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The oral mucosa is a promising site for mucosal vaccination because it is easily 

accessible and contains a rich population of immune cells. However, the current understanding 

of how vaccine formulation and delivery factors affect the resulting immune response is limited 

in part by a lack of delivery systems capable of addressing the physical and immunological 

barriers of the oral mucosa. Several recent studies with immunogen coated solid microneedles 

have demonstrated that microneedles effectively overcome the physical barriers in the oral 

mucosa for efficient vaccine delivery. The basic immunogenicity demonstrated in these studies 

motivates continued exploration of multifunctional microneedle designs capable of incorporating 

diverse immunogens, controlling release kinetics, and targeting specific immune cell populations 



 

 

in the oral mucosa. As a step toward this ultimate goal, we developed dissolving microneedles 

containing polymeric nanofibers. We designed an in situ method of nanofiber-microneedle 

integration that is compatible with a range of relevant microneedle dimensions and preserves the 

fiber microarchitecture. We demonstrated that nanofibers fabricated from different polymers and 

encapsulating different pharmaceutical agents are effectively integrated. Finally, we 

characterized the immunogenicity of integrated fiber microneedles with varying length and 

release kinetics in the oral mucosa using a model protein antigen. These studies establish 

integrated fiber microneedles as a highly versatile system which could be used as a tool in future 

studies to optimize oral mucosal vaccines and to better understand oral mucosal immunity. 
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Chapter 1. EXECUTIVE SUMMARY AND SPECIFIC AIMS 

1.1 BACKGROUND AND MOTIVATION 

A majority of human pathogens infect via mucosal surfaces, where local innate and 

adaptive immune responses can prevent and control infection. While these mucosal immune 

responses can be generated through parenteral vaccination, evidence suggests that more robust 

and sustained mucosal immunity is generated by vaccination at mucosal surfaces. Therefore, it is 

likely that incorporation of mucosal vaccines could improve protection from pathogens that have 

been difficult to combat with parenteral vaccination alone, such as HIV, Mycobacterium 

tuberculosis, or herpes simplex virus. The oral mucosa is a promising site for mucosal vaccine 

delivery because it is readily accessible, contains tissues with rich immune cell populations, and 

has a microenvironment more favorable for biologics compared to other mucosal sites like the 

gastrointestinal tract. Previous studies have demonstrated that vaccination in the buccal mucosa, 

sublingual mucosa, or in the lymphoid tissues of Waldeyer’s tonsillar ring can elicit systemic 

immunity at least comparable to intramuscular vaccination1-3 and mucosal immunity in the oral 

mucosa and other mucosal tissues such as the vaginal tract and respiratory tract.2-4 However, the 

rational design and evaluation of the next generation of oral mucosal vaccines is precluded by an 

inability of existing oral dosage forms to overcome the physical and immunological barriers of 

the oral mucosa.  

Oral mucosal vaccines are most commonly delivered topically using aqueous 

suspensions, dissolving tablets, or films. Upon application to the oral mucosa, these vaccines are 

subject to salivary flow and must be transported through a multilayered stratified squamous 

epithelium.5,6 These physical barriers can result in unreliable dosing, an inability to control 
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vaccine delivery kinetics, and a limited ability to deliver nonpolar molecules.7-9 Together, these 

limitations have led to an incomplete understanding of how vaccine dose, delivery location, and 

delivery kinetics affect systemic and mucosal immunity. As a result of physical barriers, 

vaccines are primarily delivered to the more permeable sublingual mucosa, where the majority of 

antigen presenting cells are CD11c- CD11b+ cells that have been shown to mediate tolerance in 

mice.10 Other oral mucosal sites, such as the lamina propria of the buccal mucosa, contain larger 

populations of immunogenic interstitial dendritic cells, some with specialized capabilities to 

prime CD8+ T cells by cross-presentation.11  Vaccine delivery systems that target these cells 

could be used to improve oral mucosal vaccine immunogenicity. Furthermore, antigen presenting 

cells within the oral mucosa have distinct migration kinetics in response to antigen and adjuvant 

delivery,12-14 suggesting an opportunity to modulate vaccine delivery kinetics to optimize 

immunogenicity. 

This project is focused on the development of an integrated fiber microneedle device to 

address the physical and immunological barriers of oral mucosal vaccination. Electrospun fibers 

are a highly versatile material for drug and vaccine delivery, capable of high loading and 

precisely tunable release kinetics. However, electrospun fibers alone are mechanically weak and 

their direct application to the oral mucosa would offer little advantage over previously developed 

topical oral dosage forms. To effectively overcome the physical barriers in the oral mucosa, 

electrospun fibers were integrated with microneedles, which have been established as an 

effective delivery system for overcoming physical barriers in a variety of tissues including the 

oral mucosa.15-18 We anticipate that the attributes of this innovative vaccine delivery device for 

penetrating the oral mucosa, formulating a diverse range of immunogens, and providing 
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sustained vaccine release will address gaps in currently available oral mucosal delivery systems 

to facilitate future development of oral mucosal vaccines. 

1.2 SCIENTIFIC PREMISE 

Vaccine dosing modalities designed for the oral mucosa must overcome the physical barriers to 

delivery in the tissue and the immunological barrier of antigen presenting cells that are 

predisposed for tolerance. The integrated fiber microneedle design is motivated by several key 

observations: 

First, dose dilution and washout are key challenges for oral mucosal vaccine delivery that 

can be overcome using microneedles. In previous studies, the risk of salivary washout limits the 

total deliverable vaccine volume and dose.19 Additionally, unpredictable dose dilution has been a 

significant challenge in the evaluation of oral tablet formulations designed for sustained 

release.9,20 Studies of microneedle-mediated drug and vaccine delivery in the oral mucosa have 

shown promising results of up to 91% delivery efficiency,16 motivating continued exploration of 

microneedles as an oral mucosal dosing modality. 

Second, microneedles and electrospun nanofibers can be prepared from virtually any natural 

or synthetic material to control release kinetics, and they can incorporate active pharmaceutical 

agents by various material configurations.21-26 The material versatility of these two delivery 

methods alone suggests they could enable complex agent release kinetics, mediated by the fibers, 

the microneedle matrix, or a combination of the two.  

Third, electrospun fibers can incorporate a wide variety of active pharmaceutical agents with 

high loading. Conventional microneedle designs typically require significant changes in the 

material composition or fabrication process to encapsulate different pharmaceutical agents.27-29 

Additionally, agent loading is often limited to low concentrations to prevent compromised 
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mechanical properties.25 Using electrospun fibers to incorporate vaccines into integrated fiber 

microneedles will enable evaluation of various antigens and adjuvants without modifying the 

general microneedle fabrication approach.  

Based on these observations, the ultimate goal of this work is to develop a microneedle 

device containing a porous network of electrospun fibers within a polymer matrix with a rapidly 

dissolving backing layer. We anticipate that upon delivery to the oral mucosa, the fiber-

containing microneedles will effectively puncture the tissue and the hydrophilic polymer backing 

will dissolve, leaving the fiber-containing microneedle tips implanted in the tissue. The 

fabrication process will be highly tunable to enable integrated fiber microneedles with varying 

geometry, material composition, and vaccine loading. 

1.3 SPECIFIC AIMS 

1.3.1 Develop a method for integration of electrospun fibers with microneedles. 

To preserve the structure and function of electrospun fibers after microneedle integration, 

fibers were integrated in situ using microneedle molds to collect the electrospun fibers. While 

previous studies have used patterned electrospinning collectors to generate fiber mats with 

texture or aligned regions, these studies have been limited to low aspect ratio patterns and the 

patterning effect is often material dependent.30-32  Here, we develop a versatile method for in situ 

three-dimensional patterning of electrospun fibers using two-layer collectors with an insulating 

surface layer and grounded recessed patterns. We demonstrate the use of this fiber patterning 

strategy for integration of electrospun fibers with mechanically robust microneedles. 
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1.3.2 Demonstrate compatibility of small molecule, nucleic acid, and protein-loaded fibers 

with the microneedle integration method. 

To be an effective tool to study oral mucosal vaccination, integrated fiber microneedles 

must be able to encapsulate physicochemically diverse antigens and adjuvants.  Previous studies 

have demonstrated the ability to encapsulate small molecules, nucleic acids, and proteins into 

electrospun fibers or microneedles individually. However, the loading of biologics in previously 

developed electrospun fiber formulations is too low to be relevant for vaccine delivery using 

integrated fiber microneedles and the loading of pharmaceutical agents in conventional 

microneedles has been shown to affect the microneedle mechanical properties.25,33,34 Here we 

identify candidate formulations of protein and nucleic acids in electrospun fibers with potential 

for relevant loading in the integrated fiber microneedle device. We also demonstrate that fiber 

formulations containing small molecules, protein, or nucleic acids are compatible with the fiber 

microneedle integration process developed in the first aim. Finally, we use two specific 

formulation examples to compare the release kinetics and mechanical performance of integrated 

fiber microneedles to conventional matrix microneedles. 

1.3.3 Characterize the immunological function of three distinct integrated fiber microneedle 

designs in a mouse model.  

Previous studies of microneedle-mediated oral mucosal vaccination have been limited 

primarily to solid microneedles with a single geometry coated with immunogens, and 

immunogenicity of these vaccines has been highly variable.16-18,35,36 Work in the more 

established field of microneedle mediated dermal vaccination have demonstrated distinct effects 

of microneedle geometry, release kinetics, and delivery site on immunogenicity.37-39 Here, we 

characterize for the first time the humoral and cellular immune response to a model protein 
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vaccine delivered using integrated fiber microneedles with varying length and release kinetics in 

the buccal and sublingual mucosa. 

1.4 SUMMARY 

Together, this work has resulted in the development of an integrated fiber microneedle 

device designed with capabilities to address gaps in current oral mucosal delivery systems. 

Importantly, the fiber-microneedle integration method developed in this work could be applied to 

many applications requiring three-dimensional patterning of electrospun fibers including 

potential applications in tissue engineering or microfluidics. Additionally, the integrated fiber 

microneedle device could be used to address challenges with existing conventional microneedle 

devices such as hydrophobic small molecule drug loading and release or delivery efficiency. 

Ultimately, we expect that this work will contribute to the field of oral mucosal vaccination as 

well as the broader fields of drug and vaccine delivery using electrospun fibers or microneedles. 
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Chapter 2. INTRODUCTION  

Adapted from: Creighton, R., Woodrow, K.A: Microneedle-mediated vaccine delivery to the 

oral mucosa. Adv. Healthc. Mater. 2018. 8. 1801180. Copyright Wiley-VCH GmbH. 

Reproduced with permission. 

2.1 ABSTRACT 

The oral mucosa is a minimally invasive and immunologically rich site that has been 

underutilized for vaccination due to physiological and immunological barriers. To develop 

effective oral mucosal vaccines, key questions regarding vaccine residence time, uptake, 

adjuvant formulation, dose, and delivery location must be answered. However, currently 

available dosage forms are insufficient to address all of these questions. An ideal oral mucosal 

vaccine delivery system would improve both residence time and epithelial permeation while 

enabling efficient delivery of physicochemically diverse vaccine formulations. Microneedles 

have demonstrated these capabilities for dermal vaccine delivery. Additionally, microneedles 

enable precise control over delivery properties like depth, uniformity, and dosing, making them 

an ideal tool to study oral mucosal vaccination. Select studies have demonstrated the feasibility 

of microneedle mediated oral mucosal vaccination, but they have only begun to explore the 

broad functionality of microneedles. This chapter describes the physiological and immunological 

challenges related to oral mucosal vaccine delivery and provides specific examples of how 

microneedles can be used to address these challenges. It summarizes and compares the few 

existing oral mucosal microneedle vaccine studies and offers a perspective for the future of the 

field.    
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2.2 BACKGROUND 

A vast majority of pathogens infect humans via mucosal surfaces, where local immune 

responses serve as the first line of defense to prevent infection. Mucosal responses that are 

particularly key in providing protection include innate immune factors like  T cells, and 

adaptive immune factors like mucosal IgA antibodies and antigen specific cytotoxic T cells.1-3 

Intraepithelial lymphocytes like  T cells perform multiple functions, including maintaining the 

epithelial barrier and killing infected cells.4,5 Secretory IgA antibodies bind pathogens to inhibit 

their entry into the mucosa, induce phagocytosis through CD89 binding, and activate the 

complement cascade through the lectin pathway and the alternative pathway.6,7 Upon pathogen 

entry, cytotoxic T cell responses can restrict infection by selectively killing infected cells.8,9 

Vaccine studies in mice deficient in TLR signaling and IgA antibody secretion have confirmed 

the importance of both innate and adaptive immunity in protection from infection.10 Collectively, 

these local responses can prevent pathogen entry and infection at mucosal sites and are the 

primary effector mechanisms desired for effective mucosal vaccines.  

Evidence strongly suggests that mucosal immune responses are strongest when elicited 

from mucosal rather than parenteral routes of administration.1,11 Studies directly comparing 

mucosal or parenteral vaccination show that mucosal vaccine delivery generates a higher 

quantity of mucosal IgA antibodies and a higher frequency of mucosal cytotoxic T lymphocytes. 

