

in biological fluids (RPV LogP=4.32, CAB LogP=2.20)36 making them ideal candidates for LA 

injectable delivery applications[Table 1-1]. 10,37,38 Alternative APIs such as the INSTI raltegravir 

and the NNRTI nevirapine have been studied as LA injectables, however because of limited 

potency and residence time, neither API is currently being pursued in human clinical 

trials.22,39[clinicaltrials.gov 2020]  

CAB exhibits sub nano-molar potency against various lab strains of HIV-1 (IC50 0.22nM to 

0.34nM), and binds tightly to serum albumin leading to a target IC90 (PA-IC90) of 166 ng/ml.17 This 
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high potency combined with low aqueous solubility (0.015mg/ml) and low clearance 

(0.32mL/min/kg), has identified CAB as a target for LA PrEP applications.17,40 CAB is related to 

the INSTI dolutegravir, but has been modified to increase serum protein binding, while reducing 

solubility and clearance, affording CAB an extended in vivo half-life compared to dolutegravir.41 

This extended half-life has made it possible to formulate a once per 8 weeks 4mL intramuscular 

(IM) injection of 800mg of CAB delivered bilaterally in the gluteus with two 2mL injections.17 

Bilateral dosing was shown to increase dissolution rate and Cmax after dosing.17 LA CAB is 

observed to persist for an extended period of time in serum, with a half-life of 25-54 days after an 

IM depot injection.42 Repeat dosing studies have also shown that CAB accumulates in plasma 

during monthly dosing, suggesting that bi-monthly would be most effective at maintaining non-

toxic serum concentrations.21 CAB is currently being explored as a monotherapy for HIV 

prevention, and in combination with RPV as a therapeutic option.21   

RPV is a potent API, with an unbound IC50 of 0.26nM in culture, leading to a serum PA-IC90 of 

12ng/ml.38,43 It is known to be potent against a range of HIV-1 isolates, and has been found to be 

generally tolerable to patients during repeat dosing.44,45 The nano-suspension was formulated with 

a Poloxamer 338 (Pluronics F108) stabilizing surfactant, and ground using 500µm zirconium 

beads in a continuous wet milling process to a particle size on the order of 200nm then formulated 

in water along with tonicity agents at a concentration of 600mg/mL.43,46,47 LA RPV has been dosed 

either at 600mg as a single IM injection, or at 1200mg in two bilateral injections in the gluteus.47 

Phase Ia human studies of LA RPV have found that RPV poorly distributes to vaginal and cervical 

tissues as measured by correlation with blood plasma concentrations.48 Additionally, RPV only 

modesty distributes to rectal tissue at high IM dosages (1200mg).48 Measurements of viral 

inhibition using homogenized vaginal and cervical tissue explants show little to no efficacy 40 
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days after a single 600mg or 1200mg dose, with mild suppression in rectal tissue.48 However, dose 

proportionality studies using beagle dog models of PK distribution suggest that RPV accumulates 

in lymphoid tissues, potentially due to macrophage engulfment.43 These findings suggest that RPV 

may be limited in its utility as a PrEP agent because of its limited presence in virus exposed tissues. 

However, LA RPV is potentially promising as a LA treatment option because of its accumulation 

in lymphatic tissues which are thought to be viral reservoirs. 

In the case of an adverse reaction to an LA injectable API, removal or dialysis of the API from 

whole blood is not possible, necessitating a 14 day lead in oral dose to assess individual safety for 

LA CAB and RPV.21,48,49. Additionally, both LA formulations take on the order of a week to 

achieve therapeutic plasma concentrations, so even when safety in an individual is understood, 

lead in oral dosing might be required to cover this sub-therapeutic window. Clinical research with 

LA CAB has also required a lead out oral Truvada®  regimen to cover the sub-therapeutic PK tail 

of CAB for up to a year after the end of the LA regimen to reduce the risk of break through 

resistance in volunteers.49 These additional oral dosing requirements increase the complexity of 

the dosing regimen, and could interfere with appropriate compliance. While most study 

participants (70%-100%) experience some form of injection site discomfort or pain, severe 

discomfort, which may disincentivize users, was rare.21  

In addition to small molecule therapeutics, there has been increasing interest in the use of broadly 

neutralizing anti-HIV antibodies (e.g. VRC01) as a prophylactic.50–54 Antibodies have the 

advantage of being both highly potent, and naturally long lasting with serum half-lives on the order 

of a month. In studies using non-human primates, a single infusion of VRC01 was protective 

against high dose rectal challenge for up to two weeks.50,51. In vitro studies of tissue explants have 

suggested that various antibodies might be effective at preventing mucosal transmission of HIV.55 
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Current ongoing studies such as the AMP trials (HPTN 085 and HVTN 704) will provide more 

information on the clinical effectiveness of antibody based prophylaxis.[clinicaltrials.gov 

#NCT02716675] There are also ongoing antibody engineering studies focused on extending the 

half-lives of broadly neutralizing antibodies. By modifying the Ig constant region, researchers 

increased binding affinity to FcRn receptors by an order of magnitude, and were able to extend the 

serum half-lives of IgGs by 4 fold out to three months without a detectable decrease in antigen 

binding potency.56,57 This extended half-life in combination with efforts to formulate high 

concentration (100mg/mL) antibody reagents makes antibody based PrEP injections a potentially 

feasible approach.58   

1.4 Implantable Delivery Technologies for LA HIV PrEP. 

The range of implantable drug delivery technologies for a variety of indications is vast and has 

been reviewed extensively elsewhere.59–64 Compared to LA injectables, LA ARV releasing 

implants have four main advantages: 1) the capacity to enable release profiles that can exceed 

12mo in duration 65–67, 2) the capability to enable extended zero order release, and “flat” PK 

profiles with limited sub-therapeutic tails, 3) the capability to be fully removed and “reverse” 

treatment, and 4) the ability to deliver highly soluble ARV agents.63,68,69 Implantable drug depots, 

like the etonogestrel Nexplanon® rod, that utilize outpatient implantation procedures necessitate 

local anesthetic as well as wound closing measures.70,71 Feedback from regulatory agencies has 

suggested that devices should maintain protective release profiles for more than six months per 

procedure.49 In end user feedback surveys, both men and women have shown a willingness to 

undergo mild to moderate discomfort to achieve LA prevention of unintended pregnancy or HIV 

given long dosing intervals.18,72  
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Most LA drug releasing implants are based on drug embedded in a polymer matrix, or drug 

surrounded by a diffusion limiting membrane. While several commercial products are based on 

matrix type systems, most notably contraceptive implants,67,73,74 this review will focus on the use 

of reservoir type devices. Such reservoir devices are capable of zero order, or internal 

concentration independent, drug release which enables constant mass flux and flat PK profiles.61,69 

In a drug reservoir system, biological fluid permeates a membrane and enters a drug containing 

core. Solid drug is then dissolved in the fluid (dependent on the solubility of the drug) creating a 

constantly saturated solution, enabling a constant concentration gradient in sink conditions [Figure 

1-1].69,75 Based on the principles of Fickian diffusion of mass through a rate controlling membrane, 

mass flux depends on two key parameters: 1) the interaction of the API with the membrane that 

determines its ability to permeate and diffuse through the membrane, and 2) the geometry (e.g.. 

surface area), density, and thickness (diffusive length scale) of the material comprising the 

membrane.76 An alternative method to achieve zero order release is a single file diffusion regime, 

where the membrane pore size is on the same order as the hydrodynamic-diameter of the 

deliverable, preventing multiple molecules from exiting simultaneously from the same pore.77 

These kinds of devices are able to achieve zero order release of biological macromolecules, such 

as proteins and hormones, which is desirable for a number of different indications.78,79 
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Devices for the controlled release of HIV PrEP agents [Table 1-2] have focused on the release of 

tenofovir alafenamide fumarate (TAF), a more potent pro-dug of TDF.80 Compared to TDF, TAF 

is an order of magnitude more potent based on serum concentrations (IC50 TAF=0.005µM, 

TDF=0.05µM).80 Both TAF and TDF have the same active pharmaceutical form, tenofovir di-

phosphate (TFV-DP), and mechanism of viral inhibition, premature termination of viral genome 

elongation.80 However, TAF is unique in that it is only converted to TFV-DP in the presence of an 

intracellular cathepsin A enzyme, creating a driving force for the cellular accumulation and 

persistence of TAF in peripheral blood mononuclear cells (PBMCs), CD4+ T-Cells among other 

cell types.81 TAF is also serum stable, extending its serum half-life around 100 fold beyond TDF 

(90min for TAF, 0.41min for TDF).80,82 The nanomolar potency and serum half-life of TAF make 

it an attractive candidate for LA delivery. Because of its relative hydrophilicity (LogP 1.25), 

tenofovir and its prodrugs are not good candidates for LA injections.36 Investigators are also 

pursuing alternative APIs for long or short acting delivery such as the potent NRTI EFdA, which 

has also shown increased potency against common tenofovir resistance mutations.83,84 

Formulated drug 

Membrane 

Dissolved drug 

dissolved drug out 

biological fluid in 

Figure 1-1: 

Diagram of reservoir based controlled release device 
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While there are numerous options for rate limiting membranes and polymer systems for matrix 

type devices64, a smaller subset has been used in the context of HIV PrEP. It is necessary to 

consider the polymer along with the API, as there interaction will ultimately govern the diffusion 

through and partitioning of drug into the membrane.64 Hydrophilic drugs tend to pass quickly 

through hydrophobic layers without partitioning into the polymer matrix in order to reduce 

energetically unfavorable interactions, whereas interactions between the API and the membrane 

will slow release.85 Of the more conventional membrane materials there are polyesters such as 

polycaprolactone (PCL),75 polyurethanes (PUR),86 polyvinyl alcohol (PVA),87,88 poly(ethylene-

co-vinyl acetate) (EVAc),89 and silicone.90,91 Specifically, researchers have looked at PVA and 

PCL in the context of HIV PrEP. 

PVA is a non-degradable hydrophilic polymer that can be formed into membranes using 

crosslinking or heat based polymerization, often depending on a separate co-polymer for structural 

support.87,92,93 PCL is a relatively hydrophobic “soft” polyester that is bioresorbable via 

hydrolysis.75,94,95  The degradation properties of PCL are tunable depending on the molecular 

weight blend of polymers used, on a scale of months to years, from implantation to total 

dissolution.94,96 PCL has notably been used in the development of implantable contraceptive 

technologies.97,98  

Oak Crest Laboratories are developing silicone-PVA implantable devices, fabricated from a piece 

of silicone tubing that has 1mm holes punched in its axis, that are then coated with a heat 

crosslinked PVA membrane [Figure 1-2].99 The device is 40mm by 1.9mm with a wall thickness 

of 0.4mm.99 The relative impermeability of silicone compared to PVA  limits the release kinetics 

based on the number of PVA membranes included in the device, which can be tuned to achieve 

the desired release properties. The device demonstrated an in vitro release rate of 0.92mg TAF per 



 

12 

 

day, and an in vivo release rate of 1.07mg TAF per day. In vivo studies in a dog model of TAF 

PK, demonstrated that constant serum concentrations of TAF and intracellular concentrations of 

tenofovir-diphosphate were maintained above therapeutic levels for upwards of 40 days.99 This 

device is non-degradable, and similarly to contraceptive implants, would need to be removed at 

the end of its lifetime.  

The “Thin Film Polymer Device” (TFPD), developed by the laboratory of professor Tejal Desai 

(UCSF) jointly with RTI International laboratories, consists of a thin flexible solvent cast 80kDa 

PCL membrane surrounding a core of TAF-PEG 300 in a 2:1 ratio by mass [Figure 1-3].100 PEG-

300 was included as a solubilizing excipient for TAF and helped to establish a membrane 

controlled, rather than dissolution controlled, release regime when using a 25µm thick 

membrane.100 The TFPD is rod shaped, 40mm x 2.5mm, with heat annealed seams to seal the 

Figure 1-2: 

Oak Crest Device (a): Device schematic and picture, (b) in vivo measurements of TFV (open circles), TAF (closed 

circles) and intracellular TFV-DP (diamonds). Each data point represents the mean ± SD, and dashed lines represent 

the median value for each analyte over the 40 day study.  From Gunawardana et all [104], used with author 

permission 
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reservoir. This device can be loaded with upwards of 150mg of TAF and has a release rate of 

1.4mg/day which is thought to be physiologically relevant for protection, giving an estimated 

device lifetime of 3 months.100 Because the TFPD is made of bioresorbable PCL, the device does 

not need to be surgically excised and instead will degrade after the drug payload has been 

exhausted. Additionally, the TFPD was able to maintain the stability of TAF in vitro for upwards 

of 100 days, as verified by HPLC, with only minor evidence of degradation.100 This is especially 

significant in the delivery of a relatively unstable API like TAF, where in vivo stability might be 

non-trivial.101,102 Small animal preclinical studies with the TFPD are ongoing, but preliminary rat 

studies have demonstrated the ability of the TFPD to function in an animal model for more than 

two weeks. Additionally, studies on the effects of gamma sterilization have shown negligible 

effects on drug purity or polymer degradation. Ongoing studies have demonstrated that the device 

can be removed up to one month post implantation, which is critical for future safety evaluations. 

[Swarner 2016 CROI poster, Schlesinger 2016 CROI Poster, Swarner 2016 HIV R4P Poster] 

It is also of interest to consider other polymers and LA device systems for applications in HIV 

PrEP. Polyurethanes (PURs) have tunable hydrophilicity and degradation properties, and have 

been applied extensively in the area of membrane based implantable drug delivery devices.86,103,104 

Notably, PURs have been used in the development of reservoir devices for the long term delivery 

of the peptide steroid agonist histrelin in the treatment of advanced prostate cancer (Vantas) and 

central precocious puberty (Supprelin LA).65,105–107 Non-degradable polymers such as ethylene-

vinyl acetate (EVAcs) have been applied extensively in the most modern iteration of implantable 

contraceptive devices including the Nexplanon® system. EVAc has many desirable qualities as a 

controlled release medium, but can be difficult to source at a medical grade.67,89,108  
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There is also interest in long term, refillable silicon nano-channel devices.79,109,110 These devices 

are constructed from rationally designed silicone nano-slits, with a width corresponding to the 

hydrodynamic-diameter of the intended deliverable, which can be tuned to enable single file 

diffusion through the slits. By altering the channel lengths, and channel density, it is possible to 

tune the release of APIs from these devices.79 These devices have seen extensive studies in animal 

models, and have been shown to rapidly establish zero order release regimes that persist for 

Figure 1-3: 

TFPD Device. (a) Device pictures and fabrication scale. (b) in vivo Daily release for high dose (TAF-H) device over 

14 days, with pictures of device pre and post implantation. (c) in vitro release kinetics for high and medium dose 

(TAF-M) TAF devices, each point represents mean ±SD. From Schlesinger et al 2016, used with author permission.    
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upwards of 70 days with multiple APIs.79 Investigators are also exploring methods to make the 

devices refillable, potentially enabling life-long PrEP administration from a single implant. 