Data also suggests that mucosal vaccination generates more sustained mucosal immune 

responses than those from parenteral vaccination.12-15 However, parenteral and mucosal 

administration will likely need to be combined to elicit both robust systemic and mucosal 

immune responses.12,16-20 For example, compared to intramuscular prime and boost alone, 

sublingual prime with a whole inactivated flu virus combined with an intramuscular boost  
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Table 2.1. Systemic and mucosal immune responses elicited from parenteral or mucosal 

vaccines 

Vaccine type Routes Tested Systemic Response Mucosal Response Source 

Protein (cholera toxin)   IgG IgA IgGa) IgAa) 21 

GI b) + + ++ ++  

IR c) + ++ - -  

I vag d) ++ ++ +++ +++  

TD e) +++ + - -  

Protein (HPV 16 L1)   IgG Vaginal IgA Saliva IgA 15 

IN f) + +++ +  

SL g) +++ +++ +++  

I vag - - -  

TD ++ + -  

IM h) + + -  

Adenoviral vector 
(GagPolSIV, EnvSIV)  

 CD4 CD8 Bronchoalveolar  
lavage CD4 

Bronchoalveolar 
lavage CD8 

22 

IN + + ++ ++  

Aerosol ++ - +++ +++  

IM +++ + + -  

Adenoviral vector 
(Ag85A)  

 IFN-γ Lung CD4 Lung CD8 12 
IN - ++ ++  
IM +++ - ++  

Adenoviral vector 
(glycoprotein B of 
herpes simplex virus) 

 CTL  
memory 

Mesenteric lymph node 
 CTL memory 

23 

IN + +++  
IM +++ -  

Adenoviral vector 
(spike protein of 
SARS-CoV) 

 IgG CD8 Bronchoalveolar  
lavage IgA 

Lung CD8 24 

SL ++ + ++ +++  
IN ++ + ++ +++  
IM +++ +++ n.d.i) +  

Live attenuated 
(Bacillus Calmette-
Guerin) 

 T cell  
(CD4, CD8) 

T cell  
(CD4, CD8) 

25 

IN ++ ++  
TD ++ -  

Baculovirus 
nanovector (trivalent 
human papillomavirus-
16L1, -18L1, -58L1) 

 IgG CD4 CD8 Vaginal IgA 26 

SL ++ ++ +++ +++  

IM +++ +++ +++ ++  

Salmonella vector 
(glycoprotein D of 
herpes simplex virus 2) 

 IgG CD4 CD8 Peyer’s Patch CD8 Vaginal CD8 27 
GI + + +++ +++ +  

IM +++ + + - -  

Plasmid DNA (tat, 
gp160, gag)  

 IgG IgA Lung IgA Lung IgG GI IgA GI IgG 28 
IN +++ +++ ++ +++ + +  

Buccal ++ ++ +++ +++ ++ -  

Oral gene gun + + - + ++ +  

IM ++ ++ ++ ++ + -  

a) Location of mucosal antibody responses was not specified; Abbreviations: b) gastrointestinal; c) intrarectal; d) intravaginal; e) transdermal; f) intranasal; 

g) sublingual; h) intramuscular; i) not determined.
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generated significantly higher hemagglutinin inhibition titers and nasal IgA titers.16 More 

research is needed to determine the optimal prime-boost schedule, delivery methods, and vaccine 

formulations depending on the specific pathogen, but a body of data support the continued 

development of mucosal vaccines for the prevention of pathogens that are otherwise challenging 

to combat with parenteral vaccination alone.  

A promising attribute of mucosal vaccination is that immune responses can be elicited at 

distal locations from the site of induction. Compartmentalization of mucosal immune 

mechanisms occur in specific patterns and have been reviewed in detail by others, but a brief 

overview will be given here for context.1,11,29 Following mucosal vaccine administration, 

antigens are taken up by mucosal tissue resident antigen presenting cells, which then migrate to 

the draining lymph node through chemokine signaling. In the lymph node, these antigen 

presenting cells induce up-regulation of receptors such as 7 integrins and CCR9 on effector 

cells. After travelling through the circulation, effector cells home back to the site of antigen 

encounter through interactions with ligands such as MAdCAM-1 expressed on mucosal high 

endothelial venule cells or CCL25 expressed by mucosal epithelial cells. Because integrins and 

cytokines are differentially expressed at mucosal surfaces, vaccination at one mucosal surface 

can induce effector responses at that site and at additional mucosal sites.11  Vaccine delivery to 

several mucosal surfaces can result in distal effector responses, including  intranasal (effector 

responses in respiratory and vaginal mucosa), oral mucosal (OM) (effector responses in the oral, 

respiratory, vaginal, rectal mucosa), and gastrointestinal (effector responses in the oral, gut 

mucosa) (Table 2.1).15,21,24,28  

Compared to parenteral vaccines, development of effective mucosal vaccines has been 

slow due to unique physical and immunological barriers present in mucosal compartments. For 
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example, delivery via the gastrointestinal route requires protection of the vaccine components in 

the harsh gastric environment and effective absorption and activation in the gut. To survive the 

low pH of the stomach, most oral vaccines are live attenuated formulations, which are known to 

cause some adverse events.30,31 The intranasal route carries a risk of severe neurological adverse 

effects, despite its demonstrated ability to elicit highly effective immune responses.32 Other 

mucosal routes like intravaginal and intrarectal vaccination may induce strong immune responses 

locally in the genital tract, but systemic responses and mucosal immune responses in distal 

locations are modest. Currently, there are licensed mucosal vaccines for five different pathogens: 

rotavirus, poliovirus, Salmonella Typhi, Vibrio cholera, and influenza. Most of these vaccines 

are delivered orally to the gastrointestinal associated lymphoid tissue with the exception of the 

influenza mucosal vaccine, which is delivered intranasally.33 The currently licensed 

gastrointestinal vaccines such as RotaTeq ®, Rotarix ®, and the oral polio vaccine require up to 

four doses, show variable efficacy, and there are some safety concerns due to their live 

attenuated formulation.30,31 Additionally, while the intranasal flu vaccine is highly effective in 

children, its efficacy in adults is highly variable for reasons that are not well understood.34-36 

Development of more effective mucosal vaccines will require a better understanding of both the 

physiological and immunological barriers specific to different mucosal compartments.   

One mucosal site that warrants further study is vaccination to the oral cavity, which 

includes the buccal and sublingual mucosa and the palatine and lingual tonsils in Waldeyer’s 

Tonsillar Ring (WTR). These tissues are rich in immune cells, but access to and activation of 

these cells requires overcoming barriers like saliva, stratified squamous epithelium, and a 

predisposition for immunological tolerance. Existing dosing strategies to the oral cavity have a 

limited ability to address both physiological and immunological barriers. For example, while 
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aqueous suspensions allow formulation of many vaccine compositions, they have low oral 

residence time and are primarily limited to sublingual delivery. Oral dosing strategies that can 

decouple and overcome these barriers will promote our understanding of oral immunity and 

enable development of optimized vaccines for oral mucosal delivery. Microneedles have been 

studied extensively for intradermal vaccine delivery and possess characteristics like tunable 

geometry, dimension, and materials design to address questions about oral mucosal immunity. 

Very few studies have applied microneedles to the oral cavity, and there is significant room for 

innovation in this field. Ultimately, this work could lead to innovative oral mucosal microneedle 

vaccines and also a better understanding of oral mucosal immunity. 

2.3 THE ORAL MUCOSA IS A PROMISING AND UNDERUTILIZED ROUTE OF VACCINE 

DELIVERY 

The oral cavity is an attractive route for mucosal vaccination, but it has been 

underutilized in previous studies compared to intranasal and gastrointestinal routes. The oral 

cavity is easily accessible, minimally invasive, contains rich lymphoid tissue, and it has a pH that 

is more favorable for biologics compared to the gastrointestinal tract. Additionally, evidence 

suggests that oral mucosal vaccine delivery elicits systemic humoral and cellular immune 

responses comparable to intramuscular vaccination, and enhances levels of mucosal antibody 

responses locally and at distal sites such as the nasal cavity and female reproductive 

tract.15,26,37,38 However, vaccine delivery to the oral cavity has been limited by a lack of 

appropriate dosage forms to address physical barriers such as salivary flow and barriers to 

immune activation such as the predisposition for oral mucosal immune cells to be tolerogenic.  
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2.3.1 Immunization in the WTR, buccal, and sublingual mucosa of the oral cavity 

The oral mucosa is a particularly promising route for vaccination due to direct access to the 

rich lymphoid tissue of the Waldeyer’s tonsillar ring (WTR), specifically the palatine and lingual 

tonsils.39-41 Like Peyer’s patches in the gut, tonsils are not fully encapsulated by connective 

tissue, allowing direct antigen uptake. While the outer surface of the tonsils consists of a non-

keratinized stratified squamous epithelium, the tonsils contain large crypts lined by a 

lymphoepithelium (Figure 2.1a). This non-uniform network of reticulated epithelial cells, antigen 

presenting cells, and lymphocytes function as transporters for secreted IgG, IgA, and IgM 

antibodies and provides a direct method of antigen transport.42-44 The subepithelial lymphoid 

tissue consists of B-cell rich secondary lymphoid follicles surrounded by T-cell rich 

interfollicular regions, and it contains a variety of dendritic cell (DC) subsets capable of inducing 

immunogenic or tolerogenic responses.45 Lymphocytes infiltrate the follicular and interfollicular 

Figure 2.1. Schematic representation of the mucosal structure and select dendritic cell 

subsets. 

a) The lingual and palatine tonsils are covered with ~100 µm thick stratified squamous epithelium and contain 

crypts lined by a non-uniform lymphoepithelium. The outer epithelium primarily contains Langerhans cells, while 

the crypt epithelium contains lympho-epithelial symbiosis DCs along with macrophages and lymphocytes (not 

depicted). Other DC populations including plasmacytoid DCs and interdigitating DCs densely populate the 

follicular region (F). Germinal center DCs are also present within germinal centers (not depicted). b) In humans, 

the sublingual epithelium ranges from 100-200 µm thick, while the buccal epithelium ranges from 500-800 µm 

thick. c) The murine buccal epithelium contains approximately 2.5 times the number of Langerhans cells in the 

sublingual epithelium. Submucosal DC subsets are not well characterized in humans, but evidence suggests that 

interstitial and myeloid DCs are present and plasmacytoid DCs may infiltrate during inflammation. 
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regions via capillaries, high endothelial venules, or through interruptions in the basement 

membrane.46  

 

Because of its specialized lymphoid function, the WTR is an attractive site for immunization 

that may be accessed through intranasal or oral mucosal routes. Previous studies have accessed 

the WTR primarily through intranasal aerosol vaccine delivery, which has demonstrated potent 

immune responses.47-49 However, adverse neurological effects such as Bell’s palsy may occur 

due to vaccine entry into the olfactory bulb.32,40,50 While continued studies of intranasal vaccine 

delivery are identifying new adjuvants and new delivery systems to improve the safety profile of 

these vaccines,51-53 alternative strategies to access the WTR are also warranted. A select number 

of studies have vaccinated animals by applying the vaccine directly to the palatine or lingual 

tonsils (Table 2.1).19,54-56 In one study, tonsillar delivery of a vaccinia vector expressing HIV 

envelope and SIV gag-pol proteins generated neutralizing antibodies and protected primates 

from SIV challenge when combined with an intramuscular protein boost.19 Another study 

delivered an adenoviral vector to the tonsils and observed systemic antigen specific cellular and 

humoral immune responses that led to a 83-fold reduction in peak viral RNA during challenge 

compared to intramuscular delivery.54 Finally, in a study of tonsillar delivery of a live attenuated 

SIV vaccine, researchers found that a tonsillar SIV challenge was controlled locally in the 

tonsils, primarily by γδ T cells and mature DCs. Systemically, there were no significant increases 

of viral RNA in the blood of vaccinated primates or of productively infected cells in lymphoid 

organs.56 Therefore, the oral mucosal route has demonstrated success as a relatively simple route 

for vaccination of the rich WTR lymphoid tissue. 



 

 

18 

 Vaccines have also been delivered to the sublingual and buccal mucosa in the oral cavity, 

and has been reviewed in full by Kraan et al.57 Both sites contain a stratified squamous 

epithelium, but the epithelium of the buccal mucosa is approximately four times thicker than the 

sublingual mucosa.58 While both sites lack the organized mucosal lymphoid tissue present in the 

tonsils, they contain diverse populations of antigen presenting cells (Figure 2.1b, 2.1c).59-61 Both 

contain Langerhans cells within the mucosal epithelium, which are the primary antigen sampling 

cells, although in humans the frequency of Langerhans cells in the buccal mucosa is 

approximately 2.5-fold greater than the sublingual mucosa.62 Although not well characterized in 

humans, there are significant differences between the submucosal DC population of the buccal 

and sublingual mucosa in mice. For example, the murine buccal submucosa contains a much 

higher frequency of langerin+CD103+ DCs and langerin-CD103+ DCs compared to the 

sublingual mucosa. These DCs are capable of priming CD4 and CD8 T cells, making them a 

potential vaccine target. However, only the sublingual mucosa contains plasmacytoid DCs, 

another potential vaccine target that are unresponsive to bacterial TLRs, but respond strongly to 

single stranded RNA through TLR7 and TLR9.63,64 Plasmacytoid DCs are able to enter the 

sublingual submucosa from circulation, produce type 1 interferon, and induce T cell activation in 

the draining lymph nodes.65 It was also recently determined in rhesus macaques that the buccal 

mucosa contains a significantly higher population of conventional myeloid dendritic cells and 

interstitial dendritic cells compared to the sublingual mucosa.66 

Vaccine delivery to the sublingual and buccal mucosa can generate mucosal immune 

responses at distal sites including the urogenital tract, the respiratory tract, and the intestinal 

tract.26,49,67,68 A wide variety of systemic and mucosal immune responses have been induced by 

vaccine delivery to these sites (Table 2.1). Despite the differences in immune cell populations 
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between different regions of the oral mucosa, it is challenging to identify patterns in immune 

outcomes from existing vaccine studies potentially because immune responses are confounded 

by differences in vaccine bioavailability at different mucosal locations. For example, topical 

aqueous vaccination in the sublingual mucosa is generally more common and has more reliably 

generated humoral and cellular mucosal immune responses compared to aqueous formulations in 

the buccal mucosa (Table 2.1). Notably, studies that have observed mucosal immune responses 

after buccal vaccination used specialized delivery systems  
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Table 2.2. Systemic and mucosal immune responses induced by vaccination at different 

regions of the oral mucosa 

 

Delivery 
location 

Vaccine type Systemic Response Mucosal Response Source 

Buccal Measles virus nucleoprotein IgG CD8 No IgG in lung 69 

Killed whole cell 
Streptococcus pneumonae 

IL-17A  
responses 

n.d. a) 70 

Synthetic HPV long peptideb) CD8 Buccal CD8 71 

 Plasmid DNA (HA) b) CD8 n.d. 72 

Protein (OVA )c) IgG Buccal 
IgA 

Lymph 
node 
IgA 

Peyer’s  
Patch  
IgA 

73 

Plasmid DNA (HIV- tat, 
gp160, gag) d) 

IgG IgA Lung 
IgA 

Lung 
IgG 

No GI IgG 28 

Sublingual Adenoviral vector (HIV-gag)  CD8 Submandibular  
Lymph node CD8 

74 

RSV glycoprotein IgG BAL  
IgA 

CD4 75 

Adenoviral vector (RSV 
glycoprotein) 

IgG CD8 BAL 
IgA 

CD8 76 

Protein (HPV 16 L1) IgG CD8 Vaginal  
IgA 

Saliva  
IgA 

15 

Adenoviral vector (HIV-1 Env) IgG IgA Vaginal  
IgG 

Vaginal  
IgA 

77 

Adenoviral vector (spike 
protein of SARS-CoV) 

IgG CD8 BAL  
IgA 

Lung  
CD8 

24 

Tetanus toxoid IgG Saliva 
IgA 

Vaginal 
IgA 

Rectal  
IgA 

78 

Inactivated influenza IgG IgA CD4 CD8 BAL 
IgG 

BAL 
IgA 

Nasal  
IgA 

Saliva 
IgA 

Rectal  
IgA 

10 

Live influenza IgG BAL 
IgG 

BAL 
IgA 

Nasal  
IgA 

Saliva 
IgA 

Rectal  
IgA 

10 

Protein (OVA) IgG CD8 Saliva 
IgG 

Saliva 
IgA 

Nasal  
IgG 

Nasal 
IgA 

BAL  
IgG 

BAL  
IgA 

79 

WTR Single cycle 
immunodeficiency virus 
vaccine e) 

IgG CD8 n.d. 54 

Recombinant modified 
vaccinia virus Ankara d) 

IgG CD8 n.d. 55 

Attenuated recombinant 
vaccinia vector (HIV SF162 
Env, SIV gag-pol) 

IgG IgA CD8 Saliva 
IgG 

Rectal  
IgG 

19 

a) not determined; b) Vaccine injected in buccal mucosa using hypodermic needle; c) Vaccine delivered to buccal 

mucosa using Microjet technology; d) Vaccine administered using Syrijet Mark II needleless injector; e) Vaccine 

administered by oral spray; f) bronchoalveolar lavage. 
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such as hypodermic needles or various needleless injection systems.28,66,73,80 Despite these 

apparent limitations of buccal delivery, existing studies establish a strong rationale for the ability 

of various oral mucosal locations to induce broad, potent immune responses.  