Intarcia Therapeutics in conjunction with the Bill and Melinda Gates Foundation are developing a 

osmotic pump based implant for long term HIV PrEP delivery. Recently their DUROS® device 

has completed phase III clinical trials for the delivery of exenatide for the treatment of type 2 

diabetes as a 9 month subcutaneous implant.111 The DUROS® device can achieve zero-order 

release of a range of APIs, and can be designed to last for 6-12 months.112      

In addition to LA HIV PrEP technologies, there is an interest in and need for technologies that 

would afford users with a narrower window of protection, as well as multipurpose devices that 

could combine contraceptives with antivirals (MPTs). These technologies have taken many forms, 

including vaginal films,83,113,114 microneedle patches,[eg. PATH] ARV eluting intrauterine 

devices,[eg. CONRAD] vaginal inserts,115,116, vaginal rings,74,117 and vaginal gels.118,119 It is the 

goal of these and other multipurpose prevention technologies to decrease the burden of both HIV 

and unintended pregnancies in women in low resource areas.120   

CONRAD, in collaboration with Dr. Patrick Kiser (Northwestern University), is developing a 

MPT intrauterine system (IUS) for the sustained (1+ year) use. A first-generation product in 

preclinical stages of development combines the INSTI elvitegravir (EVG) with copper as a 

nonhormonal contraceptive. The design of the device builds on that of existing T-shaped 

contraceptive IUS (e.g., Mirena, Paraguard). To date, this EVG-eluting IUS has demonstrated 

preclinical proof of concept that an ARV administered via the intrauterine route can be distributed 

throughout the female reproductive tract in animal models at levels expected to be prophylactic 

(Clark et al., 2016, poster P07.40, HIV R4P, Chicago IV).  SHIV challenge studies in the pig tailed 

macaque were performed in 2017.121 



 

16 

 

1.5 Summary and Future Prospects.  

Table 1-1: 

Injectable LA PrEP Technologies in Development   

LA HIV PrEP should ultimately simplify HIV prevention methods, and thereby increase user 

adherence (specifically, quality of execution and persistence).122,123 There is substantial precedent 

in the contraceptive space for the movement toward LA HIV prevention strategies, including 2-3 

API Study Phase LogP 

PA-

IC90 

(nM) 

Formulation 

Injection 

Concentration 

Number 

and 

volume 

of 

injections 

Dose 

Schedule 

Rilpivirine 

(RPV) 

2b 

(combination 

with LA 

CAB) 

4.32 32.75 

200nm 

particle 

formulated 

with 

poloxamer 

338 as a 

stabilizer 

300mg/ml 

2 x 2mL 

IM 

injections 

Bi-

monthly 

Cabotegravir 

(CAB) 

2b/3 2.20 166 

200nm 

particle 

with 

stabilizing 

surfactants 

and tonicity 

agents 

200mg/ml 

2 x 2mL 

IM 

injections 

Bi-

monthly 
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month LA injectables like Depo-Provera and Net-En, and  3-5 years LA implantables such as the 

Nexplanon® rod or the Jadelle 2-rod system. These products have dramatically expanded access 

to contraceptives for women globally by enabling increased ease of use and coverage.124 Current 

products in clinical trials for LA HIV PrEP (e.g. LA CAB) promise a reduced dose burden, from 

daily oral pills to bi-monthly injections, which would dramatically reduce potential user treatment  

Table 1-2:  

Implantable LA PrEP Technologies in Development 

 

 error.21 However, the need for lead in and lead out dosing concurrent with current injectable 

formulations might make them cumbersome in practice. Implantable products, currently in 

preclinical trials could further reduce this dosing interval to once every six months or longer. There 

are still substantial challenges to be overcome for LA HIV PrEP, including demonstrating efficacy 

Device 

Device  

Type 

Study  

Phase 

Primary  

Materials 

Contents 

Device  

Dimensions  

In Vivo  

Release 

Rate 

(mg/day) 

Device  

Life 

time 

(days)  

Oak Crest 

Reservoir, 

non-

degradable  

Pre-

Clinical  

Silicone 

and PVA 

TAF 

40mm  

x  

1.9mm 

1.07 40 

UCSF/RTI 

TFPD 

Reservoir, 

bioresorbable 

  

Pre-

Clinical 

PCL 

2:1  

TAF:PEG 

300 

40mm  

x  

2.5mm 

1.4 30 
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in human trials. However, based on continued interest in increasing prevention options to 

vulnerable populations, embracing LA systematic HIV prevention technologies is necessary, and 

a clinical breakthrough is likely in the near future.   
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Chapter 2 – Measuring and Tuning the Degradation Profiles of Long 

Acting Polycaprolactone Implants 
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2.1 Abstract 

Polycaprolactone (PCL) is a bioresorbable polyester that has been widely used in biomedical 

applications since the 1970s. Because PCL undergoes bulk degradation, it is especially amenable 

to drug delivery applications. To ensure safety, a drug eluting implant must remain fully intact 

throughout use and, once the drug is exhausted, the implant should degrade. Many PCL based 

implants target delivery on the order of six months to one year, while the time to degradation of 

PCLs are often on the order of multiple years. It is known that the time to degradation of PCL is 

directly related to its initial molecular weight. However, the limited integrity of neat low 

molecular weight PCLs make them unsuitable for implantation. Here, we outline an approach to 

tune the time to degradation of PCL, by blending low and high molecular weight polymers. We 

show that the degradation rate and permeability of PCL films are independent of their 

composition. Additionally, we demonstrate that the incorporation of as little as 25% (w/w) of a 

high molecular weight polymer can rescue the mechanical properties of a low molecular weight 

material. This enables a rational approach to design a material blend for any delivery application, 

without sacrificing material properties. 
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2.2 Introduction 

Polycaprolactone (PCL) is a polymer that has been prevalent in the field of biomaterials and drug 

delivery since the 1970s. It is both bioresorbable and biocompatible and has been used in several 

FDA approved systems including sutures (e.g. Monacryl®) and root canal fillings (e.g. 

ResilonTM).125 Relatively inexpensive and with a comparably long-term bulk degradation, on the 

order of months to years, PCL is well-suited for tissue engineering implants and long-acting drug 

delivery systems.126–129 

Thin PCL films are semipermeable, allowing water and small molecules to permeate while 

obstructing the passage of large molecules and particles.75 It is also possible to introduce porosity 

into PCL films, rendering the films permeable to large and small molecules alike.78,130,131 PCL 

loses its integrity when it reaches a critical molecular weight, which results in fragmentation and 

would impact the integrity of a drug delivery device.132 Therefore, it is critical to tailor PCL 

degradation such that fragmentation only occurs after complete drug depletion and within a 

reasonable time-course compatible with administration of additional implants in the same 

location. 

PCL degradation is well studied both in vitro and in vivo, providing a plethora of information 

and experimental protocols.125,132,133 According to Pitt et al., PCL degradation in vivo can be 

empirically described by an exponential decrease in average molecular weight over time, as 

shown in Equation 1.132 This model was originally adapted to characterize the degradation 

kinetics of PLA and its copolymers, but has been demonstrated previously to be a suitable 

predictor of PCL degradation as well.132  

 𝑴𝒏(𝒕) = 𝑴𝟎𝒆−𝒌′𝒕 Eq. 1 
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Where Mn(t) is the number average molecular weight at time t, M0 is the starting molecular 

weight, k’ is the exponential degradation rate constant and k is the linear degradation constant. 

The form of Equation 1 assumes that the dominant degradation mechanism is autocatalyzed acid 

hydrolysis from exposed acid groups on the terminus of polymer chains.132 Throughout the 

degradation process, more and more acid groups are exposed, leading to a first order kinetics 

model. This equation has been employed to fit degradation behavior for an extended period until 

fragmentation occurs.132 An alternative model assumes that degradation is dominated by random 

chain hydrolysis, meaning that that cleavage of ester bonds is dominated by the water present in 

biological fluids. This interpretation assumes the PCL film is uniformly saturated with water, 

leading to a constant velocity degradation model, as seen in Equation 2.134 The various 

relevance or dominance of these two degradation models has been studied extensively for PLA 

and PLGA, but relatively little analysis has been done in recent years for PCL degradation 

routes.135,136 Once fragmentation begins, it is hypothesized that an additional mechanism of 

degradation, characterized by a loss of mass and generation of soluble degradation products, 

becomes significant.137 Regardless of which model is applied, time to PCL fragmentation 

depends on both the rate of degradation (k’ or k) as well as the starting molecular weight (M0). 

Therefore, one simple way to tailor PCL lifespan is to design around starting molecular weight of 

the polymer. 

While the dependence of PCL degradation time on starting molecular weight provides a simple 

method for tuning degradation in theory, the practical application of this concept results in some 

 𝑴𝒏(𝒕)−𝟏 = 𝑴𝟎
−𝟏 + 𝒌 × 𝒕 Eq. 2 
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difficulties. For example, based on the degradation time kinetics reported in literature, a PCL 

system designed to maintain its physical integrity for one year should be comprised of PCL with 

a molecular weight of 36 kDa.132 Furthermore, as PCL molecular weight decreases, polymer 

crystallinity increases, and the ability to cast, handle, and fabricate drug delivery systems from 

PCL thin films also decreases. For example, 10 kDa PCL may be solvent cast or extruded but 

results in a thin film that lacks integrity as a free-standing material. A 45 kDa PCL film can be 

cast but as the film tends to be more fragile than an 80 kDa film, there are often failures during 

device handling and processing. These factors limit the ability to independently tune degradation 

of a PCL drug delivery system without compromising other device properties. 

In efforts to decrease the time to degradation of PCL devices, a variety of methods have been 

explored.138–142 For example, PCL-PLA co-polymers, and blends of PCL and PLA have a faster 

time to degradation than equivalent neat PCL films.140 Blends of PCL and PLA also showed 

significantly improved mechanical properties, such as greater tensile strength and elongation at 

break.140 Co-polymerization of PCL with PLA or poly(ethylene glycol) (PEG) have also been 

used to tune degradation of drug delivery systems.142 In addition, the effect of blending high 

molecular weight PLA with lower molecular weight PLA on drug release has been 

explored.141,143 This study showed that introducing low molecular weight PLA increased the rate 

of drug release from PLA films and microspheres compared to those made from unblended high 

molecular weight PLA. However, to our knowledge, there have not been reports studying the 

effects of PCL blending on drug diffusion through PCL thin films. Considering inflammatory 

responses associated with PLA and PGA, which are often blended with PCL, there is great merit 

to a method that allows fabrication of PCL thin film with reduced time to fragmentation without 

requiring a secondary polymer.144,145  
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We also noted that both number (Mn) and weight (Mw) average molecular weight have been used 

to evaluate degradation of PCL or blends of PCL and PLA. In the case of blended polymers, 

their composite Mn and Mw values can be calculated using Equations 3 and 4 shown below, 

which can be derived from the definitions of Mn and Mw.132,138–140,146  

 Mn,blend =
1

∑
wi

Mn,i
i

  
Eq. 3 

 Mw,blend = ∑ wiMw,i

i

  Eq. 4 

   

Where wi is the mass fraction of polymer i included in the blend, and Mn,i and Mw,i are the 

number average and weight average molecular weight of polymer fraction i. When blending 

disparate PCL compositions (e.g. an Mn of 10kDa and 80kDa), it is possible to obtain an 

effective Mn between either component (Figure 2-7), but due to the biomodal nature of the 

blends, the polydispersity will increase dramatically (Figure 2-8 A-B). Considering the 

increased PDI of blended PCL, we explored the relevance of Mn and Mw of PCL blends in 

determining the time to fragmentation which, despite the difference in implications of the two 

measurements, they are often reported interchangeably. 

In light of the constraints on device fabrication with low molecular weight PCL we investigated 

degradation and thin film fabrication of using blends of widely available PCL stocks. We 

demonstrate that the decay rate of the Mn of PCL under accelerated conditions and the 

permeability of films to small molecules are unaffected by blending, providing a simple and 

predictable approach to tune the lifetime of PCL implants. We also show that incorporating high 
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molecular weight PCL increases the ultimate tensile strength of the film compared to unblended 

PCL film with the same Mw.  

 

2.3 Materials & Methods 

All materials were obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise noted. 

Statistics were performed using a two-tail Student’s t-test or one way ANOVA. Data is reported 

as mean ± one standard deviation. 

 

PCL film fabrication & characterization: Films were draw-casted onto a glass surface using a 

multiple clearance square applicator (Paul N. Gardner Company, Inc., Pompano Beach, FL) with 

applicator height of ~150 µm (0.006 in) from 150 mg/ml solutions of PCL in 2,2,2-

trifluoroethanol (TFE). A range of PCL solutions were prepared by blending varied mass 

fractions of commercially available PCL with Mn of 80 kDa, 45 kDa, and 10 kDa.   lists the mass 

fractions of each PCL film used in this study. PCL film thickness was measured using a 

micrometer (iGaging, San Clemente, CA) with 1 µm resolution. All films used in this study had 

a thickness of 11±1 μm. 

 

Accelerated degradation: Films were cut into pieces roughly 3x3 cm (~10 mg of polymer), fully 

submerged in 5 mL of 4 N formic acid, and incubated at room temperature on an orbital shaker. 

At 1, 2, 4, and 5 weeks after the start of the study, PCL film samples (n=4 for each time point) 
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were removed from the formic acid solution, rinsed thoroughly in Milli-Q deionized water, dried 

in a vacuum chamber, weighed, and stored under ambient conditions until further analysis.  

 

GPC analysis: PCL molecular weight distributions were determined via gel permeation 

chromatography (GPC) (1260 Infinity Quaternary LC System, Agilent Technologies, Santa 

Clara, CA). An isocratic method with tetrahydrofuran (THF) (VWR, Radnor, PA) as the running 

buffer was used with a series of four Styragel® THF GPC columns (HR5/WAT0554460, 

HR4/WAT044225, HR2/WAT044234, HR0.5/WAT044231; Waters Corporation, Millford, MA) 

and a refractive index detector (RID). A flow rate of 1 mL/min was used. Molecular weight 

analysis was completed using a universal calibration method based on polystyrene standards.147  
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Diffusion studies: PCL thin film reservoir devices were fabricated utilizing a modified 

TransWell® model and loaded with drug as shown in Figure 2-1. Two prototypical small 

molecules with similar molecular weight and structure but different logP were utilized to 

evaluate permeability of PCL films: atenolol (MW 266 Da, logP 0.16) and timolol maleate (MW 

316 Da, logP 1.83). PCL films were cut using a 10 mm biopsy punch, and affixed to the bottom 

of TransWell® inserts using a silicone adhesive, and allowed to fully cure at room temperature 

overnight. A concentrated drug solution (1 mg/mL) fully solubilized in PBS was placed in the 

upper chamber, and enough pure PBS was placed in the bottom chamber to eliminate any 

competing convective forces due to a hydrostatic pressure imbalance. After 24 hr, the fluid in the 

bottom chamber was sampled and stored at 4 ⁰C until analysis. Drug concentrations in samples 

were determined via ultraviolet absorption analysis on a SpectraMax plate reader (Molecular 

Devices, Sunnyvale, CA) based on a standard curve. Mass flux rates were calculated using the 

equation for diffusion through a thin film from a constant activity source (Equation 5).75  

 

Where J is the mass flux of drug across the membrane of the transwell insert, A is the surface 

area of the membrane (0.33 cm2), and P is the permeability of the drug into and through the 

polymer phase (in cm2/sec), CR is the concentration of drug in the upper chamber, and L is the 

thickness of the membrane.  