2.3.2 Oral mucosal vaccination compared to dermal vaccination 

Dermal vaccine delivery has many of the same advantages of oral mucosal vaccine delivery 

such as ease of delivery, patient acceptability, and generation of mucosal and systemic immune 

responses. Although some studies have suggested oral mucosal and dermal delivery are 

analogous, others suggest that immune cell populations in the oral mucosa have different 

phenotype and function that make it a potentially more effective route of vaccination.66,81,82 For 

example, one study found that the population of oral mucosal Langerhans cells highly expressing 

MHC and co-stimulatory molecules was larger than dermal Langerhans cells. In the same study, 

oral mucosal Langerhans cells induced a stronger mixed lymphocyte response compared to skin 

Langerhans cells due in part to a lack of secreted suppressive soluble factors.82 A study in rhesus 

macaques found that HIV antigen-specific serum IgG responses and IgG and IgA responses in 

the rectal, vaginal, and oral mucosa were significantly greater from mixed sublingual and buccal 

vaccination compared to intradermal and subcutaneous vaccination.66 Furthermore, the buccal 

mucosa contains 37-fold higher levels of T lymphocytes in the epithelium compared to the 

epithelium of dermal tissue.81 Immune responses resulting from dermal delivery are sometimes 

more analogous to parenteral delivery routes like intramuscular delivery, while delivery to the 

oral mucosa reliably results in immune responses analogous to other mucosal delivery routes 

(Table 2.1). Dermal vaccination fits into a unique category as a vaccine delivery route as it 

shares some properties with mucosal delivery and some with parenteral delivery. However, 
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together this evidence from cellular analysis of oral mucosal and dermal tissue and evidence 

from route-specific vaccination studies suggest that the oral mucosa possesses immune cells with 

unique phenotype and function compared to dermal tissue.  

2.3.3 Challenges of oral mucosal vaccine delivery 

The oral mucosa contains many barriers to vaccine delivery, including the physical mucosal 

barrier and the tolerogenic immune barrier. Oral tissues are subject to daily salivary flow of 1-1.5 

L at an unstimulated rate of 0.1 mL/min.83 This flow can dilute and completely remove vaccines 

before they can be taken up by antigen presenting cells in the tissue. As a result, most studies 

using the sublingual route require small volumes (<10 L) and animal sedation for efficient 

vaccine uptake.79 Apart from the physical barrier that saliva presents, it also contains a range of 

enzymes that may alter the vaccine prior to antigen presenting cell uptake. The salivary flow rate 

and the composition of saliva can vary with factors like age, gender, diet, and location in the 

mouth, further complicating oral mucosal delivery.84,85 Additionally, the mucosal tissue itself is 

literally a physical barrier to vaccine delivery. To protect underlying tissues from the mechanical 

forces of chewing, the oral mucosa is structured as a multilayered stratified squamous 

epithelium. In regions where masticatory forces are especially strong, like the hard palate and the 

gingiva, a tough keratinized layer also protects the tissue. The thickness of the human oral 

epithelium varies greatly depending on specific location, ranging from 500-800 m in the buccal 

region and 100-200 m sublingually.58 Studies have indicated that large molecules move through 

these epithelial layers primarily by intercellular transport. However, the intercellular space of the 

oral epithelium contains lipids and molecules like ceramides and glycosylceramides that limit the 

intercellular transport of nonpolar molecules.86,87 This barrier mechanism limits the depth that 
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large molecules may penetrate into the tissue, meaning that uptake of topically applied vaccines 

is limited to Langerhans cells located superficially within the epithelium.  

 In addition to these physical barriers of the oral cavity, the tolerogenic environment 

presents a significant challenge for oral vaccination. A key goal of mucosal immunization is to 

induce innate immune responses that will overcome tolerance and induce protective adaptive 

immunity without abrogating natural mucosal barriers. In contrast to the systemic immune 

system, which responds vigorously to pathogens that enter the sterile circulatory system or 

internal organs, mucosal administration of immunogens in the absence of inflammatory stimuli is 

widely recognized to induce a state of active unresponsiveness.59,88,89 This tolerance is important 

to maintain the balance of commensal bacteria in the oral cavity and to prevent uncontrolled 

immune responses to innocuous ingested food particles. In fact, the predisposition for tolerance 

has been harnessed to treat allergies through sublingual immunotherapy. Oral mucosal tolerance 

is not fully understood, but it is thought to be mediated through a variety of different 

mechanisms that includes activation of DCs by TLR2 or TLR4, antigen uptake by CD206 or 

ICAM-3-grabbing non-integrin binding, and antigen uptake by CD11b+ CD11c- macrophage-

like cells.59,90,91  

Induction of tolerance versus immunogenicity will vary based on the site of delivery in the 

oral cavity due to differences in antigen presenting cell populations (Figure 2.1). While 

Langerhans cells are most often the target of oral mucosal vaccines due to their superficial 

location and high rates of sampling at the surface of the oral epithelium, these cells are also 

thought to be the key mediators of regulatory T cell responses and may not be the ideal cell 

population for vaccine uptake.59 Oral mucosal Langerhans cells constitutively express the FCεR1 

receptor, which is important for immune regulation and homeostasis.92,93 Langerhans cells have 
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also been found to migrate slowly after activation and to express low levels of co-stimulatory 

molecules CD86, CD273, and CD274 compared to other oral mucosal DC populations.94 

Submucosal DCs, which are thought to be more immunogenic than Langerhans cells, vary in 

frequency and phenotype between regions of the oral mucosa, responding to different pathogen-

associated molecular patterns and resulting in different immune responses. Furthermore, 

submucosal DC populations can vary greatly depending on age, presence of oral pathology, and 

composition of the oral microbiome. A full description of these complexities is outside the scope 

of this review but has been reviewed elsewhere.3,89,90,95 These properties of oral mucosal 

Langerhans cells and distinct DC populations necessitate careful selection of antigen and 

adjuvant formulations depending on the dosing location to ensure stimulation of the desired 

immune response. 

In addition to vaccine composition and delivery site, delivery kinetics must be considered as 

a potential factor in the immunogenicity of oral mucosal vaccines. Evidence strongly suggests 

that sustained delivery of vaccines via transdermal, subcutaneous, or intra-lymph node injection 

can enhance humoral immune responses up to 19-fold and cellular immune responses up to 10-

fold.96-102 In these studies, vaccine release is sustained for 4 days for intra-lymph node delivery 

and up to 4 weeks for intradermal delivery.97,100 Furthermore, sustained vaccine delivery has 

been shown to improve the persistence of immune responses, demonstrating enhanced serum 

IgG titers compared to boosted bolus vaccines at an 80 day time point.101 Due to limitations of 

currently available dosage forms, the effect of sustained vaccine delivery in the oral mucosa on 

resulting immune responses is not well understood. While the majority of existing data on oral 

mucosal vaccination have delivered a bolus of vaccine, one study delivered low doses of antigen 

at narrow time intervals to achieve tolerance.103 With repeated dosing, DC morphology changed 
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to a more rounded structure and had reduced capacity for migration to the draining lymph node. 

Interestingly, this effect was only observed in the sublingual mucosa, not in the buccal mucosa. 

Therefore, while sustained vaccine delivery at other anatomical sites has increased vaccine 

immunogenicity, more experiments are needed to understand how the interplay of vaccine 

delivery kinetics and delivery location can affect immune outcomes from vaccine delivery to the 

oral mucosa. 

2.3.4 Strategies to overcome physical and immunological barriers 

Physical barriers may be overcome through the development of dosage forms with high 

viscosity or mucoadhesion to increase oral mucosal residence time, therefore improving the 

likelihood of uptake by antigen presenting cells (Figure 2.2). Existing reviews summarize the use 

of various dosage forms for oral mucosal delivery.104-106 Technologies such as mucoadhesive 

gels, films, and tablets have been developed that can reduce the effects of salivary washout and 

allow more time for antigen uptake without dilution. These semi-solid and solid dosage forms 

can theoretically overcome select limitations of aqueous topical delivery including the small 

dosage volume and need for sedation. However, implementation of these dosage forms is still 

Figure 2.2. Schematics of delivery for selected oral mucosal vaccine dosage forms. 

Figure depicts a) a thermo-responsive gel, b) a tablet, c) a film containing nanoparticles, d) MucoJet, 

e) electroporation, and f) a gene gun. 
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highly complex. In a study of a thermoresponsive gel for polio vaccination in mice, 

anesthetization was still necessary to generate any immune responses.107 Therefore, this gel 

offers little improvement in comparison with topical aqueous formulations. Tablet formulations 

have faced similar problems, with one study demonstrating that a fast release tablet offered no 

advantage over aqueous formulation and an extended release tablet formulation produced very 

low immune responses.108 This result is potentially due to an inability to overcome epithelial 

barriers to transport despite an improvement in residence time. Because these topical dosage 

forms are unable to breach epithelial barriers, vaccine uptake is likely limited to Langerhans 

cells. While targeting Langerhans cells has been successful in past studies, this delivery 

limitation hinders the use of mucoadhesive topical delivery systems to address key questions 

about oral mucosal immunity and the function of other DC populations residing deeper in the 

mucosa. An exception to this is films that deliver nanoparticles, which are able to permeate 

deeper in the mucosa via paracellular transport and eventually enter the lymphatics.109 However, 

a lack of control over these trafficking mechanisms still precludes their use as a tool to probe the 

function of specific oral DC populations. 

Alternative technologies for the oral cavity that have also shown promise rely on high 

velocity or high pressure to increase the permeability of the oral mucosal tissue to enhance 

uptake (Figure 2.2). These involve products like MucoJet and technologies like electroporation 

and gene gun.13,73,110 The MucoJet system is a capsule containing a carbon dioxide-generating 

propellant. When the capsule is assembled, the propellant contacts water within the capsule, 

generating carbon dioxide gas and increasing the pressure within the capsule. This increase in 

pressure creates a high velocity jet of vaccine that can penetrate through the epithelial layer of 

the mucosa to access antigen presenting cells. The proof-of-concept studies using this device to 
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deliver the model antigen ovalbumin (OVA) suggest vastly improved systemic IgG and mucosal 

IgA antibody responses for the MucoJet compared to topical delivery. In contrast to mechanical 

forces, electroporation has also been used to deliver a 30-volt electric pulse that temporarily 

creates pores in buccal epithelial cells to permit entry of a DNA vaccine.13 Electroporation 

combined with mucosal injection via hypodermic needle resulted in increased mucosal IgA and 

serum IgG responses compared to mucosal injection alone. While technologies like these can 

effectively overcome the physical barriers for oral mucosal vaccine delivery, these delivery 

systems primarily deliver vaccine to the superficial epithelium. Therefore, these technologies 

still are not able to specifically address questions about the role of different immune cells in oral 

immunity. Additionally, it is unclear how these systems could be adapted to probe questions 

about vaccine delivery kinetics.  

Because of the plethora of mechanisms to induce oral tolerance, oral mucosal vaccines must 

be carefully designed to overcome this immunological barrier with the proper adjuvants and 

delivery vectors to instead activate pro-inflammatory pathways. It is important to note that 

mucosal adjuvants commonly used in research such as cholera toxin, the heat-labile toxin of 

Escherichia coli, and their mutants are highly toxic when administered orally, limiting their 

clinical relevance.111 Furthermore, there is conflicting evidence with regards to the proper 

adjuvants, adjuvant doses, and delivery vectors. For example, cholera toxin has been used as an 

adjuvant to induce both oral tolerance and oral immunogenicity.79,112 In these studies, the 

conformation of the antigen and adjuvant appear to be significant. The study that induced 

tolerogenic responses delivered OVA conjugated to the cholera toxin B subunit while the study 

inducing immunity delivered OVA admixed with cholera toxin. However, this structural 

comparison was not made in either study, and factors such as the OVA dose differed between the 
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two studies, making it difficult to discern precisely what aspect of the vaccine formulation 

caused the induction of immunity versus tolerance. The mechanism of action of different 

adjuvants must also be taken into account. Evidence suggests that the ADP-ribosylating activity 

present in cholera toxin and cholera toxin A subunit, but not cholera toxin B subunit, is the 

primary mechanism of inducing immunity.113 However, select studies have used the B unit of 

cholera toxin in the oral mucosa as an immunogenic adjuvant. Clearly the mechanisms for 

adjuvant activity of cholera toxin and its subunits are not completely understood, particularly in 

the context of the oral mucosa. For further detail on adjuvant mechanisms of action, readers are 

referred to a review by Lycke, 2005.113 Similar conflicting evidence exists for the use of the heat-

labile toxin of Escherichia coli and its mutants as adjuvants for oral mucosal vaccination.78,114 

Additionally, lipopolysaccharide derivatives have been successfully used in the oral cavity to 

induce antigen specific immune responses via the TLR4 pathway, despite evidence suggesting 

the TLR4 pathway stimulates tolerance in oral mucosal Langerhans cells.92,115 In fact, another 

study investigating various adjuvants for oral mucosal delivery of HIV gp140 subunit vaccine 

and tetanus toxoid vaccine found that sublingually delivered monophosporyl lipid A, a TLR4 

agonist, suppressed systemic immunogenicity.116 Reasons for these seemingly conflicting results 

are unclear, but differences in vaccine application protocols or dosing regimens could be 

responsible. 

Taken together, analysis of previous studies focused on developing new dosage forms and 

evaluating various adjuvants for oral mucosal delivery reveals key gaps and questions, relating 

mainly to dosing practicalities, dosing location, function of oral DC populations in immunity, 

and vaccine delivery kinetics. We propose that innovative microneedle designs could be used as 

dosage forms for oral mucosal delivery to address these outstanding questions.  
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2.4 MICRONEEDLES HAVE BROAD CAPABILITIES THAT COULD IMPROVE ORAL 

MUCOSAL VACCINE DELIVERY 

Given the limitations of currently available dosage forms for vaccine delivery to the oral cavity 

and the large number of questions surrounding oral immunity, there is a strong rationale for 

developing more effective delivery technologies. An ideal vaccine delivery system for the oral 

cavity would enable the delivery of physicochemically diverse vaccine compositions (e.g., 

antigen and adjuvant) while also possessing design attributes that would overcome local physical 

barriers (e.g., residence time, penetration depth). Decoupling of these properties would allow 

specific determination of the role that different vaccine compositions delivered to different sites 

and immune targets cells would have on the resulting immune response. Microneedles have been 

widely utilized as vaccine delivery systems, primarily intradermally,97,117-136 and have broad 

functionality that makes them an ideal strategy to overcome numerous challenges in oral 

mucosal delivery (Figure 2.3). Microneedles can be fabricated from a variety of materials into 

different geometries and different sizes to reach specific depths in tissue. They have also been 

used to deliver a broad range of antigen and adjuvant combinations. Although specific studies of 

microneedle mediated vaccine delivery to the oral mucosa are limited, several recent studies 

suggest that microneedles could overcome the limitations of previous dosage forms to improve 

our understanding of oral mucosal immunity and ultimately improve vaccine delivery to the oral 

cavity.137-140  

 

2.4.1 Microneedle geometry design 

Microneedles can be fabricated by many different strategies, resulting in a wide range of 

possible dimensions and geometries (Figure 2.3c, 2.3d). Most studies have used microneedles 
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with a standard pyramidal geometry and height range from 70 m to 1.5 mm. However, with the 

wide range of fabrication techniques available, needles with virtually any dimensions are feasible 

to fabricate.121,141 Conical and pyramidal needles may be fabricated using silicon based 

manufacturing, specialized photopolymerization processing of polymer resist, laser 

micromachining, and polymer drawing.142-146 These methods for microneedle fabrication have 

been reviewed in detail elsewhere.147 More complex structures with hollow geometry, serrations, 

and arrowheads are also possible through more complex microfabrication processes.148-150  

The wide variety of microneedle geometries and dimensions that can be created allow for 

highly reproducible needle application and optimization of delivery. Multiple studies have 

already been conducted to study the effect of microneedle shape, height, and tip diameter on 

Figure 2.3. Schematic of the microneedle design space and its potential to control various functions 

related to oral mucosal vaccine delivery. 

a) Relevant functions include: delivery uniformity, or equal tissue puncture by all needles in an array and equal delivery 

of vaccine components from each needle; mechanical properties, including needle strength and sharpness which are 

critical to easily puncture tissue; cell targeting, either actively or passively by designing the system to access a specific 

depth in tissue; dosing, specifically dosing efficiency, dose delivered per area of tissue, and dose per needle; and delivery 

kinetics, whether through design of the needle materials or integration of the vaccine with the needle. b) At the complete 

device scale, applicator devices may be designed to apply specific, repeatable forces across the microneedle array. c) 

Within a microneedle array, the backing material selection is an important consideration in ensuring close contact with 

the entire tissue, and interneedle spacing can affect the microneedle-tissue mechanical interactions. d) At the single 

needle level, needle geometry, dimensions, and materials all influence mechanical properties of the needles and resulting 

dose delivered after tissue puncture. Vaccines may be formulated as a coating, within the needle matrix, or encapsulated 

within a secondary delivery system like nanoparticles to achieve the desired dose and delivery kinetics. 
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insertion depth and delivery of biologics into dermal tissue.151-153 The effect of microneedle tip 

diameter on skin penetration properties has shown that needles with a tip diameter of 5 m 

entered the skin with approximately 25 mN of force, while a larger tip diameter of 37 m 

required over 150 mN of force.152 In general, for microneedle tip radii less than 40 m, the force 

required for skin penetration is dominated by stretching of the skin around the needle, which is 

proportional to the circumference of the needle tip, 2r.152 With further increases in the tip 

radius, the force of compressed skin under the needle tip surpasses the force to stretch the skin 

surface, resulting in an insertion force linearly related to the tip interfacial area.152,154 The tip 

diameter also had a significant effect on penetration depth, with a 10 m increase in tip diameter 

resulting in approximately a 50 m decrease in penetration depth.152 Microneedle geometry is 

also an important factor that can affect delivery of agents into tissue. A study of the effect of 

microneedle geometry on penetration of a fluorescent dye found that the needles with the 

sharpest tip and a pitch angle of 15 degrees resulted in the largest area of fluorescence deposited 

into the skin. However, needles with a higher aspect ratio resulted in fluorescent signal deeper in 

the skin.151 Together, these results provide a rationale to control microneedle geometry and 

dimensions to ensure microneedles can effectively penetrate skin and efficiently deliver agents.   

 A particular application for microneedle design is to access specific cell populations that 

reside at different depths in the tissue. Aqueous formulations are primarily taken up by 

Langerhans cells in the superficial layers of the mucosal epithelium, while alternative DC 

populations that may be more immunogenic like interstitial DCs and plasmacytoid DCs reside 

deeper in the tissue at the mucosa/submucosa interface or in the submucosa (Figure 2.1).59-61 In 

studies of dermal vaccination, significantly different serum IgG titers have been generated from 

microneedle arrays with different needle geometry and interneedle spacing that deliver agents at 
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different depths in the skin.155 Given these promising results in dermal tissue, there is a strong 

rationale to evaluate the effect of microneedle design parameters such as shape, dimension, and 

interneedle spacing on penetration of different oral mucosal tissues and the resulting immune 

responses. 

2.4.2 Applicator devices for microneedle array delivery 

Multiple applicator devices have been designed for dermal microneedle insertion to 

improve the uniformity and the percent of the microneedle height that penetrates into the tissue 

(Figure 2.3b). Microneedle applicator devices can be used in conjunction with standard 

microneedle patch designs, or they can act to support individual needles and enable patchless 

microneedle array delivery.155-157  Applicator designs include simple buttons, rollers, syringe-

inspired devices, and spring loaded devices.158,159 Details of each of these designs and additional 

designs have been reviewed elsewhere.158,159 These devices are particularly important to improve 

the penetration of short (~300 m) microneedles that may otherwise incompletely penetrate 

tissue. Verbaan et al. found that without an electric device to apply needles at high velocity 

(3 m/s), dermal tissue simply folded around the microneedles without penetration. However, 

with an applicator, needles were delivered into tissue with efficiency of approximately 83%.157 

Even higher delivery efficiency up to 97% was observed for a patchless microneedle array 

design in which individual microneedles supported by micropillars were applied to skin using a 

spring loaded device.156 Applicators can also improve the reproducibility of microneedle 

insertion, which is especially significant considering the potential of microneedles to be self-

administered. In a study using a simple manual device to apply a static force, van der Maaden et 

al. found that the applicator improved delivery efficiency and reduced the variance between 

insertions by non-skilled users.155  
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While existing applicator devices for dermal microneedles are unlikely to be directly 

translated to oral mucosal microneedle delivery, these studies suggest the promise of designing 

applicators to improve delivery uniformity, efficiency, and reproducibility. The improvements 

for oral mucosal delivery will likely be even more dramatic than dermal delivery because of the 

anatomy of the oral cavity. While dermal tissues are typically supported by muscle or bone, 

much of the oral mucosa is not. Without a firm backing to provide support, tissue may be more 

likely to bend around needles rather than puncture.154,160 Existing oral mucosal microneedle 

vaccine studies have demonstrated variable needle penetration and dosing efficiency.137-140 

Design of applicators for oral mucosal microneedle vaccination could improve the delivery 

efficiency and uniformity to previously evaluated tissues such as the buccal region and the 

tongue. Well-designed applicators could also enable delivery of microneedles to regions that are 

difficult to access like the lingual or palatine tonsils. Therefore, design of applicators for oral 

mucosal microneedle delivery is likely to improve the quality of future oral mucosal vaccine 

studies and also enable delivery of microneedles to previously unexplored oral tissues. 

2.4.3 Microneedle tip implantation 

Several previous studies have been able to implant depots of biodegradable polymers into 

dermal tissue using microneedles. This tip implantation has been shown to improve delivery 

efficiency in dermal tissue and could also be particularly advantageous for the moist 

environment of the oral mucosa. 

Silk hydrogels have been loaded into microneedle tips for implantation into skin and 

serve as a sustained release depot. DeMuth et al. observed that when crosslinked by methanol 

treatment, silk hydrogel implants maintained the model antigen OVA at detectable levels in the 

skin up to 16 days after initial microneedle application.99 Other microneedle designs have 
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incorporated biodegradable chitosan tips on top of polylactic acid posts.98,161 Upon application to 

dermal tissue of rats, the chitosan tips were implanted 600-850 m below the tissue surface. 

After 60 minutes, the skin sealed over the implanted chitosan tips, resulting in depots for long 

term drug release. Compared to non-implantable chitosan microneedle tips fabricated by the 

same group that released BSA for only 4 days, tip-implantable chitosan microneedles released 

BSA up to 2 weeks after delivery.  

Designing microneedles to achieve implantation of biodegradable tips could be useful in 

the oral cavity to improve dosing efficiency and to prevent salivary washout effects. With this 

design, there is greater confidence in the vaccine dose actually delivered into the tissue compared 

to topical delivery or standard microneedle delivery. Future studies to design these systems 

would need to consider the kinetics of tissue healing concurrently with vaccine diffusion kinetics 

to ensure that the tips and the encapsulated biologics are retained in the tissue. If needed, skin 

resealing kinetics could be optimized by changing features of the needle design such as the 

length, number of needles, and aspect ratio.162 

2.4.4 Vaccine formulations incorporated into microneedles 

Many different vaccine biologics can be formulated into microneedles due to the 

abundance of materials and designs that are available. Vaccine compositions have included 

virus-like particles, DNA polyplexes, protein subunit, and viral vectors.97,123,126,131,134-136,163-166 

Vaccine components can be formulated onto solid microneedles as coatings through a variety of 

dry and wet coating techniques, and these coatings can be further layered to incorporate both 

antigen and adjuvant.132  Dissolving microneedles may contain antigen distributed throughout the 

polymer matrix forming the needle or encapsulated within nano- or microparticles in the needle 

(Figure 2.3d).136 
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The ability to deliver essentially any formulation of vaccine would be a leap forward for 

oral mucosal delivery. Previous preclinical studies of oral mucosal vaccine delivery have 

primarily been limited to inactivated vaccines, protein subunit vaccines, and virus-like particle 

vaccines. While some promising results have been observed with these vaccines, another key 

type of vaccine that has not been fully explored for oral mucosal delivery is DNA vaccines. In 

one study, a DNA-PEI polyplex prime was delivered to the sublingual or intranasal mucosa 

followed by a protein boost delivered to the same mucosal delivery site.167 Sublingual delivery 

resulted in 10-fold lower serum IgG and IgA responses compared to intranasal delivery and 

insignificant mucosal IgA titers in the vaginal mucosa. In another study, plasmid DNA was 

incorporated into a non-replicating baculovirus nanovector for sublingual delivery compared to 

intramuscular delivery.26 This delivery strategy generated comparable serum IgG titers, CD4+ 

and CD8+ T cell responses to intramuscular delivery. Mucosal IgA antibody titers were also very 

comparable to intramuscular delivery, meaning that this delivery system was not able to enhance 

mucosal immune responses. Other strategies for oral mucosal DNA vaccination such as 

electroporation have been able to elicit IgA and cellular mucosal immune responses, but the 

bulky and cumbersome device limits its use to specific regions of the oral mucosa.13 

Many studies have evaluated microneedles for DNA vaccine delivery to dermal 

tissue.132,133,137,168 The majority of these studies have been performed in mice, where microneedle 

mediated DNA vaccination has induced antigen specific cytotoxic T cell responses comparable 

to electroporation and antigen specific serum IgG responses superior to subcutaneous and 

intramuscular delivery.132,133,168 Microneedles have also been found to enhance gene expression 

in non-human primates by 140-fold compared to intradermal injection, which suggests that 

microneedle delivery of DNA will enhance immune responses in non-human primates.132 
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Microneedles have also been used to deliver a DNA vaccine in the oral mucosa of a rabbit, one 

of very few studies evaluating oral mucosal microneedle vaccination, which will be reviewed 

further in Section 2.5.137 Based on the demonstrated success of dermal microneedle mediated 

DNA delivery and the limitations of DNA delivery to the oral mucosa in previous studies, 

application of microneedles could overcome a major hurdle in oral mucosal DNA vaccination. 