 

 
J =

A × P × CR

L
  

 

Eq. 5 
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Scanning electron microscope (SEM) imaging: Imaging of blended films was performed using a 

Carl Zeiss Ultra 55 Field Emission Scanning Electron Microscope (Carl Zeiss, San Francisco, 

CA) with an electron high tension (EHT) emission voltage of 3 kV and a secondary electron 

(SE2) detector. The samples were coated with 10 nm of gold palladium using a Cressington-HR 

sputter coater (Cressington, Watford, UK). 

 

Mechanical testing: Mechanical testing was performed by Westpak, Inc. (San Jose, CA) based 

on the general guidelines of ASTM D882-12: Tensile Properties of Thin Plastic Sheeting using a 

Shimadzu load frame (AG-I/50N – 10kN) and a 1 kN load cell (SLBL-1kN) (Kyoto, Japan). All 

films (n=3 per condition) were measured with a jaw separation rate of 13 mm/min, except films 

1 and 2 that used a rate of 508 mm/min.  

 

2.4 Results 

PCL film mass characterization 

There was no significant mass loss observed for PCL films under accelerated degradation 

conditions up to time of fragmentation. Any changes in recorded mass were within the error of 

the analytical balance. A lack of mass loss during accelerated degradation indicates bulk 

degradation of PCL blends, as expected based on literature reports.132,133 

Molecular weight distributions and degradation profiles of PCL blends 

Figure 2-2 compares molecular weight distributions of PCL with various compositions of 

equivalent Mw, as measured by GPC. Figure 2-3 shows the evolution of molecular weight under 
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accelerated degradation conditions for selected blends. A good fit to Equation 1 (R2 = 

0.93±0.05) and Equation 2 (R2= 0.96±0.04)) shows that degradation of PCL under accelerated 

conditions can be modeled equivalently well using either first-order kinetics or constant-rate 

kinetics, as expected from previous studies (p > 0.1, n=9 measurements per group).132,134,138  

  describes the blend compositions tested throughout the study, ranging from Mw of 120 to 27 

kDa. PCL blends with Mw below 27 kDa were not explored further as they fragmented 

immediately following casting and were not viable for fabrication applications. Since the Mw and 

Mn can vary substantially for blends derived from the same source polymers (Figure 2-8 A-B), 

identifying the correct parameter that predicts time to fragmentation was critical. Interestingly, 

over time, the polydispersity index of the polymer samples (calculated as Mw/Mn) approached ~2 

for all polymer blends (Figure 2-8 C). Using the observed point of fragmentation in conjunction 

with SEM analysis, we concluded that the Mw of PCL blends is the relevant parameter in 

determining time to fragmentation. This follows from the mathematical construction of Mw as a 

measurement of the center mass of a polymer sample, meaning that Mw declines are more 

sensitive to the loss of high molecular weight structural polymer than Mn measurements. Based 

on our observations, it appears that film fragmentation correlates with the time the blend Mw 

reaches approximately 40±1 kDa. We saw that Mw decays uniformly among blends, and can 

therefore be used in a predictive manner (Figure 2-10). SEM imaging of films that reached an 

Mw of approximately 26.9 ± 0.3 kDa showed indications of bulk fragmentation (Figure 2-4 A). 

Samples composed of 66% and 75% (w/w) 10 kDa PCL blended with 80 kDa PCL were 

observed to fully fragment by day 35, while blends containing less than 66% (w/w) were still 

partially intact (Figure 2-10) Blended PCL films before and during accelerated conditions 

imaged at increased magnification, indicated PCL fragmentation on the micro-scale (Figure 4B). 
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In addition, the observed degradation rate was mostly unaffected across blended and unblended 

PCL compositions, as shown in the degradation rate constants (k’ and k) in  . While there was 

some variability in rate constants among different blends, the variability lacked correlation with 

specific blend composition (Figure 2-11). 

 

Film permeability 

 Figure 2-5 shows diffusion of two drugs through PCL films. Atenolol (Figure 2-5 A) 

and timolol (Figure 2-5 B), both ß-blockers, were chosen as they have similar structures and 

molecular weights but have different logP values. As the graph indicates, permeability of drugs 

was not significantly different among different PCL films (p>0.1), regardless of the specific 

composition of the PCL films used as a diffusion barrier. 

 

Mechanical properties of PCL blends 

The ultimate tensile strength (UTS) and elastic modulus (E) of blended and unblended PCL films 

was measured for films 1 to 11 (Figure 2-6). Films 12 and 13 were not tested as they were too 

fragile to handle without damaging prior to testing. As expected, ultimate tensile strength of 

films generally decreased with decrease in Mw. Additionally, we found that statistically 

equivalent (p<0.05) UTS could be achieved for blends of 80 kDa or 45 kDa PCL blended up to 

50% (w/w) with 10 kDa PCL. Similarly, statistically equivalent E could be achieved for blends 

of 45 kDa PCL blended up to 50% (w/w) with 10 kDa PCL. 
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2.5 Discussion 

Degradation under accelerated conditions 

Accelerated degradation studies aim to simulate the lifetime of a PCL implant in a matter of 

weeks. In vivo, unblended PCL implants can last for upwards of years, often much longer than 

their useful lifespan as a drug eluting implant or other device.148 If PCL degradation occurs by 

bulk rather than surface erosion, a decrease in molecular weight should occur over time without a 

notable loss in mass. The mechanism of bulk erosion results in cleavage of polymer chains 

throughout the bulk, without significant loss of structure. Conversely, surface erosion is 

characterized by a reduction in molecular weight at the polymer surface, leading to mass loss, as 

surface polymer chains become small enough to diffuse away from the bulk material. Therefore, 

we can conclude that degradation under our accelerated condition occurs via bulk erosion as no 

noticeable mass loss is observed until fragmentation, which agrees with previously established 

literature.132,141  

To use results from the in vitro accelerated degradation studies to predict PCL degradation in 

vivo, a relationship between in vitro and in vivo rate constants should be established. To 

establish a comparison, previous literature has established the degradation kinetics of PCL in a 

sub dermal implant (R2 = 0.989 and k’ = 2.75×10-3 day-1) by fitting Mn measurements over time 

to Equation 1, resulting in a half-life of 252 days.132 Considering the average exponential rate 

constants in this study (0.022 ± 0.005 day-1), we can calculate the average half-life of the PCL 

under accelerated degradation conditions as 31 days, meaning that one day under accelerated 

conditions is equivalent to approximately 8 days in vivo. From this relationship, we can predict 

time to fragmentation of a given PCL film in vivo based on its starting molecular weight. 



 

32 

 

Degradation of PCL blends 

Notably, based on accelerated in vitro degradation studies, the rate of PCL degradation was 

largely unaffected by differences in molecular weight distribution ( ). Additionally, both 

autocatalysis and random chain scission proved to be equally effective at fitting experimental 

results, but not particularly informative as to the actual mechanism of degradation. While only 

investigated under accelerated conditions in vitro, previously published correlations between 

accelerated in vitro, in vitro, and in vivo PCL degradation indicate that under appropriate 

conditions where bulk erosion was observed, the mechanisms and trends in PCL degradation are 

consistent between accelerated and non-accelerated conditions.132,133,149 Furthermore, since the 

degradation rate constant(s) do not change based on PCL blend composition (Figure 2-3), 

blending can be used reliably to tune time to fragmentation by selecting the desired initial 

molecular weight (Mn), which can be calculated for any arbitrary composition using Equation 4. 

Furthermore, as noted earlier ( ), Mw and Mn of a blended system can be significantly different, 

thus a parameter indicative of film fragmentation must be identified. While Mw and Mn values of 

all tested blends were calculated using Equation 3 and 4, our accelerated degradation studies 

found that a simple average of molecular weights (Mw) was representative of the general trend of 

PCL degradation. For example, if Mn was the relevant parameter in determining time to 

fragmentation, films 9 through 13 should exhibit similar fragmentation behaviors as they have 

very similar Mn values. However, while films 12 and 13 were too fragile for handling during 

tensile strength testing, films 9, 10 and 11 could be bent and handled without fragmentation. In 

addition, in accelerated degradation studies, films with the same Mw fragmented together at a 

similar time point. Our observations were also supported by SEM images of films throughout 

accelerated degradation (Figure 2-4 B). 
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Film permeability 

PCL blends can be used to produce materials with a superior correlation between device lifespan 

and degradation timeline. Because of an interest in PCL as a drug delivery tool, it is important to 

understand how differences in PCL molecular weight distribution impact film permeability. We 

noted that in a previous report on blending high and low molecular weight PLA, a change in 

diffusive drug release was observed upon blending.143 Other groups have observed this 

phenomena with PLA using matrix-type first order diffusion models, however in the case of a 

zero-order diffusion model looking at PCL, there does not appear to be a difference in 

permeability between blend compositions. Because our permeability model was not dependent 

on the solubilization kinetics of the model small molecule or the fluid ingress into the polymer 

matrix, we expect this to be a good model of the permeability of these polymer systems.  As 

illustrated in Figure 2-5, permeability of two small molecules representative of the standard 

pharmaceutical space (atenolol (logP 0.16) and timolol maleate (logP 1.81)) were not 

significantly different for blended or unblended PCL films (p>0.1). As shown in the SEM 

images (Figure 2-4 B), microscopically visible imperfections in blended films were not observed 

until they reached the fragmentation limit. Our results suggest that blended PCL products can be 

applied as diffusion limiting barriers in an analogous manner to neat PCL materials, without 

changing the permeability of the film.148 However, this result will likely need to be validated on 

a case-by-case basis for APIs of interest.  
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Tensile strength of PCL blends 

To assess our general observation that films made from blends were qualitatively less fragile 

than unblended films, ultimate tensile strength (tensile strength at break) and the elastic modulus 

of various blends were compared (Figure 2-6). Ultimate tensile strength of 80 kDa PCL film 

(17.1 ± 0.9 MPa) was similar to what has been reported in literature (ranging from 10.5 to 16.1 

MPa for bulk PCL with Mn = 91,900 ± 7,700 Da).150 Ultimate tensile strength of films with the 

same composite Mw was always greater when 80kDa and 10kDa PCL were blended (films 7, 9, 

and 11) compared to when 45kDa and 10kDa PCL were blended (films 6, 8, 10). This is likely 

due to the presence of longer PCL polymer chains that are able to elongate prior to 

fragmentation. Interestingly, ultimate tensile strength of unblended 80 kDa PCL film was similar 

to that of films 2, 5, 7, and 9, which contained 33%, 50%, 67%, and 75% (w/w) 10 kDa PCL 

respectively. However, once 83% 10 kDa PCL was blended (film 11), ultimate tensile strength of 

the resulting film was significantly reduced (p<0.05). This result indicated that tensile strength of 

PCL can remain unaffected with 10kDa PCL blending until a certain blending percentage (≤ 

50% w/w). We see that for both tensile strength and elastic modulus, it is possible to produce 

blends with lower initial Mn and Mw that have equivalent mechanical properties to unblended, 

higher molecular weight materials. Based on our results above, we can note that degradation 

kinetics are generally unaffected by the starting material, and that Mw seems to also decrease 

uniformly across blends (Figure 2-3 and Figure 2-9). This implies that the time to fracture, 

looking at blends of 80kDa and 10kDa PCL, can be reduced by half without sacrificing 

mechanical properties. Similarly, for materials derived from blends of 45 kDa and 10 kDa we 

can freely reduce the time to fracture by ~38% without consequence.     
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2.6 Conclusion 

We show that blending PCL to create binary or ternary molecular weight distribution allows one 

to create PCL thin film devices with a lower starting molecular weight without changing the 

polymer degradation rate. Furthermore, we demonstrate that different blended PCL compositions 

can be used in drug delivery applications as a diffusion barrier without changing diffusive flux. 

Lastly, our tensile strength testing indicates that low molecular weight PCL can be blended up to 

a certain mass percentage (≤ 50% w/w) with high molecular weight PCL without impacting 

ultimate tensile strength. While additional work is needed to validate the degradation timelines of 

PCL blends in vivo, early results demonstrate the utility of this approach for tailoring the design 

of drug delivery systems, and other PCL based resorbable implants.  

 

2.7: Real Time Biodegradation of GMP Polycaprolactone 

Because of the extended lifetime of unblended polycaprolactone, degradation studies are often 

performed under accelerated conditions. However, these studies are often limited in their ability 

to directly speak to the lifetime of the material in a biological system. In order to more fully 

understand how these materials, behave under conditions that replicate a simulated use case, we 

looked at the real time degradation of two varieties of GMP grade polycaprolactone over the 

course of 21 months. Devices were either filled with a model excipient (castor oil) or left empty,  
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 and were incubated in PBS with 0.05% (w/w) sodium azide (as a biocide). Samples were taken, 

dried, and stored for analysis every other month for the first year, and monthly thereafter.  

Table 2-1 : 

Mw and Mn of various PCL blend combinations and their degradation time constants under accelerated condition. 

Blends 10-13 were excluded from further analysis due to their poor handleability.   

 

Samples were assessed for their molecular weight via GPC and for their percent crystallinity via 

dynamic scanning calorimetry. We observe that, as expected, the increase in crystallinity is 

inversely correlated with molecular weight (Figure 2-11). We observed that empty tubes began 

to fail after around 9 months of incubation, while filled devices failed after 12-15 months of 

incubation, indicating that formulation and form factor might impact degradation timelines. 

 Mass Fraction  

 
10kDa 45kDa 80kDa Mw [kDa] Mn [kDa] k’ [day-1] 

k 

[(day*kDa)-1 x10-4] 

1   1.00 120 80 0.034 6.260 

2 0.33  0.67 86 24 0.028 6.521 

3  1.00  69 45 0.013 4.438 

4 0.33 0.33 0.33 69 22 0.023 5.977 

5 0.50  0.50 69 18 0.018 5.388 

6 0.33 0.67  52 21 0.008 3.060 

7 0.67  0.33 52 14 0.017 5.552 

8 0.50 0.50  43 16 0.006 2.628 

9 0.75  0.25 43 13 0.013 4.877 

10 0.67 0.33  34 14  

11 0.83  0.17 34 12  

12 0.80 0.20  27 12  

13 0.90  0.10 27 11  
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Additionally, comparing the degradation rates of filled and empty devices, based on molecular 

weight measurements out to 25 and 12 months respectively, devices filled with a mock castor oil 

excipient decay 35% slower than empty devices (Figure 2-12), suggesting that the form factor 

and formulation of the device impacts it’s degradation, which contradicts previous results that 

suggested the PCL degradation was independent of device construction or contents.132,147  
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Figure 2-1: 

Schematic diagram of thin film PCL diffusion chamber setup. Briefly: Cast films 

(1) are cut into 10 mm diameter disks using a biopsy punch (2). Disks are affixed 

to the bottom of TransWell cell culture inserts (3) using a silicone adhesive and 

allowed to cure overnight. To perform the permeation study, a concentrated drug 

solution in an appropriate buffer is placed into the top chamber (4). The bottom 

chamber is filled to the same height to prevent pressure driven transport. After 

24hr, the solution in the bottom chamber is removed and analyzed for the presence 

of the molecule of interest (5). Produced under license from Biorender.com.   