2.4.5 Microneedle materials design used to control vaccine delivery kinetics 

Dissolving and solid microneedles can be designed to sustain release of antigens and 

adjuvants over time periods of days to weeks. These sustained release depots have a 

demonstrated ability to increase the magnitude and persistence of immune responses through 

dermal administration. Dissolving microneedles can achieve sustained release through 

incorporation of materials like silk, chitosan, or biodegradable polyesters, while solid 

microneedles can be coated with materials that will slowly dissociate and degrade in vivo (Figure 

2.3d). As described above, silk release kinetics can be tuned through methanol treatment, which 

has been shown to decrease the release rate by approximately two-fold. 99,169 In another study, 

microneedle tips were fabricated out of chitosan to create depots for sustained release of OVA 

over 28 days.97 Microneedles can also be designed to deliver depots of biodegradable polyester 

microparticles that persist in dermal tissue up to 18 days and in the draining lymph node 10 days 

after delivery.170 Sustained release has also been achieved by deposition of polymer multilayer 

films containing DNA antigen, RNA adjuvant, and polymer cations into dermal tissue through 

solid microneedles.132 Depending on the design of the polymers in the film, duration of cell 

transfection from a reporter plasmid DNA antigen varied from 10 days to 22 days. 

Slow release formulations including methanol treated silk, polyester microparticles, and 

biodegradable films have demonstrated more IFN- and TNF- expressing antigen specific 



 

 

37 

CD8+ T cells than rapid releasing microneedles or intramuscular bolus vaccination.99,132,170 

Release kinetics also have a significant effect on antibody responses, with the methanol treated 

silk microneedle formulation eliciting lower serum IgG titers and lower IgG avidity compared to 

fast release microneedles, but chitosan microneedles eliciting more robust serum IgG levels than 

bolus intramuscular delivery. 97 These immune responses were consistent even for the different 

antigens and materials used in each experiment.  

Collectively, literature describing sustained vaccine delivery to dermal tissue by 

microneedles suggests that sustained vaccine release enhances primarily CD8+ effector and 

central memory T cells. Vaccine release kinetics have not previously been studied in the oral 

cavity due to limitations of currently available delivery methods. Existing microneedle 

technology for sustained vaccine delivery in dermal tissue could overcome these limitations to 

enable a more detailed evaluation of oral mucosal immunity. It is reasonable to infer that similar 

improvements in the quantity and quality of cellular immune response could be observed in the 

oral cavity compared to the dermal tissue given some similarities in cell phenotype and function. 

However, vaccine release kinetics in the oral mucosa needs to be specifically studied because the 

dermal and oral mucosal tissue are not directly analogous, particularly with regard to immune 

cell infiltration and migration kinetics.59 It would also be interesting to evaluate the effects of 

sustained release on mucosal cellular and humoral immunity, as previous studies in dermal tissue 

have primarily focused on systemic cellular immunity.  

2.5 MICRONEEDLES FOR ORAL VACCINE DELIVERY 

Recently, four groups have reported on microneedle mediated delivery of vaccines to the oral 

mucosa (Table 2.2). Three of these technologies were based on solid coated microneedles, while 

the fourth used a dissolvable microneedle system. These studies have demonstrated the promise 
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of microneedles for delivery to the oral mucosa and have also revealed new questions and 

challenges for future studies.  

2.5.1 Solid coated microneedles for vaccine delivery in a rabbit model 

The first study of microneedle delivery of vaccines to the oral mucosa was published in 2014 

by Ma et al.137 The study focused primarily on a single row of coated stainless steel microneedles 

applied to either the inner lip or the dorsal tongue of rabbits. Using sulforhodamine as a model, 

the researchers demonstrated delivery into both the lip and tongue, with efficiency of 63.9% and 

91.2% respectively. Needles penetrated approximately 400 m into the tissue, or 57% of the 

needle height, while penetrations around 30% of the needle height are more typical in other 

studies.171,172 This improvement in penetration depth could be caused by several factors, 

including the design of the needle array as a 1D rather than 2D array, and the way the tissue was 

held taut during the needle insertion.  

In this study, adaptive immune responses resulting from delivery of 125 g OVA to the lip 

were compared to responses from delivery in the dorsal tongue. To achieve this dose, five 

microneedle arrays were each coated with 25 g OVA. Similar antigen-specific serum IgG titers 

were detected after delivery at both sites, and these titers were only significant after two vaccine 

doses. Meanwhile, all IgA titers were low and variable. Based on these studies, it was concluded 

that there was no significant difference between delivery to either the lip or the tongue. Immune 

responses elicited by delivery of a virus like particle and plasmid DNA HIV antigens resulted in 

similar results as OVA.  

This group has also conducted studies with the same microneedle technology to evaluate the 

effect of salivary washout on microneedle delivery to the oral cavity.173 Although microneedles 

deliver biologics directly into the tissue, they do create holes that saliva could enter and still 
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dilute and wash out the biologic. To evaluate the significance of this effect, a series of in vitro 

studies were conducted delivering sulforhodamine dye into porcine buccal mucosa mounted in a 

modified Franz diffusion cell. Unsurprisingly, the dynamic flow conditions resulted in 

approximately 3-fold increased diffusion out of the tissue compared to static flow conditions. It 

is unclear how directly these results translate to delivery of vaccine components like proteins and 

DNA that possess very different diffusion behavior compared to small molecule dyes. 

Nevertheless, this finding is an important consideration in the dosing of microneedles for oral 

mucosal delivery and suggests that the use of mucoadhesive films as coverings to prevent this 

diffusion may help delivery efficiency. It would also be interesting to study how this diffusion 

varies with microneedle penetration depth, and how it varies in vivo with different delivery 

locations since salivary flow can vary greatly in different areas of the mouth.83,84  

 

Table 2.3. Summary of existing studies of microneedle mediated oral mucosal vaccine delivery 

 

MN Technology Animal 
Model 

Delivery 
location 

Puncture 
depth 

Delivery 
efficiency 

Vaccine composition Immune 
response 

Other notes 

Solid coated 
microneedles 

Rabbit Inner lip ~400 μm 63.9% OVA IgA, IgG -Statistical significance of IgA 
titers in saliva for intramuscular 
vs. oral mucosal not evaluated 
 
 
-OVA specific IgA and IgG 
responses induced only after 
second dose 

Virus-like particle, 
plasmid 

IgA, IgG 

Dorsal 
tongue 

~400 μm 91.2% OVA IgA, IgG 

Virus-like particle, 
plasmid 

IgA, IgG 

Solid coated 
microneedles 

Mouse Buccal 250 µm n.d. OVA IgG, IgG1, 
IgG2a, 
splenocyte 

IFN- 

-Evaluation of immune responses 
with and without CT adjuvant 
 
-Slow coating dissolution 
requiring microneedles to be 
clamped to the mucosa for 20 
minutes 
 

Microprojection 
array 

Mouse Buccal 47.8 μm 30% Fluvax (inactivated 
split virion) 

IgG  -IgG titer similar to intramuscular 
delivery, lower than dermal 

Liposome 
containing 
dissolving MNs 

Mouse n.d.a) n.d. n.d. Liposomes 
containing lipid A+ 
Hepatitis B surface 

IgG, IgA, 
CD8+ T 
cells  

-Specific site of oral mucosal 
delivery not reported 
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antigen or bovine 
serum albumin 

-IgG titer lower than 
subcutaneous delivery 
 
-CD8+ T cell numbers greater 
than subcutaneous 

a) Not determined. 

 

2.5.2 Solid coated microneedles for adjuvanted vaccine delivery in a mouse model 

The most recent published study of oral mucosal microneedle vaccination was reported 

by Oh et al.174 This group evaluated humoral and cellular immune responses to OVA with or 

without cholera toxin delivered using 300 µm long coated polylactic acid microneedles or coated 

polylactic acid flat discs. Microneedles penetrated 250 µm into the porcine buccal mucosa in an 

ex vivo study. Penetration depth in the mouse model was not evaluated. In vitro, a coating 

containing FITC-labeled OVA dissolved in PBS within 1 minute, however the group noted that 

microneedles were clamped to the buccal mucosa for 20 minutes for in vivo vaccine delivery in 

mice. At this time point, the group demonstrated with the FITC-labeled OVA that coated 

microneedles resulted in an approximately four-fold increase in OVA delivery to the porcine 

buccal mucosa. 

In mice, the group reported robust OVA-specific antibody responses following 

vaccination with coated PLA microneedles and no response from coated flat discs. Inclusion of 

cholera toxin led to an increase in IgG, IgG1, and IgG2a, although it was unclear if these results 

were statistically significant. Similar amounts of IFN- were secreted from splenocytes of 

microneedle vaccinated mice when OVA peptides were presented by MHC class I or II. 

Inclusion of cholera toxin also led to an increase in this cellular response. Overall, this study 

further strengthens the body of work demonstrating that microneedles can improve delivery of 

vaccines into the buccal mucosa. Additionally, this is the only current published study that 
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clearly shows how incorporation of strong mucosal adjuvants can strengthen cellular and 

humoral immunity elicited by microneedle-mediated oral mucosal vaccination.  

2.5.3 Silicon microprojection array for influenza vaccination in a mouse model 

McNeilly et al. have investigated microprojection arrays for vaccine delivery in the mouse 

buccal mucosa. The microprojections consisted of 110 m -long conical structures of silicon 

sputter-coated with gold and then dry coated with fluorescent nanoparticles or 37 ng of the 

Fluvax commercial influenza vaccine, an inactivated split virion vaccine. The projections were 

designed to be long enough for accessing the lamina propria, which is approximately 50 m 

below the buccal tissue surface in mice. This study used a clip applicator device to help ensure 

uniform delivery, but only about two-thirds of the needles penetrated the tissue. The device 

delivered the Fluvax vaccine to an average depth of 47.8 m into the murine buccal tissue, but 

the depth varied from 20 m to ~100 m. Meanwhile, the delivery efficiency of the 

microprojection arrays was around 30%, with about 10% of the vaccine delivered on the tissue 

surface and the other 60% remaining on the projections.  

In the vaccination experiment, immune responses induced by the microprojection array were 

compared head-to-head with intramuscular injection, oral gavage delivery, and dermal delivery 

at t= 0 and at t= 4 weeks. The serum IgG titers were highest for dermal delivery, and buccal and 

intramuscular delivery had similarly lower titers. The only significant IgA titer was detected in 

the intestine from mice that received the vaccine dermally through the microprojection array. 

Hemagglutinin inhibition was measured to predict protective efficacy of these different vaccine 

delivery methods, and protective levels were detected only for dermal and buccal 

microprojection but not intramuscular delivery. This is a surprising result considering that the 

Fluvax commercial vaccine is designed for intramuscular injection.175 The authors attributed the 
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improved immune responses for dermal compared to buccal delivery to the increased penetration 

of ~90% in the dermal ear skin. It is not possible to directly compare the immune responses in 

this study to the 1D stainless steel arrays used by Ma et al. due to differences in animal model, 

delivery location, vaccine composition, delivery efficiency and method of reporting antibody 

titers. However, similar trends were observed in both studies, with oral mucosal microneedle 

vaccine delivery producing similar systemic IgG titers to intramuscular delivery and oral 

mucosal microneedle delivery resulting in modest and variable mucosal IgA titers. 

2.5.4 Dissolving microneedles containing liposomes for vaccine delivery 

Dissolving microneedle arrays have also been reported for oral mucosal delivery. Poly(vinyl-

pyrrolidone) matrix microneedles contained liposomes incorporating lipid-A adjuvant and either 

Hepatitis B surface antigen (HBs) or bovine serum albumin (BSA) antigen.139,140 The needles 

had a base diameter of 250 m and a height of 660 m. The microneedles were used to deliver 

either 4 g of BSA or 0.5 g of HBs to the murine oral mucosa, but no data was published 

regarding the penetration depth in oral mucosal tissue or the delivery efficiency of this system. 

Regardless of antigen, microneedle delivery of liposomes to the oral mucosa produced higher 

levels of serum IgG antibodies than topical oral mucosal delivery but lower levels of serum IgG 

antibodies compared to subcutaneous and dermal delivery.  Oral mucosal microneedle delivery 

elicited significantly higher levels of CD8+ T cells in the spleen and IgA antibodies in saliva, the 

intestines, and the vagina compared to any other evaluated delivery method. Out of all three 

reported technologies, the dissolving microneedles seemingly elicit the most robust mucosal IgA 

responses. There are several factors that could be responsible for this, including an 

approximately 100-fold increased dose compared to the microprojection array or the presence of 

an adjuvant. Additionally, of the three microneedle technologies evaluated for oral mucosal 
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vaccination, this is the only device for which tissue penetration and delivery efficiency was not 

reported. This is a particularly important question for this dissolving microneedle system because 

small amounts of wetting in the moist environment of the mouth could significantly reduce the 

microneedle tip sharpness and stiffness. While previous studies indicate that dissolving 

microneedle penetration of moist surfaces such as the cornea and sclera is possible, the 

microneedle material must be carefully designed to ensure needle penetration before needle 

dissolution.176  

2.6 PERSPECTIVES AND OUTLOOK 

There is a strong rationale for further evaluation of microneedles for oral mucosal vaccine 

delivery. These studies may focus on device optimization for generating high quality mucosal 

immune responses and the use of microneedles as a tool to answer key questions about oral 

mucosal immunity.  

 One key gap in oral mucosal microneedle vaccine delivery is the unclear role of dosing 

location. Microneedles have unique capabilities that enable precise vaccine delivery to locations 

that may be challenging with other dosage forms. However, existing studies have not fully 

utilized this function of microneedles for oral mucosal vaccine delivery. Although Ma et al. 

found that delivery in the lip and sublingually resulted in similar immune responses, this may be 

due to the specific measurement outputs used in their studies. Ma et al. used IgA and IgG titers to 

determine the difference between dosing location. However, it is possible that measurements like 

DC activation markers or cytokine expression could provide more insight into the immune 

functions of different oral mucosal dosing locations. Therefore, there is still a rationale for 

vaccine delivery in different oral mucosal locations.  
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 The effect of microneedle mediated vaccine delivery on innate and cellular immunity in 

the oral mucosa is another key gap in existing studies. In all of the completed studies, the 

primary immune output was serum IgG or mucosal IgA antibodies, and cellular responses were 

only evaluated for the dissolving microneedle technology. Meanwhile, none of these studies 

evaluated innate immune responses. While humoral immune responses are one key goal of 

vaccination, studies suggest that cellular immune responses are critical for clearing initial 

infection, particularly at mucosal surfaces where many pathogens enter and establish infection.8,9 

Additionally, previous studies using microneedles for dermal vaccination have demonstrated 

robust cellular immune responses.124,136,163 The increased CD8+ T cell responses for the 

dissolving microneedles suggests that analogous responses in the oral mucosa can be induced by 

microneedle-mediated vaccine delivery. In future studies, cellular immune responses should be 

included as a measure of the vaccine immunogenicity and ultimately should be optimized. Future 

studies should also evaluate innate immune responses to better understand the type, magnitude, 

and quality of innate response that correlates with lasting adaptive immunity and protection from 

infection. 

 There is also clear room for improvement and innovation in the incorporation of 

adjuvants into oral mucosal microneedle systems. Only two microneedle formulations used for 

oral mucosal vaccination incorporated an adjuvant, specifically lipid A, a TLR4 agonist, or 

cholera toxin.139,140,174 It is unclear what effect the lipid A had on the resulting immune responses 

since an unadjuvanted control was not included. Inclusion of cholera toxin was shown to 

increase cellular and humoral immune responses, although it is unclear if the results were 

statistically significant.174 Given that responses comparable to intramuscular delivery have been 

induced without any adjuvant,137,138 it is plausible that incorporation of adjuvants in oral mucosal 
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microneedle systems could greatly improve the quality and quantity of mucosal and systemic 

immune responses, as has been observed for topical dosage forms. The delivery capabilities of 

microneedles could also improve our understanding of adjuvant behavior in the oral mucosa. 

Because immune cell populations vary greatly with mucosal depth and with specific mucosal 

region, the unique ability of microneedles to target adjuvants to specific tissue regions containing 

target cells could lead to a better understanding of oral mucosal immunity.  

Clinical translation of the microneedle fabrication process and applicator design must be 

considered in the design of microneedles for oral mucosal vaccination. As described in detail 

within other reviews, key considerations for translation of microneedle products include sterile 

and scalable manufacture, procedures for quality control, design of applicators and instructions 

for appropriate use, and careful market analysis.177,178 Despite investments in microneedle 

technology by large companies, commercially available products are currently limited to 

cosmetic microneedle rollers that do not contain any active ingredients, and Fluzone,TM a 

trivalent inactivated influenza vaccine injected intradermally using a microneedle system called 

SoluviaTM manufactured by Becton Dickinson.179-182 Microneedle translation is an active area of 

research, with recent papers reporting scalable microneedle manufacturing processes, new 

methods for assessing microneedle performance, and applicators for easy, reproducible 

application by non-skilled users.155,158,159,183-185 Additionally, completed clinical trials have 

demonstrated the promise of microneedle technology for improving vaccination. FluzoneTM 

exhibited dose sparing in clinical trials, with 9 g FluzoneTM generating comparable antibody 

responses to 15 g of the same trivalent vaccine delivered intramuscularly, and more recently, 

another clinical trial demonstrated the safety and immunogenicity of a dissolving microneedle 

patch for influenza vaccination.182,186 Another primary concern for application of microneedles in 
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the oral mucosa is acceptability. A recent study evaluated the human perception of buccal 

microneedle administration in 100 participants.187 Perceived pain upon application to the palate, 

buccal mucosa, or tongue were similar to application in dermal tissue. Participants reported that 

the preferred site of application was the palate. Studies like this are critical when designing oral 

mucosal microneedle vaccines to develop a system that is both highly immunogenic and 

acceptable to patients. 

2.7 CONCLUSION 

Although the oral cavity is a promising site for mucosal vaccination, the current limited 

understanding of oral mucosal immunity precludes rational development and optimization of the 

next generation of oral mucosal vaccines. Currently available vaccine delivery systems for the 

oral mucosa are insufficient to specifically study the role of factors like vaccine composition, 

dose, and release kinetics on antigen presenting cell uptake and innate and adaptive immune 

responses. Microneedles possess broad capabilities that have been thoroughly demonstrated for 

dermal delivery, but demonstrations of these capabilities in the oral mucosa are extremely 

limited. There are many opportunities for advancement in this field, including the incorporation 

of adjuvants, the study of innate immune responses, and direct comparison of oral mucosal 

delivery sites. Future studies should not only optimize microneedle mediated oral mucosal 

vaccination but also use microneedles as a tool to address gaps in the current understanding of 

oral mucosal immunity. 
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Chapter 3. IN SITU 3D PATTERNING OF ELECTROSPUN FIBERS 

USING TWO-LAYER COMPOSITE MATERIALS 

Adapted from: Creighton, R., Phan, J., Woodrow, K.A. In situ 3D patterning of electrospun 

fibers using two-layer composite materials. Scientific Reports (2020) 10, 7949. 

3.1 ABSTRACT 

Polymeric electrospun nanofibers have extensive applications in filtration, sensing, drug 

delivery, and tissue engineering that often require the fibers to be patterned or integrated with a 

larger device. Here, we describe a highly versatile in situ strategy for three-dimensional 

electrospun fiber patterning using collectors with an insulative surface layer and conductive 

recessed patterns. We show that two-layer collectors with pattern dimensions down to 100-

micrometers are easily fabricated using available laboratory equipment. We use finite element 

method simulation and experimental validation to demonstrate that the fiber patterning strategy 

is effective for a variety of pattern dimensions and fiber materials. Finally, the potential for this 

strategy to enable new applications of electrospun fibers is demonstrated by incorporating 

electrospun fibers into dissolving microneedles for the first time. These studies provide a 

framework for the adaptation of this fiber patterning strategy to many different applications of 

electrospun fibers. 

3.2 INTRODUCTION 

Electrospun fibers are a unique material with broad capabilities in filtration, sensing, drug 

delivery, and tissue engineering due to the versatility of materials that can be processed. Because 

of their interconnected pores, which create a tortuous path for particles, electrospun fibers have 

been developed for commercial use in air and liquid filtration.1-4 This filtration function 
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combined with mechanical strength and breathability has also made electrospun fibers ideally 

suited to act as protective textiles for chemical or biological toxins.5 Electrospun polymers with 

fluorescent or colorimetric activity have also been used as sensors for various environmental 

hazards like mercury ions and health hazards like organic solvents.6-8 Electrospun fibers are 

useful in many different biological applications including tissue engineering and drug delivery 

because of the wide range of biocompatible materials that can be electrospun and the variety of 

strategies for incorporating physicochemically diverse agents.9-11 Additionally, the mechanical 

and chemical properties of electrospun polymeric fibers can be simultaneously engineered 

through polymer selection, fiber alignment, and biologic incorporation.12 These engineered 

electrospun fibers have been a useful tool for supporting cell viability in engineered tissues and 

for studying the effect of mechanical and chemical cues on cell phenotype.13-15  

 For these applications, electrospun fibers need to be patterned on various length scales for 

optimal function or for device integration. This is often achieved by electrospinning fibers in 

large sheets that are then mechanically cut into pieces with dimensions down to 5 mm and 

positioned within devices.16,17 Bulk mechanical patterning has been used to layer electrospun 

fibers between microfluidic channels for portable and lightweight dialysis systems.16 Fibers have 

also been cut and layered within the core of stimuli-responsive hydrogels for controlled drug 

delivery, but in this application the mechanical fiber patterning strategy resulted in uncontrolled 

diffusion at the device edges.17 Mechanical fiber patterning is not generalizable because it can 

lead to poor control over device dimensions at small length scales,17 and it is not feasible for 

complex device designs such as micro-scale grids or microfluidic channels containing discreet 

micro-scale fiber regions.8,18,19 Furthermore, mechanical patterning and integration strategies can 

lead to fiber deformation and alteration of the fiber mat porosity, which is critical to its function 
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for filtration, drug delivery, and tissue engineering.1 Therefore, there is a need for alternative 

fiber patterning strategies that preserve fiber structure and function, improve fiber function in 

existing applications, and enable new applications. 

Several alternative fiber patterning strategies currently exist. Processes like 

photolithography and ultraviolet and femtosecond laser ablation have enabled precise fiber 

integration within microfluidic channels,18,20 and have been used to increase cell infiltration and 

isolate cells within fiber mats.21-23 However, many of these patterning processes are incompatible 

with fibers intended for biological applications, and these processes can alter polymer fiber 

molecular weight, reduce tensile strength, and introduce debris into the final fiber structure.21,23 

Because of these limitations, in situ fiber patterning strategies like near field electrospinning and 

electrostatic manipulation are better suited for applications requiring preservation of fiber 

morphology and biological reagents.24-27 Near field electrospinning enables precise control over 

the deposition of single fibers to generate pattern dimensions between 25 m and 1 mm, which is 

useful for characterization of fiber properties such as piezoelectricity,28 but the process is low 

throughput and not ideal for large scale devices.24 Electrostatic based fiber patterning using 

electric field lenses or patterned collectors has high throughput, biological compatibility, and 

preserves fiber morphology. However, electric field lenses can only control fiber deposition on 

the centimeter scale,29 and existing patterned collectors lack versatility because the fiber 

patterning effect requires a particular polymer or a specific pattern design and dimension.25-27 

Taken together, the current state of the field suggests a need for an in situ fiber patterning 

strategy with more versatility in terms of fiber material, pattern complexity, and pattern 

dimensions.  
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Here, we describe a highly versatile in situ strategy for three-dimensional electrospun 

fiber patterning based on two-layer collectors with an insulative surface and conductive recessed 

patterns. Using finite element method simulations, we evaluated the effect of various collector 

design factors on the predicted fiber patterning. Key findings from these simulations were then 

verified experimentally. This strategy is compatible with different fiber materials and pattern 

dimensions, which will enable use in a broad range of future applications. To demonstrate one 

potential application of this new fiber patterning strategy, electrospun fibers were integrated into 

dissolving microneedles for the first time, and the microneedle mechanical properties were 

evaluated. 

3.3 RESULTS AND DISCUSSION 

3.3.1 Rapid fabrication of complex electrospun fiber patterns using two-layer collectors 

 

Previous studies have demonstrated that electrospun fibers are extremely sensitive to minor 

changes in electric field and collector dielectric properties.29 Fiber deposition has been focused 

into centimeter scale spot sizes through manipulation of the electric field,29 and fiber collection 

density has been modified on the micrometer scale by micropatterned collectors.25,26 However, 

no single in situ electrospun fiber patterning strategy has demonstrated generalizability from 

micrometer to centimeter length scales for a variety of relevant fiber materials. Additionally, 

existing in situ fiber patterning strategies are not capable of patterning in three dimensions on a 

range of length scales, which could prove valuable for integrating fibers within drug delivery 

systems, sensors, or microfluidic channels.16,17  

We investigated the ability of collectors with an insulative surface layer and conductive 

recessed patterns to generate three-dimensional patterned fibers on a range of length scales. To 
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evaluate this concept, we first created micropatterned collectors in silicon. Trench patterns with 

150-m depth and doughnut patterns with 50-m depth were created in silicon wafers using  

 

standard photolithographic patterning and deep reactive ion etching. The approximately 2-m 

thick polymeric photoresist was left on the wafer after etching, creating a two-layer patterned 

collector with an insulative surface layer (Figure 3.1a, 3.1b). Poly(vinyl alcohol) (PVA) fibers 

were readily deposited over the majority of the collector, and fibers deposited more densely in 

the silicon patterns than on the photoresist-coated collector surface (Figure 3.1a, 3.1b). We 

expected that the insulative photoresist layer caused an increase in electric potential at the 

collector surface, leading to fiber repulsion from the surface and deposition in the conductive 

recessed patterns.  

Figure 3.1. Rapid fabrication of complex electrospun fiber patterns using two-layer collectors. 

(A) Trench and (B) doughnut micropatterns were created in silicon using traditional microfabrication techniques. 

Schematic (not to scale) of the collector cross-sections depict the trench pattern depth (150 µm) and range of 

widths (500 to 5 µm) and the doughnut pattern depth (50 µm). The 2 µm thick photoresist layer was left on the 

silicon wafers to act as the insulative surface layer. (C-D) Patterns that were approximately 500 µm wide and 500 

µm deep were created in a carbon black-PDMS composite material with an approximately 600 µm thick PDMS 

insulative surface layer using a CO2 laser cutter. On all of these collectors, polyvinyl alcohol (PVA) fibers 

deposited densely in the micropatterns compared to the collector surface. 
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To explore the constraints of this fiber patterning strategy on a larger scale, we created 

poly(dimethyl siloxane) (PDMS)-based collectors. PDMS is easy to manipulate on a range of 

length scales using either additive or subtractive methods.30-32 Additionally, PDMS can be made 

conductive by incorporating high concentrations of conductive particulates such as carbon 

black.33 We first created a conductive mixture of carbon black and PDMS (C-PDMS), then 

added an approximately 600-m thick layer of insulative PDMS on the surface. Use of this 

material enabled rapid fabrication of complex patterns on the scale of hundreds of micrometers 

using a CO2 laser. Similar to the silicon collectors, PVA fibers deposited more densely within the 

patterns compared to the collector surface (Figure 3.1c, 3.1d). Together, these preliminary 

experiments demonstrated that patterned conductive collectors with an insulative surface layer 

could be used to generate patterned electrospun fibers on a range of length scales.  

3.3.2 Finite element method simulations following statistically designed experiments for 

collector geometry designs 

We sought to evaluate the design space of our fiber patterning strategy using a series of 

two-dimensional finite element method simulations. The first set of simulations followed a two-

level, five factor, full factorial design to determine collector design factors that would have the 

most significant effect on electrospun fiber patterning. Factors of interest included insulative 

layer thickness and feature spacing, width, height and geometry (Figure 3.2a). The primary 

response output was the difference between the electric field at the bottom of the pattern and the 

electric field at the collector surface (E). Assuming the deposition of the electrospun fibers is 

primarily driven by the force of the electric field, a E greater than 0 would predict more fiber 

deposition in the patterns compared to the collector surface.  
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Each simulation calculated the potential and electric field for geometries, materials, and 

electrostatic conditions matching actual experimental setups to be used in later studies (Figure 

3.2b, 3.2c). Two sample simulations for small scale (2.5 mm width, height, spacing, and 

thickness) and large scale (7.5 mm width, height, spacing, and thickness) square patterns 

computed a E of -143 V/m for the small scale pattern and a higher E of 105 V/m for the large 

scale pattern (Figure 3.2b, 3.2c). To determine the factor or factors that were driving this result, 

the main effect size for each factor was calculated. The main effect for each factor is defined as 

the difference between the average E at its high and low levels holding all other factors 

Figure 3.2. Finite element method simulations following statistically designed experiments 

for collector geometry designs.  