 

39 

 

 

 

 

  

Figure 2-2: 

Molecular weight distributions of PCL blends with (Top) Mw = 69 kDa and (Bottom) Mw = 43 kDa normalized 

to the area under the curve (concentration of polymer in sample solution). Data shows representative traces 

from the indicated blends. 



 

40 

 

 

 

  

        
  

  

  

   
 

 
  

 
 

 
        

 
           

        
   

 
     

       
 
           

        
   

 
     

       
 
           

        
   

 
     

       
 
           

        
   

 
     

       
 
           

        
   

 
     

                            

              

           

    

    

    

 
 

  
  

 
 

 
  

 

       
 

  
                        

  
   

 
     

       
 

  
                        

  
   

 
     

       
 

  
                        

  
   

 
     

       
 

  
                        

  
   

 
     

       
 

  
                        

  
   

 
     

Figure 2-3: 

Mn reduction of PCL blends under accelerated degradation conditions. Triangles show experimental data (mean ± 1 

SD, n=4 for all groups). Dashed lines show fit to a (A) Equation 1 and (B) Equation 2 for the indicated blends, 

expressed as mass ratios of 10 kDa and 80 kDa PCL. Data represents the mean ± 1 SD of four separate 

measurements. Fitting parameters can be found in  . 
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Figure 2-4: 

SEM images of (A) a film that reached fragmentation limit (film 12 upon casting) and (B) 

blended PCL films before and during accelerated degradation up to 5 weeks. In A, scale bar = 

100 μm. In B, scale bar = 10 μm.  
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Figure 2-5: 

PCL film permeability for a low logP pharmaceutical (atenolol, logP 0.16) and a high logP pharmaceutical (timolol 

maleate, logP 1.81). Solid diamonds represent the mean of the measurement, and the dashed lines represent the 95% 

confidence interval of the measurement. n= 3 for 1:0:0 blend Atenolol, n=4 for all other measurements.   
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Figure 2-6: 

Ultimate tensile strength (UTS) and elastic modulus (E) of PCL blends obtained by tensile strength testing. Blue 

bars represent 95% confidence intervals of the observed mean, green circles represent replicate observations, and red 

lines represent the arithmetic mean of n=3 measurements per film group.   
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Figure 2-7:  

Molecular weight distributions for the indicated mass ratio bends of 10 kDa and 80 kDa PCL prior to accelerated 

degradation 
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Figure 2-8:  

Changes in polydispersity as function of time and starting polymer composition. (A) The polymer 

polydispersity index (PDI) at the begging of the accelerated degradation study (time = 0 days, triangle 

markers) contrasted with the PDI at the conclusion of the study (time = 35 days, square markers) vs the 

initial polymer composition. (B) Mn (red lines) and Mw (blue lines) plotted against the initial polymer mass 

fraction at day 0 (triangles) and day 35 (squares). (C) PDI plotted against time for the indicated polymer 

blends, presented as mass ratios of 10 kDa to 80 kDa PCL. All data plotted as mean ± SD of n = 4 

independent trials. 
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Figure 2-9: 

Weight average molecular weight over time, plotted with a fit to a single exponential decay model as shown. The 

dashed red line indicates the observed Mw = 40 kDa fragmentation point. Blends presented as mass ratios of 10 kDa 

to 80 kDa PCL. Data presented as mean ± SD of n = 4 independent trials. 
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Figure 2-10: 

Empirical constants derived from fitting PCL degradation curves to Equation 1 and 2, plotted against film blend 

composition 

Figure 2-11:  

Crystallinity and molecular weight measurements form empty tubes from real time biodegradation study over the 

course of 12 months. Data is representative of the mean ±1 SD of 4 independent samples.  
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Figure 2-12: 

Incorporation of formulation agents impacts device degradation rate. Plotted molecular 

weight measurements fit to a single exponential decay model over the course of 15 

months. n=3 measurements per time point for empty devices, and n=1 measurement per 

time point for filled devices. Based on time constants, filled devices degrade 35% slower 

than empty devices.  
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Chapter 3 - Bottom-Up Fabrication of Multilayer Enteric Devices for the 

Oral Delivery of Peptides 
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3.1 Abstract 

Purpose: To develop a planar, asymmetric, micro-scale oral drug delivery vehicle by i) fabricating 

microdevice bodies with enteric materials, ii) efficiently and stably loading sensitive drug 

molecules, and iii) capping microdevices for controlled drug release. Methods: Picoliter-volume 

inkjet printing was used to fabricate microdevices through additive manufacturing via drop-by-

drop deposition of enteric polymer materials. Microdevice bodies with reservoirs are fabricated 

through deposition of an enteric polymer, Eudragit FS 30 D. A model API, insulin, was loaded 

into each microdevice and retained its stability during printing and release. Eudragit L 100 and/or 

S 100 were used to cap microdevices and control the kinetics of insulin release in simulated 

intestinal conditions. Results: Microdevice morphologies and size can be tuned on the fly based 

on printing parameters to span from the microscale to the mesoscale. Insulin retained its stability 

throughout device fabrication and during in vitro release in simulated intestinal conditions. Insulin 

release kinetics, from burst release to no release, can be tailored by controlling the blend of the 

Eudragit capping material. Conclusion: This approach represents a uniquely scalable and flexible 

strategy for microdevice fabrication that overcomes limitations in loading sensitive biologics and 

in the tunability of device geometries that are inherent to traditional microfabrication strategies.    
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3.2 Introduction 

Oral drug delivery is preferred by both providers and patients as a method of therapeutic 

administration due to ease of use and high patient compliance 151. Despite many advances in oral 

delivery systems, peptides and proteins are restricted to parenteral administration due to their high 

molecular weight, degradation by proteolytic enzymes, and extreme pH conditions in the 

gastrointestinal (GI) tract. Limited permeability across the GI mucosa further exacerbates the 

problem leading to oral bioavailabilities of less than 1% 152–154. Therefore, there is a need for 

innovative delivery systems that can simultaneously protect the sensitive protein cargo while 

improving the oral bioavailability of the active pharmaceutical ingredient (API).  

 Lipid and polymer micro/nano-particles have been used to improve the dispersion of APIs 

with low solubility in the GI tract and to protect encapsulated materials against pH and 

enzymatically driven proteolysis to improve the efficiency of oral delivery 155,156. However, these 

spherical particles release the encapsulated drug omni-directionally, which is inefficient and leads 

to reduced local concentration of drug molecules at the apical surface of the intestinal epithelium 

where the absorption process occurs, resulting in a lower overall oral bioavailability 155.  

 To overcome these delivery challenges, many groups have turned to a microtechnology 

approach 156. Microfabrication has traditionally been used in the semiconductor industry to create 

structures on the size scale of one micron or smaller 157. Microfabrication principles have also been 

heavily employed in advancing healthcare technologies including the fabrication of microneedle 

arrays for dermal drug delivery, microfluidics devices for organ on a chip systems, and micro-

machined particles for oral administration 155,158,159. Our group and others have demonstrated the 

use of fabricated micron-scale devices with customized size, geometry, and aspect ratios to 

overcome the anatomical and physiological barriers impeding oral drug delivery 156,160. The 
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majority of these fabrication approaches have utilized conventional materials such as poly(methyl 

methacrylate), SU-8, silicon, or polydimethylsiloxane for the encapsulation of therapeutic 

molecules 160–162. However, the safety and compatibility of these materials for clinical use, 

particularly via the oral route, have not been confirmed, which presents a significant regulatory 

barrier limiting the translation of these microdevice products to the clinic 163. 

Additive manufacturing, a potential microfabrication alternative, describes a broad range 

of processes that involve the layer-by-layer assembly of 3D structures. Based on the desired 

application, additive manufacturing can be applied to a number of different materials, including 

plastics, metals, and photo-crosslinkable resins 164,165. Compared to traditional microfabrication 

approaches, additive manufacturing offers flexibility in scaling device parameters and speed of 

iterations 164,166. Most current approaches that utilize additive manufacturing to produce 

pharmaceutical products, including Levetiracetam®️ from Aprecia, use a binder jetting technique 

to achieve rapidly dissolving 3D structures to improve the ease of use and onset time 167–169. This 

is achieved through sequentially depositing a water-soluble binder onto a powder bed dispersion 

of the API and other formulation agents. However, this strategy is not amenable for controlled or 

delayed release formulations because of the lack of a diffusion-limiting layer. To develop 

controlled or delayed release formulations using additive manufacturing, other groups have 

demonstrated the use of a continuous or drop-on-demand material jetting approach, using filaments 

composed of API and polymer 169. One limitation of translating these strategies is the reliance on 

hot-melt extrusion to homogenize APIs and formulating polymers into the desired form factor with 

the required mechanical properties. This limits the API selection to molecules that can survive 

relatively high temperatures or APIs that are miscible with low melting temperature binding 

materials 170,171. 
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 Materials and techniques used in the fabrication of oral protein/peptide delivery systems 

must maintain the stability of their cargo during fabrication, processing, and administration. 

Among the most common materials used in the controlled oral delivery of APIs is the Eudragit 

family of polymers. Eudragit polymers contain a range of linear methyl methacrylate polymers 

with differentiated pH-sensitive dissolution based on the ratio of acrylate groups to free carboxylic 

acids. Eudragit polymers are ideal for oral protein delivery due to their extensive characterization 

and their ability to be processed without harsh organic solvents or excessive heat 172,173. 

 

Figure 3-1:  

Schematic of the printing process. A silicon wafer is silanized to achieve a hydrophobic 

surface. The polymer dispersion is ejected from the picoliter dispenser onto the silicon wafer. 

Evaporation of solvent results in the formation of device body. The dispenser is then used to 

print API formulation into each device. After devices are loaded with API, a second polymer 

is printed on top of devices to form a cap. Devices can then be removed from wafer for use. 

(B) Scanning electron microscopy (SEM) images of representative devices throughout the 

fabrication, loading, and capping process. All scale bars are 100 µm 
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Our approach is similar to a drop-on-demand additive manufacturing system and inkjet 

printing, where APIs and enteric coatings are additively assembled in a dropwise, layer-by-layer 

process to achieve micron scale, multilayer structures 174. Similar techniques have been applied 

for more than a decade in the commercial scale fabrication of DNA and RNA microarray chips 

175,176. Because our approach utilizes piezoelectric-based droplet formation of aqueous solutions, 

there is no sample heating, enabling us to deposit biologics and other heat-sensitive materials 177–

179. First, Eudragit FS 30 D is deposited onto a silicon wafer and evaporated utilizing the “coffee-

ring” drying effect to form concave device bodies. Next, solutions of insulin as a model peptide 

API are deposited into the wells of the device bodies, resulting in loaded devices. Compared to 

alternative strategies for microdevice loading (e.g. super critical impregnation, hot embossing, 

spray coating, spin coating, or powder filling), droplet inkjet printing has dramatically reduced 

drug waste and is amenable to many APIs 162,180–185. This makes inkjet printing the ideal method 

for loading costly but soluble protein and peptide therapeutics as our group and others have shown 

previously 177–179,186. Finally, we are able to fully encapsulate APIs in multiple capping layers of 

enteric polymer, enabling controlled and delayed release of APIs, tunable to the desired 

pharmacokinetic profile. This strategy also enables on-the-fly tuning of device parameters, 

including device size, the mass of API and capping material deposited, and the capping material 

formulation. This allows for greater flexibility and adaptability compared to traditional 

microfabrication approaches that rely on costly photomasks and replica molding equipment. 

3.3 Materials and methods 

Materials 

Lyophilized recombinant human insulin (CAT: 91077C), hydrochloric acid (HCl), HPLC grade 

trifluoroacetic acid (TFA), HPLC grade acetonitrile (AcN), ethyl alcohol, simulated intestinal fluid 
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(SIF) and trichloro(1H,1H,2H,2H-perfluorooctyl)silane were purchased from Sigma-Aldrich (St. 

Louis, MO). Triethyl citrate (TEC) was purchased from Thermo Fisher Scientific, USA. Eudragit 

FS 30 D, S 100 and L 100 were graciously provided by Evonik Industries (Essen, Germany). 3’’ 

silicon wafers were purchased from Addison Engineering Inc, USA. India Ink was purchased from 

KOH-I-NOR (Bloomsbury, NJ).   

Microdevice reservoir fabrication 

The overall fabrication, loading, and capping process is shown in Figure 3-1 A. First, a silicon 

wafer was oxygen plasma treated for 3 min at 50 W followed by silanization with 

trichloro(1H,1H,2H,2H-perfluorooctyl)silane via vapor deposition under vacuum at room 

temperature for 25 min. India ink stock was diluted 10-fold with deionized water. Eudragit FS 30 

D dispersion was diluted with deionized water to form a 5% (w/v) solution with 0.5% (w/v) TEC. 

All solutions were filtered through 0.22 µm polyvinylidene difluoride (PVDF) syringe filters 

(Millipore, Burlington, MA). All microdevices with reservoirs were fabricated using a 

sciFLEXARRAYER S3. Prior to printing devices, India Ink was aspirated into the dispenser 

nozzle and was used to print fiducial markers on the silicon wafer. The FS 30 D formulation was 

then aspirated into the dispenser nozzle, which was aligned to the fiducial markers, to begin 

printing the microdevices. Voltage, pulse width, and frequency parameters were optimized to 

obtain drops with volumes of ~400 pL. To form the microdevice body, a specific amount of 

solution was spotted on the wafer and allowed to air dry. Total volume of dispensed droplets was 

controlled by the number of drops dispensed. Drop volumes of 10, 20, 40, 80, and 160 drops were 

used. Furthermore, the stage holding the wafer was temperature controlled. Tested temperatures 

included 14°C, 16°C, 18°C, 20°C, and 22°C. Relative humidity was maintained between 50-55% 

in the printing chamber. Each 3’’ silicon wafer was printed with an array of 26×26 microdevices 
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for a total of 676 devices and was baked post-printing at 100°C for 20 min. The height profile of 

microdevices was measured using an Ambios Technology XP-2 profilometer. 

For stability studies, wafers with printed devices were diced into smaller sub-quadrants 

containing 169 devices. Each quadrant was placed into a petri dish and exposed to SIF for 60 to 

90 min at 37°C on an orbital shaker. Samples were removed and rinsed with deionized water to 

remove salts from solution before being dried under a stream of dry N2 gas. Dried samples were 

then mounted and prepped for scanning electron microscopy (SEM) imaging. 

Insulin loading 

Insulin solution was prepared fresh at 10 mg/mL in 10 mM HCl and filtered through a 100 kDa 

centrifuge tube for 5 min at 5000 RCF (Pall Corp, New York, New York). Insulin printing was 

performed using the sciFLEXARRAYER S3. Prior to printing, drug solution was aspirated into 

the dispenser nozzle. During setup, the printer’s control unit was aligned to the fiduciaries on the 

silicon wafer, which enabled programmable automatic dispensing. The stage temperature was set 

to 22°C. Parameters were optimized to obtain drops with volumes of ~400 pL as described earlier. 

A sufficient volume of insulin solution was printed into device reservoirs to maximize loaded 

volume inside the reservoir and minimize solution spillover. The printing process was performed 

in multiple cycles to allow the solvent to completely evaporate between each cycle. Microdevices 

were loaded with ~100 ng insulin per device and stored under desiccated conditions at 4°C until 

further use.  

Fabrication of a sealing cap 

Eudragit L 100 and Eudragit S 100 were dissolved in ethyl alcohol at 1% (w/v) with 0.1% (w/v) 

TEC and filtered through 0.22 µm PVDF syringe filters. Microdevice capping was performed 

using the sciFLEXARRAYER S3. The printer was primed with ethyl alcohol prior to printing, and 
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the stage temperature was set to 22°C. The system was aligned to the fiduciaries on the silicon 

wafer as described earlier. Parameters were optimized to obtain drops with volumes of ~300 pL. 

Either Eudragit L 100, Eudragit S 100, or a 1:1 blend was aspirated into the nozzle and a sufficient 

amount of 300 pL drops was dispensed onto each device to form caps. The printing process was 

performed in multiple cycles to allow the solvent to completely evaporate between each cycle. 

Devices were capped with between 200 ng to 220 ng of material, depending on the diameter of the 

device. Capped microdevices were stored under desiccated conditions at 4°C for further use. 

Morphology of planar microdevices 

A Carl Zeiss Ultra 55 field emission scanning electron microscope (Carl Zeiss, Oberkochen, 

Germany) was used to assess the morphological and structural characteristics of the microdevices, 

before and after printing, API loading, capping, mechanical removal from the silicon substrate, 

and before and after exposure to SIF. Prior to imaging, devices adhered to a silicon wafer were 

mounted on aluminum stubs using conductive carbon tape (Ted Pella, Redding, CA) and 

desiccated under vacuum overnight. Devices were sputter coated with 20 nm of gold, imaged at a 

10° tilt and a 2 keV accelerating voltage with magnifications ranging from 150x-250x. 

Characterization of insulin release 

Insulin release from uncapped and capped sub-arrays, each containing a total of 169 microdevices, 

was performed by incubating the devices in SIF for 5, 15, 30, and 60 min, on an orbital shaker at 

37°C. Samples were then analyzed using high-performance liquid chromatography (HPLC). 

Insulin release was quantified using a 1260 Infinity Quaternary LC System (Agilent Technologies, 

Santa Clara, CA) using a 50x2.0 µm Proto 200 C18, 5 µm column (Higgins Analytical, Mountain 

View, CA) at room temperature with a 100 µl injection. Insulin was detected at 214 nm using an 

MWD. Quantification was performed using a reverse-phase HPLC method where mobile phase 
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(A) is deionized water with 0.1% (v/v) TFA and mobile phase (B) is HPLC grade acetonitrile with 

0.08% (v/v) TFA. For min 0-50, the fraction of mobile phase A decreased linearly from 100% to 

0% and maintained from min 50-55. In min 55-60 the mobile phase A fraction increased from 0% 

to 100% and maintained until min 70. Between samples, the autosampler was dip washed in 

methanol. Insulin was observed to elute at 19.1±0.1 min.   

3.4 Results  

Microdevice integrity and need for plasticizer 

Device bodies were fabricated from Eudragit FS 30 D, a low viscosity aqueous anionic polymer 

dispersion developed for colonic delivery and dissolution at pH ≥ 7.0 172. Eudragit FS 30 D was 

diluted to 5% (w/v) with deionized water to meet the viscosity limitations of the printer system. 

Figure 3-2: 

SEM imaging shows microdevices are robust against mechanical extraction from a silicon substrate with the 

addition of a plasticizing agent and a bake step. Devices printed without the addition of a plasticizing agent (Left) 

have a roughened morphology and are prone to shattering upon removal. Devices that are not baked (Center) before 

removal adhere to each other and do not disperse effectively after removal. Devices printed with added triethyl 

citrate (10% w/w by polymer mass) and baked at 100°C for 20 min have a smooth surface, are robust post-

extraction, and disperse effectively (Right). All scale bars are 100 µm. 
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During Eudragit FS 30 D printing, the chamber was maintained between 50-55% relative humidity, 

which was found to yield the most reproducible results.     

It was necessary to incorporate a plasticizer (0.5% w/v TEC) into the Eudragit FS 30 D 

formulation to improve the mechanical robustness of the material (Figure 3-2). Microdevices 

printed without TEC became brittle after evaporation of solvent, and upon removal, devices 

fractured, whereas devices with incorporated TEC were mechanically robust upon removal. The 

addition of TEC improved device integrity and brittleness was no longer observed after solvent 

evaporation. 

Wafers printed with Eudragit FS 30 D microdevices were baked at 100°C for 20 min. 

Without a bake step, the devices were soft, susceptible to deformation, and difficult to remove 

from the wafer. After the bake step, the microdevices hardened and were easily removed from the 

silicon wafer via scraping with a sharp blade (Figure 3-2).  

Scaling microdevice size with number of drops 

By controlling the volume of Eudragit FS 30 D dispensed, it is possible to scale microdevice size. 

Wafers were chilled on a stage at 14°C prior to dispensing droplets. Increasing the number of 

dispensed droplets from 10-160 leads to microdevices with increasing diameter and height, ranging 

from ~198-573 µm and 9-19 µm, respectively (Table 3-1, Figure 3-3 A). Reservoir volumes 

increased from 90-1821 pL for 10-160 droplets respectively, correlating to a range in loading 

capacity from 100 ng of insulin per device to upwards to 2 µg of insulin per device. There is a 

positive correlation between the number of drops and the size and volume of the device (Figure 

3-3 C, Table 3-1).  
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Controlling microdevice morphology with temperature 

Temperature plays an important role in the evaporation rate of water, the transport kinetics of 

solutes in solution, and the formation of the coffee-ring effect 187,188. To determine the role of 

temperature in our system, 40 droplet devices were printed while adjusting the stage temperature 

(Table 3-2, Figure 3-3 B). As the temperature increased from 14°C to 22°C, accelerated drying 

resulted in a device morphology with thinner reservoir bases, ranging from ~1.75 µm to less than 
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1 µm respectively. Profilometry revealed sloped reservoir walls that increased from ~177 to 250 

Figure 3-3: 

Microdevices composed of Eudragit FS 30 D have tunable morphologies and reservoir volumes. Device body 

profiles can be tuned based on the number of drops deposited (A) and the stage temperature (B) as shown by 

profilometry and SEM. Device volume increases in correlation with increasing volume (C) and stage temperature 

(D). Data shows mean ± 1 SD, n=5 measurements of separate devices for all groups. All scale bars are 100 µm. 
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µm as temperature increased from 14°C to 22°C. The result is a larger volume capacity, 314 pL 

vs. 598 pL for 14°C vs. 22°C respectively (Figure 3-3 D, Table 3-2). However, the thin reservoir 

bases of devices printed at greater than 14°C are susceptible to rupture when mechanically 

perturbed by a razor blade for removal (Figure 3-4). As a result, we maintained the use of a 14°C 

stage temperature throughout the rest of our studies, as it provided the most mechanically robust 

devices.  

 

Microdevice material stability 

Microdevice bodies were exposed to simulated intestinal fluid (SIF) for 90 min to simulate release 

in the small intestine and the local pH conditions. SIF is a buffer with a pH of 6.8, below the 

Figure 3-4:  

SEM images of devices dried at an elevated 

temperature (22°C). Devices have a thin reservoir 

base and tend to fracture upon extraction. All scale 

bars are 100 µm. 
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theoretical threshold of dissolution for Eudragit FS 30 D. To assess the integrity of the FS 30 D 

polymer, we took SEM images to visualize surface dissolution. While there was some noticeable 

surface erosion, device morphology was relatively unchanged, suggesting functional stability in a 

relevant time frame for delivery (Figure 3-5).      

Insulin loading and controlled release 

Microdevices were loaded as described previously 179. Filtered insulin formulated in 10 mM HCl 

was aspirated into the capillary and aligned to the fiducials on the silicon wafer before beginning 

an automated print run. Approximately 100 ng of insulin was deposited into each device. Insulin 

was stable upward of 94% after loading, capping, and in vitro release (Figure 3-6). This insulin 

stability is similar to previous work using the printing process 179. SEM images of each stage of 

device fabrication can be seen in Figure 3-1 B.    

 

Two types of Eudragit were used for capping: L 100 and S 100. Eudragit L 100 is a co-

polymer designed for dissolution in solutions pH 6.0 or higher, whereas Eudragit S 100 is a similar 

Figure 3-5: 

SEM imaging at 200x and 250x magnification shows that 

devices retain their integrity after prolonged exposure to 

simulated intestinal fluid (SIF). Compared to control 

devices (Left), exposed devices (Right) show signs of 

surface erosion but retain their morphology and integrity. 

All scale bars are 100 µm.         
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polymer designed for release in environments above pH 7.0. Prior to SIF exposure, capped devices 

appear to be similar in material deposition (Figure 3-7 A). To simulate oral drug delivery to the 

small intestine, microdevices were exposed for 60 min in SIF. Release studies were performed at 

37°C to simulate physiological conditions for release kinetics and protein stability. In order to 

normalize release profiles between wafers, some devices are left uncapped. After exposure, it is 

evident from profilometry data that dissolution of the capping material and loaded insulin occurred 

in L 100 caps while 1:1, and particularly, S 100 caps, show resistance to dissolution (Figure 3-7 

B). Devices are allowed to fully dry between sequential insulin and cap printing steps, and stored 

under desiccating conditions, limiting the presence of residual solvent in the final devices.     

 

Based on capping formulation, microdevices exhibited a range of release kinetics (Figure 

3-8). L 100 capped devices show purely burst release properties, releasing more than 80% of their 

Figure 3-6: 

Stability of insulin is maintained throughout device fabrication, loading, and capping. Insulin was either 

prepared fresh in 10 mM HCl at a concentration of 10 µg/mL (Insulin Control), aspirated into the 

sciFLEXARRAYER S3, and deposited into devices before being eluted into SIF for one hour (Post Print), or 

capped prior to elution (Post Capping). Collected samples were analyzed using the described HPLC method.   
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loaded insulin within 5 min, and more than 90% at 15 min. S 100 capped devices alternatively 

showed almost no insulin release, with less than 10% of the loaded insulin released by 60 min. 

The 1:1 capped devices have a release profile that is a hybrid of the L 100 and S 100 caps. By 5 

min, the 1:1 capped devices have released less than 3% of the loaded insulin, suggesting a temporal 

delay that closely matches the kinetics of the S 100 capped devices. Then between 15 min and 60 

min, the 1:1 capped devices gradually released an additional 70% of the loaded insulin, suggesting 

the presence of a more effective diffusion-limiting barrier as compared to the L 100 capped or 

uncapped devices. 

Mechanical integrity of capped microdevices 

Insulin-loaded, capped Eudragit FS 30 D devices printed onto a silicon wafer (Figure 3-9 A) 

maintained their structural integrity through mechanical removal from the wafer using a razor 

Figure 3-7: 

Capping formulation impacts dissolution kinetics and 

morphologies as shown through SEM imaging and 

profilometry. (A) Insulin loaded devices either left 

uncapped, capped with L 100, S 100, or capped with a 1:1 

blend of L 100 and S 100 before exposure to simulated 

intestinal fluid (SIF). (B) Insulin loaded, capped devices 

exposed to SIF for 60 min. As expected, caps that 

incorporate 
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blade (Figure 3-9 B) including their layered structure and with intact caps even without a heat 

processing step for the capping materials.  

 

3.5 Discussion 

Device fabrication and characterization 

In this work, we demonstrate an additive manufacturing approach using droplet deposition from a 

picoliter dispenser to fabricate micron-scale devices of varying geometries in a scalable manner. 

The same picoliter dispenser is used to load sensitive peptides in a low-waste manner followed by 

enteric polymer capping for controlled release of peptide for oral delivery. The drug carrier and 

cap components are formulated out of Eudragit-based materials, which are commonly used 

polymers for GI targeting, sustained drug-release, and enhanced solubility 172. 

Figure 3-8: 

Release of insulin from capped microdevices over the course of 1 h in SIF. Three different 

caps were tested: i) Eudragit S 100, ii) 1:1 blend of Eudragit S 100 and Eudragit L 100, and iii) 

Eudragit L 100. Caps containing Eudragit S 100 show temporal and kinetic delay of insulin 

release. Data represents mean ± 1 SD (No Cap Control; L 100; 1:1, n=3; S 100, n=4). 
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An ideal drug carrier will protect its payload during gastrointestinal transit. Eudragit FS 30 

D was the ideal candidate for printing the microdevice body due to its resistance to degradation in 

pH conditions < 7.0, thereby producing a carrier that will persist in the stomach for oral delivery 

to the small intestine. It is formulated as a low pH, aqueous dispersion that is amenable to dilution, 

blending, and additional formulation with plasticizers like TEC. Furthermore, the low-viscosity of 

the solution, < 10 cP, makes it amenable for printing out of a picoliter ink-jet printer.  

 

Figure 3-9: 

Loaded and capped microdevices are mechanically robust and dispersible. (A) 

Representative image of 3’’ silicon wafer with 676 printed devices and India ink fi-

duciary marks. (B) Insulin loaded, S 100 capped devices mechanically scraped from 

silicon substrate using a razor blade remain intact for subsequent processing and 

delivery. Scale bar is 100 µm.   
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The microdevice body shape is formed via a phenomenon in material deposition during 

drop-drying known as the coffee-ring effect 188–190. Edge pinning and convective transport of 

dispersed material causes material deposition preferentially at the drops’ edge. The result is a 

device with a thick ring on the outside and a thinner base in the center to form a reservoir. This 

unique geometry allows us to take advantage of the interior space for drug loading. In addition, 

the geometry of our devices can be tuned on-the-fly by adjusting the total number of drops 

dispensed, an improvement to previous methods utilizing microfabrication or batch processes. We 

found that it is possible to fabricate devices with a wide range of volume capacities, the most 

important parameter for drug loading, that span two orders of magnitude from tens to thousands 

of pL, Common clinical doses of insulin are on the order of 100s of µg, which would correlate to 

Table 3-1: 

Effect of volume deposited on final device body morphology. Measurements made via contact profilometry. Data 

represents mean ± 1 SD, n=5 measurements of separate devices for all groups. Wafer temperature was set at 14°C 

for all groups. Reservoir volume represents a derived value based on the reservoir diameter and height estimated as a 

cylinder.   
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100s of the 160 droplet sized devices, though for human scale trials even larger devices could be 

implemented, drastically reducing the number of devices required per dose.191   

 

In addition, by controlling the kinetics of drying and transport, it is possible to control 

deposition morphology. By precisely controlling the chamber humidity and substrate temperature, 

we generated devices that have a defined reservoir and base after material deposition onto a silicon 

substrate. In addition, we discovered that it is critical that microdevices are formed at low 

temperatures, 14°C, to ensure that microdevice reservoirs are thick enough to prevent fracture 

when removed from the silicon wafer. Drying at higher temperatures result in devices with thin 

bases that cannot be removed from the silicon substrate without shattering, due to accelerated 

convective transport of the FS 30 D dispersion to the pinned edges of the drop during drying. 

Table 3-2: 

Effect of substrate temperature on final device body morphology. Measurements made via contact profilometry. 