(A) P-diagram of the design of experiments, including the five different control factor inputs and the primary 

response output. Factors were varied from 2.51 mm to 7.51 mm in the initial full factorial design, then were varied 

from 0.01 mm to 10.01 mm for the central composite design. Representative images from two distinct simulations 

for square feature geometry with (B) 2.51 mm width, height, spacing, and thickness, and (C) 7.51 mm width, height, 

spacing, and thickness. These images show the starting geometry, the calculated electric potential (color gradient, 

scale in kV), and electric field (arrow vectors). Annotations indicate the location of the collector surface (*) and 

bottom of the pattern (^) used to calculate the E response output. (D) Means plot showing the relative effect of 

each factor at each level. The largest effect was observed for the insulative layer thickness, feature height, and the 

interaction of these two factors. (E) The heat map of E from the quadratic model indicates that E is maximized 

by limiting feature height to 5 mm and increasing the insulative layer thickness proportionally with increasing 

feature height. 
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constant. For this set of experiments, the insulative layer thickness and feature height had the 

largest effect on E (effect size= 1,615 and -1,632 V/m, respectively) (Figure 3.2d). These 

results indicate that an increase in insulative layer thickness or a decrease in feature height would 

result in an increased E, which predicts increased fiber deposition in the pattern. Calculation of 

two- and three-factor interactions showed that only the interaction of insulative layer thickness 

and feature height had an appreciable effect on E (effect size= -1,424 V/m). Because these two 

factors interact, their effect should be considered by the interaction term rather than the 

individual main effects. Statistical analysis showed that all of the evaluated factors and the 

thickness-height interaction factor had a significant effect on E (Table 3.1). However, it was 

also clear from this analysis that E is primarily determined by the thickness-height interaction. 

These results suggest that appropriate selection of just feature height and insulative layer 

thickness could yield electrospun fiber patterns of a variety of widths, spacing, and shape with 

high selectivity.  

Table 3.1. Statistical analysis of finite element method simulations 

Full Factorial Design 

  Sum of Squares  df Mean Square F Value p-value, Prob > F 

Model 6.05E7 6 1.00E7 228 1.37E-20 

A-PDMS thickness 2.08E7 1 2.08E7 472 9.34E-18 

B-Spacing 6.18E5 1 6.18E5 14.0 9.56E-04 

C-Width 6.39E5 1 6.39E5 14.4 8.15E-04 

D-Height 2.13E7 1 2.13E7 482 7.26E-18 

E-Shape 8.59E5 1 8.59E5 19.4 1.70E-04 

AD 1.62E7 1 1.62E7 367 1.81E-16 

Central Composite Design 

  Sum of Squares  df Mean Square F Value p-value, Prob > F 

Model 4.24E7 7 6.06E6 737 1.38E-24 

A-PDMS Thickness 1.32E7 1 1.32E7 1611 4.49E-22 

B-Spacing 1.91E5 1 1.91E5 23.3 7.92E-05 

C-Width 1.52E5 1 1.52E5 18.5 2.85E-04 

D-Height 1.77E7 1 1.77E7 2158 1.87E-23 

AD 7.13E6 1 7.13E6 868 3.56E-19 

A2 2.44E6 1 2.44E6 297 2.83E-14 

D2 1.98E6 1 1.98E6 241 2.39E-13 
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To further explore factor interactions and to evaluate a larger range of pattern 

dimensions, we conducted another set of simulations following a central composite experimental 

design. Shape was omitted as a factor to simplify the design and because the full factorial design 

indicated that it was not one of the main factors affecting E. The results were similar to the 

results from the full-factorial design, with the largest and most significant effects observed for 

insulative layer thickness, feature height, and the interaction of these two factors (Table 3.1). A 

quadratic model based on the results was then used to construct a heat map of the interaction 

between insulative layer thickness and feature height for intermediate values of spacing (5 mm) 

and width (5 mm). This heat map indicated that to maximize E for the dimensions evaluated 

here, feature height should be limited to 5 mm and insulative layer thickness should be increased 

proportionally as feature height increases (Figure 3.2e). Importantly, E can be increased for 

feature heights greater than 5 mm by further increasing the insulative layer thickness beyond the 

range of these simulations. For example, E of 2,581 V/m was calculated for a triangular feature 

with 5.01 mm width, 15 mm height, 5.01 mm spacing, and 20 mm insulative layer thickness. 

Applications that require larger feature sizes will require additional simulations centered around 

the dimensions of interest to ensure accurate prediction of E. Together these simulations 

suggest that this fiber patterning strategy can be used over a wide range of length scales. 

3.3.3 Rapid and inexpensive collector prototyping by subtractive and additive processes using 

a PDMS-based composite material 

To experimentally evaluate the collector design features predicted to affect fiber 

deposition in the simulations, we modified the PDMS based materials and collector fabrication 

process used for our proof-of-concept collectors. In the first iteration of these collectors, the 

12.5% w/v C-PDMS was highly viscous, making it difficult to mix and mold the material. To 
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address this challenge, we incorporated carbon black into the PDMS at a lower concentration 

(7.5 wt%), then poured it into a mold and placed it on a rotating platform shaker to generate 

turbulence in the mixture and increase the settling velocity of the carbon black particles.34 The 

settling of the carbon black was observed qualitatively by electrospinning PVA fibers onto the 

bottom (Figure 3.3a) and top (Figure 3.3b) of the C-PDMS after 15 hours of shaking followed by 

curing. Fiber deposition was uniform across the bottom of the material, likely due to 

concentration of the carbon black particles (Figure 3.3a). In comparison, fiber deposition was 

sparse and uneven on the top of the material where the particles were likely more dilute (Figure 

3.3b). Although the shaking step adds time to the collector fabrication process, it enables 

uniform fiber collection with carbon black concentrations below the 10 wt% threshold needed to 

achieve conductivity (5*10-3 (ohm*cm)-1) in carbon black-PDMS mixtures and below previously 

reported concentrations for electrospinning collectors (12.5% w/v).27,33,35 The small reduction of 

carbon black concentration reduces the viscosity of the mixture approximately 6-fold, from 

148,000 cP to 24,000 cP. This reduction facilitates easy mixing and molding of the material.33  

We incorporated this modification of the C-PDMS processing into both subtractive and 

additive fabrication methods. As described previously, the subtractive process starts with 
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preparation and curing of the C-PDMS, followed by addition of PDMS. This completed two-

layer material is then micromachined using a CO2 laser system (Figure 3.3c). While the 

subtractive process used in the proof-of-concept collectors was well suited to relatively shallow 

patterns (feature depth less than 1 mm), fabrication of deeper patterns required multiple passes of 

the laser. Therefore, we evaluated an additive process that is better suited to larger patterns. For 

Figure 3.3. Rapid and inexpensive collector prototyping by subtractive and additive processes using 

a PDMS-based composite material. 

(A) PVA fibers electrospun onto the side of the cured carbon black-PDMS mixture with concentrated carbon black 

particles, showing uniform fiber deposition. (B) PVA fibers electrospun onto the carbon black-PDMS mixture with diffuse 

carbon black particles, showing minimal and highly irregular fiber deposition. Schematic of the (C) subtractive procedure 

starting with adding the 7.5 wt% carbon black in PDMS to a mold, then shaking the mixture. This mixture is cured and 

inverted, then a layer of PDMS is added to the surface and cured. The two-layer material is then patterned using a CO2 

laser. (D)The additive fabrication procedure starts with a master mold. PDMS is added and cured, then C-PDMS is added 

and the entire mold is placed on a plate shaker. The C-PDMS is then cured, and the completed collector removed from the 

mold. Representative optical images and measurements of base (●) and height (p) dimensions of conical features cast 

from a PDMS collector laser cut with (E) a point pattern, (F) a circle pattern (diameter: 0.06 mm), or (G) a helix pattern 

(diameter: 0.25 mm, 10 turns). All features used a variable laser power and constant laser speed (95%). 
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the additive process (Figure 3.3d), an appropriate volume of PDMS is first added to a master 

mold to achieve the desired thickness and cured. Next, the C-PDMS mixture is added to the 

mold, shaken, and cured. For the experimental studies used to verify the simulation results, we 

chose to use the subtractive fabrication method to create conical features in the two-layer PDMS-

based material with diameters ranging from 98 to 378 μm and heights ranging from 159 to 895 

μm (Figure 3.3e- 3.3g). 

From start to finish, both collector fabrication processes require approximately 30 

minutes of active time over 2 days. The entire collector fabrication process is completed with 

inexpensive materials and laboratory equipment that is readily available. While potential 

alternative collector materials systems such as silicon have higher stiffness and higher 

conductivity, this PDMS based system is favorable for proof-of-concept studies, rapid collector 

design iteration, or for settings where a cleanroom for silicon processing is not available.  

3.3.4 Electrospun fiber conformation to 3D collector pattern depends on insulative layer 

thickness and feature height 

After identifying key factors predicted to affect fiber deposition patterns and developing a 

strategy for rapidly prototyping different collector patterns, we set out to experimentally validate  

our simulation results. The first goal of the experimental evaluation was to assess the effect of 

the insulative surface layer compared to a fully conductive patterned collector. An additive 

strategy was used to generate millimeter-scale patterns (3 mm diameter, 3.25 mm height, and 5.5 

mm spacing) in a collector with and without a 600-m thick insulative PDMS layer (Figure 3.4a, 

3.4b). PVA fibers deposited only on the surface of the fully conductive collector with-out the 

insulative layer, but fibers deposited densely in the patterns on the insulated two-layer collector 

(Figure 3.4a, b). These results agree with the simulations, which calculated a 330 V/m higher ΔE 
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for the collector with the insulative PDMS layer. These studies experimentally demonstrate the 

function of an insulative surface layer to achieve fiber deposition within recessed patterns. 

 

The PDMS-based collectors were then scaled down by approximately 10-fold to verify 

that the patterning effect was valid at smaller length scales (conical pattern: 269 ± 5 μm 

diameter, 522 ± 6 μm height, 1400 μm spacing, 400 μm insulative PDMS layer thickness). 

Although the simulations calculated a ΔE value less than 0 V/m (-119 V/m), we observed a 

Figure 3.4. Electrospun fiber conformation to 3D collector pattern depends on insulative 

layer thickness and feature height. 

PVA fiber collection on millimeter-scale PDMS-based patterned collectors (A) with and (B) without a 600 μm 

thick PDMS surface layer demonstrates the need for the insulative layer to achieve fiber deposition in the 

micropatterns. Conical patterns had diameter 3 mm, 3.25 mm height, and 5.5 mm spacing. (C) Micro-scale 

PDMS-based collector with (top inset) and without (bottom inset) PVA fiber deposition. Collector had 400 μm 

PDMS thickness and conical patterns with 269±5 μm diameter, 522±6 μm height, 1400 μm spacing. (D) SEM 

image of fibers carefully removed from micro-scale collector demonstrates fiber patterning in three 

dimensions. (E) Top-down view of micropatterned collector with gradient PDMS layer thickness containing 

PVA electrospun fibers. This collector contained conical patterns with 364±16 μm diameter, 777±20 μm 

height, 1600 μm spacing, and a PDMS layer that ranged from 400 to 580 μm. Fiber deposition is less visible 

in areas of the collector with thicker PDMS layer. (F) Cross-sectional SEM image of the gradient PDMS 

thickness micropatterned collector at a region with 400 μm PDMS thickness and (G) a region with 500 μm 

PDMS thickness containing PVA electrospun fibers. The approximate location of the insulative layer is 

denoted by the white dashed line. These SEM images were processed in Adobe Photoshop to improve visibility 

of fibers. Contrast was set to 100 and exposure offset was set to -0.1. For all electrospinning experiments, the 

needle-collector separation distance was 10 cm. The solution flow rate varied between 1.5-5 μL/min and the 

applied voltage varied between 7.5-8.5 kV because of the differences in solution properties. For millimeter 

scale collectors, fibers were electrospun for approximately 5 minutes, and for microscale collectors, fibers 

were electrospun for 1-2 minutes. 
 



 

 

73 

similar patterning effect for this microscale collector, with fibers deposited densely within the 

patterns in 1-2 minutes and little to no deposition on the collector surface (Figure 3.4c). These 

results suggest that experimental fiber patterning is possible at a wider range of ΔE values than 

those predicted by the simulations. To verify that we were not simply observing fibers bridging 

over the patterns, we increased the electrospinning time to create a fiber mat strong enough to be 

removed from the collector. We then imaged the fibers with scanning electron microscopy and 

observed that the fibers conformed to the patterned collector in three dimensions (Figure 3.4d). 

Coupled with the results for the millimeter-scale collector, these results confirm that with 

appropriate selection of feature height and insulative layer thickness, the fiber patterning strategy 

is feasible on a range of length scales.  

To better understand the effect of insulative layer thickness on fiber deposition, we 

fabricated a microscale collector with a gradient insulative PDMS layer thickness and constant 

feature geometry, dimensions, and spacing. This collector contained conical patterns (364 ± 16 

μm diameter, 777 ± 20 μm height, 1600 μm spacing), and an insulative PDMS layer that ranged 

from 400 to 580 μm. Our simulations calculated that the ΔE was 48 V/m higher for the 580 µm 

PDMS thickness compared to the 400 µm PDMS thickness. PVA fibers were deposited densely 

in the patterns over a majority of the collector in 1-2 minutes, with more visible fibers in the 

patterns with a thinner insulative PDMS layer and fewer visible fibers visible in patterns with a 

thicker insulative PDMS layer (Figure 3.4e). When cross-sections of this fiber-containing 

collector were inspected by SEM, we observed that the fiber deposition depth was modulated by 

the insulative PDMS thickness. Fibers deposited near the openings of the patterns with a 400-μm 

thick PDMS layer (Figure 3.4f), while fibers appeared to be deposited toward the bottom of the 

pattern for a 500 μm-thick PDMS layer (Figure 3.4g). The deeper fiber deposition in patterns 
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with a thicker insulative PDMS layer is possibly related to the increased E compared to patterns 

with a thinner insulative PDMS layer.  