Data represents mean ± 1 SD, n=5 measurements of separate devices for all groups. 40 drops were dispensed per 

device for all groups. Reservoir volume represents a derived value based on the reservoir diameter and height 

estimated as a cylinder.   
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Conversely, lower temperatures approaching the environmental dew point prevent fluid 

evaporation and device drying, a requirement for device formation. 

Still, micronized Eudragit FS 30 D may be more susceptible to accelerated dissolution due 

to increased surface area compared to the bulk material. Thus, we wanted to ensure that the 

Eudragit FS 30 D microdevices do not dissolve prior to the release of insulin. By exposing the 

devices to SIF, which mimics a pH environment similar to that of the small intestine, we found 

minimal evidence of surface erosion with our microdevices. This is important for two main 

reasons. First, the device will protect the API payload throughout transit and second, the device 

body will not lead to critical failure that would cause burst release of the API. 

 

API loading and release 

We loaded our microdevices with insulin as our model API. While the loading process is similar 

to our previous work, the ability to print fiducial markers and microdevices with the same platform 

used to print API improves the throughput of the entire fabrication process. Controlled drug release 

in the gastrointestinal tract is a necessary benchmark for improved pharmacokinetic properties in 

oral delivery systems.192,193 Effective targeting of the small intestine can maximize absorption but 

requires a delivery vehicle that can release the drug in the correct region of the small intestine, 

usually in a pH sensitive manner. Our controlled release and dissolution studies demonstrate the 

utility of different formulations of Eudragit caps to enable tunable drug release. The goal of this 

process was to produce a device cap with different dissolution properties compared to the device 

body, which prompted the use of Eudragit S 100 and L 100, both of which erode at a lower pH 

compared to Eudragit FS 30 D. In normal use cases, Eudragit L 100 is ideal for small intestinal 

delivery. However, our microdevices have a much higher exposed surface area compared to that 
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of the bulk material, leading to more rapid dissolution. Conversely, Eudragit S 100 is designed for 

colonic delivery. In our study, we show that a micronized form of Eudragit S 100 is very robust 

against exposure to a pH less than 7, leading to effectively no erosion or drug release. In addition, 

we formulated a 1:1 (w/w) blend of both Eudragit L 100 and S 100 to create caps which feature 

characteristics of both materials. Our results demonstrate that altering the capping formulation can 

change both the temporal delay and kinetics of drug release. This demonstrates that controlling the 

ratio of L 100 to S 100 in the capping materials allows for tunable control of peptide release 

kinetics. Micronized forms of both L 100 and S 100 are expected to undergo dissolution in SIF, 

but these assumptions are based on studies of macroscale bulk materials. It is reasonable to assume 

that the low aspect ratio and the form factor of the S 100 and the 1:1 blend led to the observed 

deviations from the expected dissolution profiles of these two capping materials. The release data 

are further supported by SEM images of both uncapped and capped devices with all three Eudragit 

formulations before and after exposure to SIF for 60 min (Figure 3-7). It is likely the case that 

through further tuning of the blending and layering of the capping material, it will be possible to 

achieve an even wider range of API release profiles including pulsatile release profiles. 

Furthermore, our drug release studies in SIF demonstrated that we were able to recover an intact, 

stable insulin product after deposition into the devices and post-capping. This demonstrates that 

the printing process and subsequent capping process can be used for sensitive drug molecules, an 

advantage over other systems that lead to drug degradation during the fabrication process. 

 From a translational point of view, it is important that we are able to extract the 

microdevices from the silicon wafer and formulate them into a solution for oral drug delivery. 

However, our extraction process does not require use of water or solvent, an advantage over 
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previous microdevice technologies that require a wetting solvent to ensure clean extraction of 

devices, which can lead to premature drug release during the device removal process.  

3.6 Conclusions 

We demonstrated a bottom-up, layer-by-layer approach for fabrication of microdevices for oral 

peptide delivery. We take advantage of drop-drying physics and the coffee-ring effect to fabricate 

micron-scale devices with reservoirs. The microdevices consist of Eudragit FS 30 D as a device 

body having a reservoir to allow encapsulation of insulin as a model peptide, followed by a capping 

polymer. The microdevice size can be tuned by controlling the substrate temperature and the 

number of printed drops. More than 94% insulin remained intact during the fabrication process, 

demonstrating that the process does not appreciably degrade protein cargo. Furthermore, we show 

that by altering the capping material, it is possible to achieve a range of release kinetics from our 

devices. This method enables rapid iteration and optimization of new materials, APIs, and device 

geometries during fabrication and has potential utility beyond drug delivery in microelectronics 

and microfluidic systems. 
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Chapter 4 - Impact of Microdevice Geometry on Transit and Retention 

in the Gastrointestinal Tract  
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4.1 Abstract: 

The delivery of protein and macromolecule therapeutics via the oral route is a widely explored 

research area, with far reaching clinical implications. An emergent methodology is to 

encapsulate therapeutics in microscale, asymmetric, planar microparticles, referred to as 

microdevices. Previous work has shown that, compared to spherical particles, planar 

microdevices have longer residence times in the gastrointestinal (GI) tract. However, relatively 

little work has explored how device size governs their behavior in the intestinal environment.  In 

this study, we probe how the geometry of planar microdevices impacts their transit and 

accumulation in the murine GI tract. Additionally, we present a strategy to label, image, and 

quantify these distributions in intact tissue in a continuous manner, enabling a more detailed 

understanding of device distribution and transit kinetics than previously possible. We show that 

smaller particles tend to empty from the stomach faster than mid-size and larger devices, and that 

larger devices distribute more broadly in the GI tract and exit slower than other geometries. 

These results inform the future design of drug delivery systems, using particle geometry as an 

engineering design parameter, to control how the devices accumulate and distribute in the GI 

tract. Additionally, our image analysis process provides more insight into the tissue level 

distribution of individual particles, and how the particle populations transit through the GI tract. 

Using this technique, we show that microdevices act and translocate independently, as opposed 

to transiting in one homogeneous mass, meaning that target sites will likely be exposed to 

devices multiple times over the course of hours post administration. This technique has relevance 

in applications where understanding local targeting in the gastrointestinal system may influence 

treatment outcomes, such as in treatment of inflammatory disease, in the delivery of probiotics, 

or in oral vaccination. 
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4.2 Introduction: 

Oral delivery of protein drugs remains a highly desirable but elusive goal. Many barriers exist to 

systemic dosing of protein drugs through the oral route, notably the inhospitable chemical 

environment of the gastrointestinal (GI) system, and the limited ability of biomacromolecules to 

effectively absorb across the mucosal surface.152 Despite this, many patients prefer oral delivery 

when possible, even if it incurs a higher price.194  Throughout the last two decades, a number of 

groups have approached using micro and nano materials as a means to improve the 

bioavailability of macromolecular therapeutics via the oral route.195–197 These technologies are 

often designed with the dual goal of protecting the encapsulated active pharmaceutical ingredient 

(API) from degradation in the low pH of the stomach or digestion via intestinal proteases, and 

facilitating the increased absorption of API across the intestinal epithelium.153 Another potential 

benefit of micro and nanoscale material approaches is the ability to incorporate targeting into the 

system design, which has been demonstrated using lectins, micromotors, chemically responsive 

materials, and other physiochemical approaches.185,198–201 One strategy has been to adapt micro 

scale fabrication techniques to generate planar materials that incorporate asymmetry. Due to their 

asymmetric reservoir design, these particles can be loaded with a therapeutic cargo, and capped 

to enable controlled drug release or mucoadhesion.160 This design also facilitates asymmetric 

release of the loaded compound, which allows for increased concentration of the API and 

associated formulation agents at the mucosal surface and limits loss to the lumen which is 

inherent in omnidirectional release. Importantly, unlike similar systems using microspheres, 

planar materials have a greater surface-area-to mass ratio, rendering them unable to roll across 

mucosal surfaces and conferring an inherent adhesive property. It has been previously 

demonstrated on a tissue level that these materials tend to have longer residence times than 
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equivalent microspheres.185 However, there has been little work to better understand how 

microscale properties and design choices impact planar microdevice transit and accumulation in 

the gastrointestinal (GI) tract. 

Many pharmaceutical systems protect their cargo in the GI tract via encapsulation with enteric 

polymers. Enteric polymers are pH sensitive materials designed to erode and solubilize above a 

specific pH.172,173 By blending these materials, it is possible to release cargo in specific areas of 

the GI tract based on the local pH microenvironment, which ranges from highly acidic in the 

stomach and proximal small intestine, to more alkaline (pH ~7) in the proximal colon.202 Enteric 

materials exist in a number of formulations, and have been widely incorporated into FDA 

approved products, making them an excellent choice for the development of oral drug delivery 

systems. However, their application in oral drug delivery systems has been mostly restricted to 

use as a spray or dip applied coating, while microscale device structures are still produced using 

more conventional photolithography and microfabrication.156,199,203  Photolithography-based 

microfabrication is a scalable and reproducible process, but is often a barrier to rapid iterative 

design, requiring extensive reoptimization and redesign of photomasks to generate new 

materials.157 Additionally, photolithography depends on a limited set of materials that are not 

necessarily compatible with clinical use, limiting the translation of these systems.163 Previously, 

we demonstrated a technique to generate planar microdevices using a non-contact picoliter 

droplet printer and layer-by-layer additive manufacturing techniques.204 These devices were 

fabricated, loaded with protein, and capped with an enteric coating using a single instrument. 

These particles are composed entirely of Eudragit brand polymeric materials (Evonik, Essen 

Germany), which are widely used in clinical products to enable extended release formulations 

and as solubility enhancers for solid dispersions.172 This approach also enables rapid iteration of 
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device geometry, enabling production of materials that can range in size by 3-4 fold in an on-

demand, programmatic fashion.     

A major goal in the development of oral protein delivery systems is to increase the 

bioavailability of their cargo, which often necessitates material accumulation in a target location 

for an appropriate amount of time.202  Early studies examining the transit of materials through the 

GI tract used a radioactively labeled ion exchange resin to study the impact of viscosity and 

polymer coatings in the context of gastric emptying.205 Other groups have explored how 

nanoscale materials of varying sizes and geometries distributed through and were taken up by GI 

tissue, demonstrating how material choices impact organ targeting and delivery.200,206–208 

However, because these materials often reach systemic circulation, the mechanism of their 

interaction with GI tissue is likely very different than larger scale materials, which are more 

prone to gravitational sedation and cannot be taken up through transporter mechanisms. Studies 

tracking the transit of larger materials, such as capsules or tablets, have shown that perturbing the 

animal during imaging might alter the speed at which these materials move through the GI 

tract.209 Other studies have approached tracking self-propelled micromaterials in tissue, and how 

motile forces could be engineered to achieve different transit speeds and retention times.198 

However,  it remains unclear how low aspect ratio materials, such as planar micro devices, 

dependent only on peristaltic motion, will distribute and accumulate in the GI tract. Studies that 

have approached tracking the distribution of microscale materials generally have examined 

spherical particles and have been limited by the resolution of their tracking methodologies.210,211      

Applying the flexibility of the printed microdevice system, we sought to understand the 

downstream impact of design choices on the in vivo behavior of these materials.  Due to the 

unique capabilities of the microdevice printing platform, we generated monodisperse particle 
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populations of distinct sizes, using the same base materials and body geometry. This consistency 

in fabrication is unique compared to other systems that have been used to examine the impact of 

particle size on GI transit, which have used distinct formulations for each particle size or were 

restricted in the range of generatable particle sizes.200 Here, we demonstrate the fabrication and 

use of fluorescently labeled, planar microdevices as a model to understand how planar materials 

behave in transit through the murine GI tract. Because the printed microdevices are on the order 

of hundreds of microns in diameter, they were unable to be absorbed through transcellular or 

paracellular processes, enabling transit throughout the entire length of the GI tract. The 

introduction of a covalently bound near-IR fluorophore into the backbone of the enteric materials 

used in our microdevice bodies allowed for direct tracking of devices in intact tissue via an in 

vivo imaging system (IVIS). We have also developed an accompanying image analysis workflow 

to understand how these devices distribute in tissue at a finer resolution than previously possible. 

This computational image analysis workflow allowed us to extract continuous distance vs. 

fluorescence signals, and provided refined insight into impact of microdevice size on transit 

speed. This generation of a continuous signal allowed us to explore how microdevices traffic as 

populations and how they interact with each other in vivo. Taken together, this study confirms 

that microdevice size can be used as an engineering design parameter to control distribution 

kinetics and retention time in the GI tract, and validates an image analysis approach to quantify 

the continuous distribution of materials in the GI tract, enabling a finer degree of understanding 

that may be lost in regionalized approaches.    
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4.3. Materials and Methods: 

Materials: Eudragit FS 30 D and S 100 were kindly provided by Evonik Industries (Essen, 

Germany). All other chemicals and materials were acquired from Thermo-Fisher.  

Fluorescent labeling of Eudragit polymer: AlexaFluor-647 Cadaverine (AF 647-cad) was 

covalently bound to Eudragit S 100 using a DCC-NHS coupling reaction. Briefly, Eudragit S 100 

(50 mg, ~4 nmol) was dissolved in dimethylformamide (DMF) (4 mL) on a magnetic stir plate. 

The solution was moved to an ice bath, and N-Hydroxysuccinimide (NHS) (7.8 mg, 67.8 μmol) 

in DMF (2 mL) was added stirring on ice for 5 min, followed by the addition of N,N'-

Dicyclohexylcarbodiimide (DCC) (14 mg, 67.8 μmol) in DMF (2 mL). The reaction was allowed 

to proceed for 3 hr stirring on ice. A stock of AlexaFluor 647-Cadaverine (AF 647-Cad) (1 mg, 1 

μmol) was prepared in dimethyl sulfoxide (100 μL). AD-647 Cad stock solution (40 μL, 0.4 mg, 

0.4 μmol dye) was diluted in DMF (600 μL) along with triethylamine (TEA) (0.56 μL, 4 μmol) 

and allowed to react on an orbital shaker (100 rpm) for 1 min protected from light at ambient 

temperature. The dye solution was added to the polymer solution, and allowed to react on a 

magnetic stir plated for 72 hr while protected from light. After 72 hr, the reaction solution was 

diluted with 45 mL of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (100 

mM) adjusted to pH 8 with 1M NaOH for 8 hr on an orbital shaker (100 rpm) protected from 

light at ambient temperature. The resulting solution was passed through a 0.2 μm vacuum filter 

to remove precipitates, followed by multiple rounds of concentration using a 30K MWCO spin 

concentrator to remove excess small molecule dye. The resulting product was lyophilized to 

afford a blue powder (50 mg, 100% polymer recovery). Conjugation was validated through 

reverse-phase liquid chromatography (Figure 4-8).  



 

80 

 

Device fabrication: Microdevices were fabricated as previously described using a ScienIon 

sciFLEXARRAYER S3 (Scienion, Berlin, Germany) non-contact, picoliter, inkjet printer 

(Figure 4-1 A).204 Briefly: A 3 inch silicon <100> wafer was cleaned in a piranha solution (1:1 

sulfuric acid : hydrogen peroxide) for 30 min and allowed to soak in deionized water for 30 min 

to remove excess solution. Wafers were then dried completely using dry nitrogen gas and 

silanized with trichloro(1H,1H,2H,2H-perfluorooctyl)silane under vacuum at room temperature 

for 40 min, followed by curing for 20 min on a 150 °C hot plate. Polymer solutions were 

prepared at 5% (w/v) total polymer. For fluorescently labeled devices, the AF 647 Eudragit S 

100 was incorporated at 20% (w/w) of the total polymer mass, with Eudragit FS 30 D 

comprising the remaining material. Triethyl citrate was added to 0.5% (w/v) as a plasticizer.  All 

solutions were filtered through a 0.22 μm filter prior to aspiration. The polymer solution was 

aspirated into the printer nozzle and dispensed in ~400 pL droplets onto the wafer surface, which 

was maintained at 20 ⁰C. Fluorescently labeled devices were protected from light throughout the 

printing process. After printing, the devices were allowed to completely dry under ambient 

conditions, before being moved to a hot plate and baked at 100 ⁰C for 20 min to remove residual 

moisture. Resulting device bodies were then stored in a vacuum desiccator at room temperature 

and protected from light until further use.  

In vitro assessment of conjugate stability: For fluorescent imaging, devices were printed onto 

glass coverslips using the method described above. Printed devices were incubated in either 

simulated intestinal fluid or simulated gastric fluid for the indicated amount of time. After 

incubation, devices were washed briefly in deionized water and dried at room temperature in a 

vacuum desiccator. Devices were then affixed to a microscope slide and imaged using an 
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inverted Nikon 6D fluorescent microscope using a Cy-5 filter set at 20x magnification. 

Quantification of maximum pixel intensity was performed using imageJ.          

Oral gavage of fluorescent microdevices: All animal studies were performed in accordance 

with the UCSF Animal Use and Care Program, under protocol no AN180829-02A. All studies 

were performed with 8-12 week old female C57BL/6J mice acquired from Jackson Laboratories 

(Bar Harbor, ME). One week prior to dosing, the diet of animals was switched to a low auto-

fluorescence diet (5v75, LabDiet, St. Louis, MO) and 24 hr before device administration, the 

mice were fasted. To prepare devices for administration they were removed from the silicon 

wafers mechanically using a razor blade, and dispersed in a simulated gastric fluid solution 

containing 1% (w/v) polyvinyl alcohol (PVA) as a dispersant. Devices were concentrated either 

via natural sedimentation or low speed benchtop centrifugation, and then loaded into a 30 mm 18 

G polypropylene feeding tube. Devices were dispersed in 200-250 μL and gavaged directly into 

the stomach of each mouse at time 0 min. At each timepoint, mice were sacrificed via carbon 

dioxide asphyxiation and cervical dislocation. The complete GI tract of each mouse (stomach to 

anus) was extracted and the ends were sutured closed. The tissue was stored on ice between 

paper towels saturated with PBS and imaged immediately using a Xenogen IVIS Spectrum 

Imaging System using the pre-set AF 647 filter settings. To capture regional fluorescence data, 

non-tissue areas were masked out using Xenogen software, and ROIs were drawn to capture each 

area and limit signal cross-contamination.   

Visualization of device transit: Visualization of device tracking was performed using a MatLab 

script in combination with an ImageJ plugin. Briefly, images of mouse GI tracts were exported 

as separate monochromatic fluorescent and light photograph images (Figure 4-9 A). Both 

images were identically cropped to only contain relevant areas. Next, the GI tract in the light 
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microscopy image was traced using a MatLab ROI selection tool, which was used to select the 

equivalent area on the fluorescent image (Figure 4-9 B). The image was imported to ImageJ, and 

linearized using the straighten selection tool (Figure 4-9 C). The linearized image was re-

imported to MatLab, where irrelevant pixels were removed and the image was compressed into a 

one-dimensional vector (Figure 4-9 D). The signal data was normalized to the total signal, and 

distance was expressed as a percent of total distance along the GI tract (Figure 4-9 E). Further 

details can be seen in the caption of Figure 4-9.  

Statistical analysis: Statistical analysis was performed using the MatLab 2020B statistics and 

machine learning package (MathWorks, Natick, MA). Statistically significant differences 

between groups were evaluated by one-way ANOVA, followed by a Tukey-Kramer correction 

for multiple comparisons, setting α = 0.05. For digital signal analysis, statistical significance was 

determined by cross correlation, followed by a Bonferroni correction for multiple comparisons 

setting α = 0.05.     

4.4. Results: 

 Fluorescent dye conjugate synthesis:  The fluorescent polymer conjugate was prepared using 

activated ester conjugation chemistries and purified from free dye via spin concentration (See 

Materials and Methods). The formation of a covalent linkage was evaluated via reverse phase 

HPLC, monitoring conjugate elution at 650 nm (Figure 4-8). Conjugation efficacy was 

determined via absorbance at 650 nm of a 1 mg/mL solution of the dye-polymer product, 
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demonstrating the addition of approximately 3 μg of dye per mg of polymer, or the conversion of 

approximately 37% of the initial dye.  

 

Device Fabrication and Characterization: As demonstrated previously, planar, asymmetric, 

microdevices were fabricated using a non-contact picoliter droplet liquid handling system 

(Figure 4-1 A). Devices were fabricated from a 20% (w/w) blend of 100-AF to 80% (w/w) FS 

30 D because it was observed to be sufficiently bright to enable in vivo imaging without 

compromising the mechanical integrity of the device bodies (data not presented). In order to 

Figure 4-1: 

Schematic of device fabrication and device characterization. (A) (1). A silicon 

wafer was silanized to enable fluid beading on the surface. (2) The programed 

volume of polymer solution was dispensed onto the surface. (3) The polymer 

solution was allowed to fully dry, forming the device reservoir. (4) Devices 

were removed from the wafer surface using a razorblade. (4) prior to oral 

dosing, devices were dispersed in a simulated gastric fluid solution containing 

1% (w/v) polyvinyl alcohol. (B) Light microscopy images of representative 

microdevices. Device measurements can be found in Table 4-1. Scale bars 

represent 200 μm. (C) Scanning electron microscopy image of devices 

mechanically removed from silicon wafer; scale bar represents 100 μm.   
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adjust final device size, the volume of material deposited was adjusted by controlling the number 

of 400 pL droplets dispensed per device. Device diameters were measured to be 194.6±8 μm, 

293.2±7 μm, and 440.8±9 μm (mean ± 1 SD, n=5 measurements per group), corresponding to 10 

droplets, 40 droplets, and 120 droplets, respectively (Figure 4-1 B). As previously shown, SEM 

images of discrete mechanically extracted devices demonstrate maintained structural stability 

(Figure 4-1 C).204  

  

Fluorescent Conjugate Stability: Devices were exposed to simulated gastric fluid or simulated 

intestinal fluid adjusted to pH 5 with hydrochloric acid to better mimic the murine intestinal 

environment (Figure 4-2 A).212  Mean pixel intensity data was compared to a control unexposed 

group (Figure 4-2 B). Simulated gastric fluid exposure for 30 min does not impact device 

Figure 4-2: 

Fluorescent polymer conjugate was stable throughout the anticipated use case. (A) Representative fluorescent 

images of devices after exposure to simulated gastric fluid (SGF) and simulated intestinal fluid adjusted to pH 5 

(SIF). (B) Comparison of maximum pixel intensity between fluorescently labeled devices exposed to SGF for 30 

min, SIF adjusted to pH 5 for 60 min or 4 hr. Data represents mean ± 1 SD of n=5 devices per group. No 

differences were detected between groups at α=0.05, using a one-way ANOVA followed by a Tukey-Kramer 

correction for multiple comparisons   



 

85 

 

fluorescence intensity, measured as maximum pixel intensity in a given device image. Similarly, 

devices exposed to simulated intestinal fluid (pH 5) for 60 min and 4 hr maintained their 

fluorescent signal throughout the duration of their exposure. No significant differences (at 

α=0.05) were detected in any pairwise comparison.  

 

Oral Gavage and Regional Fluorescence:  For oral dosing studies, dosages were prepared by 

device number, and adjusted to account for the difference in device mass per device between 

groups. Animals were dosed according to Table 4-1 (Figure 4-3 A) and imaged at the specified 

time points, recording both ROI information and the fluorescent signal overlay (Figure 4-3 B). 

After administration, there was a noticeable loss in device numbers in the dead volume of the 

syringe, amounting to between 15-20% of the total devices. During imaging, no pixel saturation 

was observed in any sample. The 200 μm and 450 μm groups had n = 3 animals per time point, 

while the 300 μm group had n = 2 animals per time point due to the exclusion of a preliminary 

data set that was deemed to have insufficient fluorescent signal.  

 

Comparisons between regional signal data were used to track the accumulation of devices in 

biologically relevant areas (Figure 4-3 B and Figure 4-4). At the 30 min time point, the stomach 

signal in the 200 μm group (Figure 4-5) was significantly larger than the signal in the lower 

small intestine (p=0.018), the cecum (p=0.0052), and colon (p=0.0051). By 60 min the device 
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population has spread such that there was no longer a significant difference across groups.  

Similarly, in the 450 μm group, at 30 min post gavage there was a statistical difference between 

the stomach and the upper and lower small intestine (p=0.037, p=0.037), the cecum (p=0.0085), 

Figure 4-3: 

Experimental process schematic. (A) Micro devices were dosed to animals via oral gavage, 

directly into the stomach at time = 0. (B) At each time point (30 min, 60 min, & 4 hr) animals 

were sacrificed, their gastrointestinal tract from the stomach to the anus was removed and 

imaged (representative images of 300 μm device group shown). Images and image meta-data 

were processed using two independent methods: (C) using pre-set ROIs, total fluorescent 

signal from major compartments was captured (in order: stomach, upper small intestine, 

lower small intestine, cecum, and colon). Fluorescent signal was collected as total photon 

counts. (D) In parallel, images were processed to extract device distribution information in a 

continuous manner. Data shown was extracted from images in B. Signal was normalized to 

the total amount of signal in each sample, and distance was normalized to the total distance of 

the GI tract sample. Data is presented in a semi-compressed format, where each bar 

represents the total signal from the preceding 1% of the GI tract. More information on the 

image processing pipeline in Figure 4-9. Produced under license from Biorender.com.      
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and the colon (p=0.0128).  At 60 min the signal in the lower small intestine of the 450 μm group 

was significantly higher than the upper small intestine (p=0.029), but there were no other 

significant differences in any measurement at this time point. By the 4 hr time point, the signal in 

the stomach of the 300 μm group was significantly higher than both the upper small intestine 

(p=0.048) and the cecum (p=0.049). In the 200 μm 450 μm groups, by the 4hr time point the 

particles had dispersed such that there was a similar signal across all measured regions.           

 
  
  n s n s
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Figure 4-4:  

Fluorescent signal from discrete tissue regions demonstrates device transit through tissue. Signals divided by device 

group (rows) and time (columns). Data was normalized to the total amount of signal in each sample and expressed as 

a percentage. From the left to right in each plot bars represent signal from the stomach (st), upper small intestine 

(U.si), lower small intestine (L.si), cecum (ce), and colon (co). Data was expressed as the sample mean ± 1 SD, n = 

3 measurements per group for the 200 μm devices (green) and 450 μm devices (purple), n=2 measurements per 

groups for 300 μm devices (orange). Statistical difference between groups was determined by one-way ANOVA 

followed by a Tukey-Kramer correction for multiple comparisons. * = p<0.05, ** = p<0.01.  ns= no significant 

differences measured    

 



 

88 

 

Table 4-1:  

Dosing for in vivo device transit studies by group. Size measurements represent the mean diameter of n=5 devices, ± 

1 SD. 

 

Visualization of continuous in vivo distributions: IVIS imaging data was processed to produce 

continuous signal vs distance curves for each device group at each timepoint (Figure 4-9). 

Figure 4-5 shows the results of visualizing the average distribution of each device geometry at 

each time point. Each bar represents the sum of the preceding 1% of the data set, in order to 

better represent the underlying patterns of the volatile data.  

Droplet Number 

(dp) 

Number of 

Devices 

(# per animal) 

Approximate dose 

mass 

(mg total polymer 

per animal) 

Approximate dye 

mass  

(μg per animal) 

Device Size 

(μm.d) 

10 dp 3120 6.2 18.6 194.6±8 

40 dp 2340 18.7 56.1 293.2±7 

120 dp 1560 37.4 112.2 440.8±9 



 

89 

 

 

In order to link these distribution results to a more rigorous statistical method, we calculated the 

cross-correlation coefficients pairwise between each group at each time point, as well as a p-

value associated with that comparison (Figure 4-6). In this context, the cross-correlation 

coefficients for two vectors can be interpreted as a metric of similarity or goodness-of-fit. Cross-

Figure 4-5:  

Continuous distributions show device translocation through the GI tract over time. 

Signal data was normalized to the total amount of signal in each sample, and 

expressed as a percentage. Distance was expressed as a percentage of the total 

distance along the GI tract. Each bar represents signal summed over the preceding 

1% of the length of the GI tract. Data represents the mean of n=3 separate 

measurements for the 200 μm and 450 μm groups, and n=2 separate measurements 

for the 300 μm group.   
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correlation coefficients can also be used for hypothesis testing against the null-result of no 

correlation between the compared signals. When comparing overlayed fluorescence vs. distance 

signals at each time point between device groups (Figure 4-6 A-C), a p-value of less than α = 

0.05 indicates significant correlation between the groups, whereas a larger p-value fails to reject 

the null-hypothesis of no correlation (Figure 4-6 D-F). For the purpose of this analysis, we 

excluded signal from the stomach compartment (~0-15% of total distance) and instead focused 

on signal from motile devices in the small intestine, cecum, and colon (Figure 4-9 E). At 30 

Figure 4-6:  

Comparison of distribution signals by-time indicate group stratification. (A-C) Overlays of each 

device group at 30 min (A,D), 60 min (B,E), and 4hr (C, F) presented after gastric emptying (15%-

100% total distance). Signal data is normalized to the total signal present in each sample, and 

distance is normalized to the total distance along the GI tract. Each bar represents the arithmetic 

mean of the cumulative signal from the preceding 1% of total distance from n=3 animals for the 200 

μm and 450 μm groups, and n=2 animals for the 300 μm group. (D-F) Cross correlation results for 

pairwise comparisons between groups. P-Values less than p=0.05 represent a statistically significant 

correlation between the indicated signals, while larger p values fail to reject the null-hypothesis of 

no correlation. In the 30 min group (E) there was insufficient signal from the 300 μm group for 

comparison. Family-wise error rate was limited to α=0.05 using a Bonferroni correction for multiple 

comparisons. * =  p < 0.05, and indicates a statistically significant correlation.             
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min, we observed no correlation between the signal from the 150 μm and 450 μm groups, but 

due to limited signal in this region from the 300 μm group we were unable to draw any 

comparisons to that signal. At 60 min, we observed no statistical correlation between any groups, 

suggesting that all groups present statistically distinct distribution profiles. At 4 hr post gavage, 

there was a statistically significant correlation between the signals from all device groups, 

suggesting all groups were similar at α = 0.05. Family-wise error rate was limited to α=0.05 

using a Bonferroni correction for multiple comparisons. These results were further supported by 

confirming the intragroup correlation between replicates of the same device group and time point 

(Figure 4-10).  

Finally, we analyzed the correlation lag between each device group at each time point (Figure 

4-7). Correlation lag measures the number of discrete steps along the x axis a signal must be 

shifted to align with a given fixed signal. In this analysis, each lag step equates to shifting the 

signal backwards (negative) or forwards (positive) one percent of the total distance along the GI 

tract. In groups in which we were unable to reject the null hypothesis of no correlation, we 

observed unity peaks at non-zero lags, which indicated that these signals differ in distance along 

the GI tract. In groups that show significant correlation with one another, we observed unity 

peaks at 0 lag, showing that the fluorescence vs. distance signals were superimposable to a scalar 

factor.     

4.5. Discussion: 

Fluorescent device fabrication: Previously, we reported the use of additive manufacturing to 

fabricate microdevices of tunable sizes, entirely using materials present in FDA approved oral 

dosage forms.204 Here, we build upon that work by leveraging the flexibility and consistency of 
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the printed microdevice approach in order to fabricate materials that can be used to better 

understand the transit of microscale drug delivery systems through the GI tract. With this 

information, we can more rationally design materials to target specific regions of the GI tract or a 

desired transit time depending on the desired therapeutic profile. Despite the breadth of efforts to 

develop a microscale device-like system for oral delivery applications, many approaches utilize 

particles on a similar size scale, between 200-500 μm in diameter.155,156 The reasons for this 

Figure 4-7:  

Signal lag shows devices accumulate differentially along the GI tract over time. Biased correlation 

Lag analysis results presented to account for shifts along the entirety of the analyzed portion of the 

GI tract (excluding the stomach). Signals were normalized to the maximum in each group. Peaks at 

positive lag values represent the second term needing to shift in the positive direction to match the 

first term, while negative lag values indicate the second term moving in the negative direction. Due 

to insufficient signal, no comparisons to the 300 μm group were possible at the 30 min time point.    
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clustering are manyfold, but are most likely tied to the ease of manufacturing particles at this size 

scale using photolithography and replica molding.159 Due to the ease of tunability in our device 

printing approach, we were not limited in the same manner. This allowed us the opportunity to 

better understand the transit implications of device size, by producing microdevices that 

maintained a consistent material profile, but ranged in size by nearly threefold. Other groups 

have developed devices for oral delivery using additive manufacturing. These strategies produce 

materials on the millimeter scale using micro stereolithography printing, which can achieve more 

complex designs, but are limited by the resolution of the instrument, the inflexibility of the CAD 

design process,  and the necessity of photocrosslinkable materials or specific printer resin 

filament.199,213    

 

Fluorescence tracking has previously been applied to understand the location of materials in the 

gastrointestinal tract and associated tissues.198,200,206 By conjugating our enteric materials directly 

to a near IR fluorophore we reduced the need for disruptive processes, such as microsurgery or 

tissue digestion, for detection, which may have otherwise disturbed device placement. As shown 

in Figure 4-2, the fluorescently labeled microdevices retain their fluorescent signal throughout a 

simulated use case, suggesting that there was limited loss of fluorescence intensity through 

chemical means or via erosion of the labeled S 100. Eudragit S 100 is a material designed to 

erode above pH 7, However, because the murine GI tract never exceeds pH 5, the devices remain 

in an intact state.173,212  The observed stability of the fluorescent microdevices confirms that all 

signal observed in the GI tract is related directly to intact devices, and not to eroded polymer or 

disassociated free-dye, underlining the utility of these materials in tracking applications in the 

murine GI tract.  
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Regional Device Distributions: In order to understand the impact of microdevice size on transit, 

we first examined how the accumulation of particles in each tissue compartment varied over 

time. As shown in Figure 4-4, in both the 200 μm and 450 μm groups at the 30 min timepoint, 

the signal in the stomach was significantly larger than the signal from the more distal 

compartments. This suggests that devices were still largely retained in the stomach. In the 200 

μm group, there was no significant difference between the upper small intestine and stomach 

groups at 30 min, which suggests that some of the devices may have already emptied into the 

duodenum. In most samples, there were few differences between groups at the 60 min and 4 hr 

timepoints, which is indicative of device dispersion throughout the GI tract. In the 450 μm group 

we observed that there was a difference between the signal in the lower small intestine and the 

cecum, which suggests that the devices were still largely retained in the small intestine and have 

not yet permeated to the colon. Alternatively, devices may have entered the colon, but were too 

large to accumulate in the lower cecum. In the 300 μm group at 4 hr, we observed a significant 

difference between the signal in the stomach and signal from the upper small intestine and 

cecum, which again suggests that devices were too large to be retained in the lower cecum, but 

also indicates that even after 4 hr there was still a significant population of devices that were 

retained in the stomach. This data as a whole demonstrates that once dosed via oral gavage, 

devices distribute throughout the GI tract over the course of hours. These results also suggest that 

smaller devices seem to empty from the stomach faster and distribute more quickly, whereas 

larger devices were more likely to be retained in the upper portion of the GI tract and stomach, 

and were unable to access the distended cecum. These results have implications in the potential 

use cases for planar microdevice delivery platforms in murine disease models. For example, if 
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larger devices are retained for extended periods in the stomach, they might have applications in 

extended release or long acting treatments.   

Continuous Device Distributions and Quantitative Methods: Most studies investigating 

particle transit in the GI tract discuss material accumulation and distribution regionally, by 

summing the signal within a given area, as we have done above. However, utilization of high-

resolution fluorescence imaging systems allows us to extract detailed information from images, 

using image analysis tools, allowing for the correlation of fluorescent signals to their specific 

location in the GI tract. This level of resolution has implications in further understanding the 

interaction of materials with local environments in the GI tract, and providing insight into the in 

vivo behavior of microdevices. To accomplish this, we developed an image analysis workflow 

that extracts the fluorescent data from our tissue imaging samples, and ties it to position data in 

the GI tract. To account for differences between animals, and for differences in dosing due to 

particle loss, we expressed our results as a percentage of the total signal observed at a given 

percent distance along the GI tract. As shown in Figure 4-5, we observed devices across the 

entirety of the GI tract in all device groups. As expected, a larger signal was seen at the proximal 

side of the GI tract (red bars), that then distributes down the GI tract at later time points (blue and 

green bars). Given that the average adult murine gastrointestinal tract is 50 cm in length, and 

given that on average our samples measured approximately 2000 pixels long, we can conclude 

that a pixel in these images could correspond to as little as 250 μm, or about one device width.214 

The bars in Figure 4-5 and Figure 4-6 correspond to a sum of the signal derived from 1% of the 

total length of the GI tract, or around 20 pixels, meaning that each bar with a non-zero signal 

likely represents tens of devices.   
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To more rigorously understand these patterns, we applied cross correlation analysis, as derived 

from its use in digital signal processing.215 Cross correlation can be applied to uncover patterns 

between signals in the same dimensional space. Cross correlation can also be a tool for 

hypothesis correlation, similar to the Pearson product moment correlation. Specifically, cross-

correlation can be used to determine if two signals correlate in a statistically significant manner, 

or if they fail to reject the null-hypothesis of no correlation. In Figure 4-6 we observed that, after 

exiting the stomach, the device signals adopt unique distributions. We confirm this using cross 

correlation to demonstrate that at 30 min and 1 hr post gavage, different device sizes produce 

different distributions in the GI tract. By the 4 hr time point, we can no longer distinguish 

between device groups via cross correlation, which may be due to a concentrated signal near the 

cecum and colon washing out other signals, or signal loss due to device elimination. This result 

was further validated by analysis of the intra-group variation (Figure 4-10). We show that 

signals from the same time point and group tend to be well correlated, suggesting that the 

differences we observed in the cross-correlation analysis in Figure 4-6 and Figure 4-7 are due to 

differences in the behavior of different device sizes, and not due to signal variability. To better 

understand how our device signals differed, we looked at the lag from our cross-correlation 

analysis. Correlation lag quantifies a time or space delay between two signals in units of the 

minimum sampling distance.216 In the case of our systems, this equates to one percent of the total 

distance along the GI tract. Correlation lag analysis further confirms that, in the case of planar 

microdevices, the GI transit rate is inversely correlated with device diameter, as shown by the 

dominance of positive lag peaks between small and large device groups (Figure 4-7). This is 

likely due to the increased surface area of the larger devices, leading to increased adhesion at the 

mucosal epithelium. Previously, it was show that the increase in microdevice surface area 
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through the addition of nanotopographical features, increased residence time, so it follows that a 

similar increase in device surface area would replicate those results.185 The one exception we 

observed is the dominance of negative lag peaks in the 200 μm vs. 450 μm comparison at 60 min 

post gavage. We speculate that this is the result of the 200 μm devices beginning to be eliminated 

at this point, effectively reducing the residual signal and shifting the first moment of the signal in 

the negative direction. In total, these results seem to suggest that until at least 60 min post 

gavage, the rate of stomach emptying and the rate of device transit through the GI tract, was 

inversely correlated with device size. In summary, our continuous distribution analysis shows 

that it is reasonable to assume that microdevices are likely to begin to interact with any specific 

target location along the murine GI tract within one hour after administration, but as seen in 

Figure 4-4, the extent of this interaction may change from 1 to 4 hr. It is also clear from the 

presence of multiple discrete peaks in the signal vs distance curve from each group/time point, 

that devices do not transit in unison, but instead transit as independent particles. These results 

suggest that in the case of a specific acute local target, such as in the case of acute inflammatory 

disease, or in the case of specific microbial environments, discrete local areas are likely to 

encounter multiple devices non-synchronously over the course of many hours. This indicates that 

instead of doses being applied uniformly over time, doses will be administered in multiple 

independent bursts.  We were unable to capture full device elimination by the 4 hr time point, so 

it is also reasonable to assume that the residence time of these particles was greater than 4 hr. 

Residence time is likely also impacted by device size, and so depending on the needs of the 

delivery application (acute vs. extended dosing), a microdevice diameter can be selected to 

achieve the desired delivery profile.  
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Compared to regionalized quantification, our continuous signal approach provides more insight 

into the specific distribution profile of each microdevice population. The regionalized approach 

benefits some statistical tests, but can mask underlying patterns in the device distribution. The 

continuous signal method also functions in an unbiased manner, removing the need to classify or 

demarcate specific regions of the GI tract, and does not depend on a prior understanding of the 

interaction between the devices and the tissue target in question. We anticipate that, used along-

side regional quantification, our continuous signal method will allow researchers to better 

capture particle level interactions with tissue and unanticipated distribution patterns in an 

unbiased manner, identifying patterns that may be washed out in ROI-based analysis. We also 

anticipate that the continuous signal approach will allow researchers to better understand how 

Figure 4-8: 

HPLC validation of polymer-dye conjugate product. Dye, polymer conjugate, and unmodified polymer 

samples were prepared fresh in deionized water, at 100 μg/mL for the free dye and 10 mg/mL for the 

polymer samples. Free dye was observed to elute at 8.2 min, while the dye conjugate was observed to elute at 

24.7 min. Free dye represents less than 3% of total signal in labeled polymer sample. Conjugation efficacy 

was determined via absorbance at 650 nm of a 1 mg/mL solution of the dye-polymer product, demonstrating 

the addition of approximately 3 μg of dye per mg of polymer, or the conversion of approximately 37% of the 

initial dye 
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their microdevices transit as a population: either in a homogenous group, or as distinct 

populations, which has implications in application selection as described above.                    

4.6 Conclusions: 

We have demonstrated the fabrication of fluorescently labeled planar microdevices and 

demonstrated how their size affected transit through the murine GI tract. We produced a 

covalently labeled polymer product using a set of enteric materials found in many FDA-

approved products, and showed that it remained intact in simulated intestinal conditions. Our 

study of device accumulation in tissue compartments over time shows that particles 300 μm in 

diameter and larger can remain at least partially in the stomach for hours, while devices 200 μm 

in diameter are emptied faster.  Our results also suggest that device size is inversely correlated 

with distribution rate, and that devices seem to transit independently of one another as opposed 

to moving in a uniform mass, meaning that as opposed to reaching a target site in unison, devices 

are likely to reach a site of action over the course of hours. We also demonstrated the use of a 

method to quantify the continuous distribution of particles along the GI tract, using image 

processing and digital signal processing tools. These results support our conclusions from 

examination of specific tissue regions, and suggest that the majority of device distribution occurs 

within the first 60 min after dosing, but the kinetics and extent of that distribution are a function 

of device size. We also see that devices seem to transit individually as opposed to as a 

homogeneous population, which has implications in the dosing profile of microdevice delivered 

therapeutics. Our continuous signal analysis also highlights that our devices are retained in the 

GI tract for longer than 4 hr, but devices 200 μm in diameter and smaller potentially begin 

elimination by 60 min post dosing. This result will be useful when considering the design of drug 

delivery systems, and the design considerations of delayed and targeted release platforms. These 
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results as a whole further inform the parameter space of planar microdevices for oral protein and 

Figure 4-9: 

Outline of image analysis pipeline for continuous device tracking. (A) After dosing with microdevices via oral-

gavage, mice are sacrificed at the specified time points (30 min, 60 min, 4 hr). Extracted GI tracts were imaged 

using a Xeogen Spectrum imaging system, using the standard AF 647 filter set, adjusting the f-stop of the CCD to 1 

to increase sensitivity. Imaging each sample produces two distinct images: a digital photograph of the tissue, and a 

monochromatic trace of the fluorescent signal. (B) Using MatLab scripting, a region of interest (ROI) is traced onto 

the photograph (by hand), and then applied to the fluorescent image, producing the masked image shown. (C) 

Applying an integrated ImageJ instance within the MatLab script, the ROI from the masked fluorescent image is 

selected and straightened as shown, to produce an image of a constant width that captures the entirety of the GI tract. 

(D) The straightened image is imported back into the MatLab instance, and filtered to remove any pixels not 

containing red signal using an orthogonal YCbCr color space mask. The RGB image is further processed (not 

shown) to a mono-chromatic format, leaving only the red channel. (E) The resulting matrix of pixel values is 

summed column-wise to produce a one-dimensional vector of signal information. This data is normalized by the 

total signal present in the given animal, and plotted as normalized percent signal vs. percent distance along the GI 

tract. Further, to mitigate some of the inherent volatility in the signal and preserve the inherent patterns in the data, it 

is compressed in a lossless manner, such that each datapoint represents the sum of signal present in the preceding 

1% of the GI tract. On average, the stomach represents the first 15% of the signal, the small intestine the next 60% 

(split evenly between the upper and lower small intestine), the cecum the next 10%, and the colon the final 15%. 

Produced under license from Biorender.com. 
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small molecule delivery, and will enable informed decision making in the development of pre-

clinical and clinical products.   

 

 

  

Figure 4-10: 

Cross-correlation coefficients from pair wise intragroup comparisons of signal vs distance data. Each bar represents 

one pairwise comparison between two distinct signals, error bars represent the bounds of the 95% confidence 

interval of the correlation coefficient. Bars marked with * successfully reject the null-hypothesis of no correlation at 

α = 0.05. Unmarked groups fail to reject the null-hypothesis of no correlation between signals.  To limit the family 

wise error rate, p-values were adjusted using a Bonferroni correction for multiple comparisons.     
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