Overall, the experimental evaluation of our two-layer collectors for in situ fiber 

patterning agreed with the predictions of the finite element method simulations. Electrospun 

fibers deposited into patterns with a range of feature heights from 3.25 mm to 522 μm through 

appropriate selection of insulative layer thickness, corroborating a key finding from the 

simulations. Because the simulations do not capture some key factors related to fiber material 

and electrospinning dynamics,36,37 they cannot be used alone to precisely determine fiber 

deposition patterns. However, agreement in trends between the experiments and the simulations 

suggests that the simulation results can be used as a guide to direct the design of two-layer 

collectors for three-dimensional patterning of electrospun fibers. 
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3.3.5 In situ patterning strategy shows versatility for physicochemically diverse polymers 

Another desirable feature of our patterning strategy is its ability to accommodate in situ 

electrospinning of a variety of fiber materials with different physicochemical properties. We 

evaluated this experimentally since the properties of the fibers and their behavior in the electric 

field were too complex to simulate accurately. We chose to demonstrate patterning of 

polycaprolactone (PCL) and poly(lactic-co-glycolic acid) (PLGA) here because they are widely 

used in drug delivery and tissue engineering, and organic solutions of these polymers have very 

different properties than the aqueous PVA solution used in our original experimental validation 

studies.4,13,23,38 Because the PDMS-based collectors are much less conductive than standard 

metal collectors used for electrospinning, the low polarity polyester solutions required 

Figure 3.5. In situ patterning strategy shows versatility for physicochemically diverse 

polymers. 

Ratio of fiber mass in the micropatterns to fiber mass on the collector surface and representative top-down 

images of fibers on micropatterned collectors for (A) PCL fibers electrospun from different solvents, (B) PCL 

fibers electrospun from different CHL:DMF ratios, (C) PLGA fibers electrospun from different solvents. (n=3, 

error bars represent standard deviations). The same collector with conical micropatterns of base diameter 

364±16 μm, height 777±20 μm, spacing ranging from 0.5 mm to 4 mm, and insulative layer thickness 0.4 mm was 

used for all electrospinning experiments. PCL fibers were electrospun at a voltage of 17 kV, while PLGA fibers 

were electrospun at a voltage of 18 kV. All fiber samples were electrospun at a 5 μL/min flow rate and 25 cm tip 

to collector distance for 2 minutes. 
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experimentation to identify formulations with reproducible results, high yield, and selectivity for 

the pattern. For each polyester, we measured solution properties and fiber output from 

electrospinning (2 minutes) onto a collector containing five 2x6 arrays of conical patterns 

(364±16 m diameter, 777±20 m height, 500-4000 m spacing, 500 m insulative layer 

thickness).  We also calculated the yield and the experimental fiber selectivity (SE), defined here 

as the ratio of fiber mass deposited in the patterns to fiber mass deposited on the collector surface 

(Table 3.2, Figure 3.5a). 

To improve the in situ patterning of PCL fibers, we first prepared PCL solutions at 12 

wt% in various solvents and solvent mixtures with different conductivity and viscosity, factors 

that are known to affect fiber morphology and deposition patterns.24,26,36,37 In general, higher 

fiber yield was observed for PCL solutions with higher viscosity and lower conductivity 

(chloroform (CHL), 3:1 chloroform: dimethylformamide (CHL: DMF)) (Table 3.2). The CHL: 

DMF mixture was prioritized for further studies because of its high SE combined with its high 

yield and uniform deposition across the collector (Figure 3.5a). In the next iteration of PCL 

solution development, we tuned the solution conductivity by changing the ratio of CHL:DMF 

rather than through addition of salts because of the poor yield and SE of the highest conductivity 

solutions in the initial solvent evaluation (Table 3.2). The best yield (100.8%) and SE (4.9) were 

observed for the PCL solution in 5:1 CHL: DMF, which had approximately 30% lower 

conductivity and approximately 20% higher viscosity than the starting 3:1 CHL: DMF solution 

(Figure 3.5b). While the yield of this solution still varied between replicates, SE was 

reproducible. Ultimately, a 12 wt% solution of PCL in 5:1 CHL: DMF was identified to be best 

suited for our in situ patterning, producing a nearly 20-fold increase in fiber yield and nearly 50-

fold increase in SE compared to the worst performing solution. A similar approach was used to 
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identify a formulation with high yield and SE for PLGA fibers. Here, we found that a 10% PLGA 

solution in CHL provided the best yield (111%) and SE (6.71) (Figure 3.5c).  

Table 3.2. Polymer solution properties for patterned electrospun fibers 

 Solvent Conductivity 

(μS/cm) 

Viscosity 

(Pa*s) 

Output 

(mg)a, b 

Yield (%) a SE
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c
 CHL 0.00 6.66 0.55±0.32 45.8±26.6 8.09 

DCM 0.00 3.45 0.1±0.01 8.3±0.8 1.39 

DCM: DMF 0.59 5.54 0.35±0.25 29.1±20.8 2.38 

DCM: MeOH 0.81 2.64 0.14±0.07 11.6±5.8 1.67 

CHL: MeOH 0.56 2.58 0.07±0.04 5.8±3.3 2.11 

CHL: DMF 0.24 4.56 0.83±0.39 69.1±32.5 2.43 
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2:1 CHL: 

DMF 

0.22 3.91 0.57±0.32 47.5±26.6 1.09 

4:1 CHL: 

DMF 

0.20 5.33 0.76±0.26 63.3±21.6 0.10 

5:1 CHL: 

DMF 

0.17 5.36 1.21±0.49 100.8±40.8 4.90 
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 CHL 0.00 2.03 1.11±0.16 111±16 6.71 

CHL: DMF 0.36 3.72 0.17±0.08 17±8 2.06 

HFIP 0.09 10.84 1.04±0.40 104±40 5.21 

 aMean ± standard deviation of n=3 electrospinning replicates, b Output is reported as total fiber mass on the 

collector after 2 minutes of electrospinning, c All PCL solutions were prepared at 12 wt%, d All PLGA solutions were 

prepared at 10 wt% 
 

Performance of PLGA solutions followed similar trends to the PCL solutions, with higher 

viscosity and lower conductivity solutions producing the highest SE and yield (Table 3.2). This 

effect is potentially caused by the increased net charge density of electrospun fibers produced 

from higher conductivity solutions.39 These fibers may not completely discharge after deposition 

on the collector, leading to repulsion of incoming fibers.25,40 Therefore, future studies attempting 

to pattern fibers containing high concentrations of conductive agents could encounter reduced 

fiber yield or compromised fiber pattern quality. However, these studies could explore the use of 

AC potentials or a modified collector material to reduce surface charge accumulation and 
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overcome this challenge.25,40 Overall, the polymer solution development performed here provides 

a framework for adapting virtually any fiber formulation containing active agents, other 

additives, or different fiber materials for use with our patterning strategy. 

3.3.6 Fabrication of mechanically robust integrated fiber microneedles 

As a demonstration of one application of this fiber patterning strategy, we used it to 

integrate electrospun fibers with dissolving microneedles. Here, we generated a two-layer 

collector in the shape of a microneedle array, deposited electrospun fibers within the collector 

patterns, and filled the collectors with a polymer solution to create a dissolvable matrix around 

the electrospun fibers and a backing layer (Figure 3.6b).41-43  In a cross-sectional image of the 

completed integrated fiber microneedle device, we observed an interconnected network of 

electrospun fibers dispersed throughout the polymer matrix material along the entire length of 

the needle (Figure 3.6b inset). This data suggests that the 3D-pattern of the electrospun fibers is 

maintained after the addition of polyacrylic acid. Based on previous studies of polyacrylic acid 

microneedles, we anticipate that the matrix material will dissolve rapidly on contact with the 

interstitial fluid in the skin to deliver a 3D network of electrospun fibers.41-43 
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Because the primary function of microneedles is their ability to puncture tissue,44 

mechanical characterization of the integrated fiber microneedles was prioritized for these proof-

of-concept studies. The integrated fiber microneedles used for these studies consisted of PCL 

fibers electrospun from the optimized solution described in the previous section onto a collector 

with conical patterns (364±16 m diameter, 777±20 m height, 1000 m spacing, 500 m 

insulative layer thickness). After electrospinning for 2 minutes, an aqueous solution of 

Figure 3.6. Fabrication of mechanically robust integrated fiber microneedles. 

(A) Integrated fiber microneedle fabrication approach. (B) Optical microscope image of a completed integrated 

fiber microneedle array and (inset) SEM image of a single integrated fiber microneedle cross-section reveals an 

interconnected network of electrospun fibers dispersed throughout the polymer matrix material.   (C) Graph of 

load and extension per needle for compression of  microneedle arrays between two steel plates using an Instron 

universal testing system. Curve represents the mean of three integrated fiber microneedle arrays (dashed line) 

and fiber free microneedles (solid line) from separate PDMS-based collectors. Error bars omitted for graph 

clarity. (D) Failure forces per needle for integrated fiber microneedles compared to fiber free microneedles. For 

all samples measured with this method, the failure force was taken as the load at 0.1 mm extension (n=3, error 

bars represent standard deviations). (E) Optical microscopy of dermal and buccal tissue treated with fiber free 

microneedles or integrated fiber microneedles demonstrating integrated fiber microneedle disruption of the 

dermal stratum corneum and viable epidermis and fiber free microneedle and integrated fiber microneedle 

access to the epithelium of buccal tissue. Untreated dermal and buccal tissue controls are provided to 

demonstrate the native structure of both tissues. 
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poly(acrylic acid) was applied to the collector to give the integrated fiber microneedles 

mechanical strength and to create a dissolvable backing layer (Figure 3.6b). Compressive testing 

of microneedle arrays indicated that integrated fiber microneedles were stiffer than microneedles 

without fibers fabricated by the same process (Figure 3.6c). Integrated fiber microneedle failure 

forces exceeded previously established targets for tissue puncture,45 with an average failure force 

per needle of 0.055 N (Figure 3.6d). In contrast, conventional matrix microneedles without fibers 

failed at a lower force of 0.027 N/needle. This observation could be related to the 

microarchitecture of the integrated fiber microneedle device (Figure 3.6b). In previous studies, a 

similar microarchitecture enabled efficient transfer of compressive force from the matrix 

material to the fiber reinforcement material, resulting in improved compressive mechanical 

properties.46,47 The failure force of the integrated fiber microneedles was reproducible, 

suggesting a consistent fabrication process. Since the predicted force per needle for tissue 

insertion is approximately 0.02 N, these needles have a factor of safety of nearly 3, meaning that 

they should reliably and completely puncture tissue.44  

To validate that the integrated fiber microneedle patch could effectively puncture tissue, 

we applied the patch to non-human primate dermal and buccal tissue ex vivo. These tissues are of 

interest for drug and vaccine delivery and possess different mechanical properties.48,49 The 

results indicate that only integrated fiber microneedles penetrated both the stratum corneum and 

the viable epidermis of dermal tissue (Figure 3.6e). In buccal tissue, the integrated fiber 

microneedles penetrated to a depth of approximately 240 μm, 30% of the needle height. 

Conventional matrix microneedles without fibers penetrated approximately 130 μm in the buccal 

tissue, potentially because they are mechanically weaker than the integrated fiber microneedles. 

In previous studies, penetration depths of 30-50% of the microneedle height have been sufficient 
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to achieve both bolus and sustained delivery with approximately 30% delivery efficiency.50,51 As 

such, we expect to see comparable delivery with a 30% penetration depth of our microneedles in 

buccal tissue.  Future studies applying integrated fiber microneedles for specific drug delivery 

applications could alter microneedle dimensions or application force to achieve the desired 

penetration depth.52,53  

 Integrated fiber microneedles could provide an alternative delivery modality for 

electrospun fibers, and they could expand the functionality of existing dissolving microneedles 

by enabling localized and tunable release from the fiber scaffolds. Future studies with these 

microneedles could iterate on the needle geometry or dimensions to optimize the mechanical 

stiffness or tissue penetration depths. This example application illustrates how this fiber 

patterning strategy could enable the development of new device architectures not possible with 

currently available fiber patterning methods.  

3.4 CONCLUSION 

In this work, we demonstrated an in situ strategy for three-dimensional patterning of 

electrospun fibers using two-layer patterned collectors. Using a combination of finite element 

method simulations and experimental validation, we have established that the patterning effect is 

primarily dependent on the pattern height and insulative layer thickness. Furthermore, our 

simulations and experiments indicate that three-dimensional fiber patterning is possible for 

pattern dimensions ranging from hundreds of micrometers to the centimeter scale. This pattern 

dimension range bridges the gap of pattern dimensions achievable using existing in situ fiber 

patterning strategies. This fiber patterning strategy could be used to fabricate 3D cell culture 

scaffolds, drug delivery devices, or microfluidic devices in future work. We demonstrated that 
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this fiber patterning strategy can be used to integrate electrospun fibers into microneedles for the 

first time. 

3.5 MATERIALS AND METHODS 

3.5.1 COMSOL simulation setup and parameters 

The effect of various two-layer patterned collector designs on the electric field near the 

collector was evaluated using finite element method simulations (COMSOL Multiphysics 

version 5.1). The 2D schematic of the collector and the electrospinning setup for each simulation 

was prepared in AutoCAD (Autodesk AutoCAD 2015). For every simulation, the tip to collector 

distance was set to 10 cm. The geometry included a boundary around the entire setup. The 

materials assigned to each geometry in the simulation matched the materials used in 

experimental evaluations. Charge conservation was maintained in the simulation, and the zero-

charge boundary condition was assigned to the outer boundary of the geometry. The initial value 

for electric potential was set to zero across the entire geometry.  The applied voltage of 7.5 kV 

was assigned to the geometry representing the needle in the electrospinning setup. This is an 

actual voltage that was used for the experimental evaluation. The geometry representing the 

collector was grounded. Geometries were rendered with an extra fine physics-controlled mesh. 

The electric field at different points relative to the collector was calculated using the potential 

computed by the simulation. 

3.5.2 Statistical analysis of simulations 

All simulation experimental design and statistical analysis was performed using Design 

Expert software (version 9.0.4, Stat-Ease Inc.). The central composite design included factorial 

points matched to the full factorial design, 5 center points, and 9 star points (=2.5). Results from 
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both experimental designs were analyzed using ANOVA and the F-test. The results of the central 

composite design were used to construct a quadratic model (R2=0.9958) that can be used to predict 

E for any given set of control factor inputs (Equation 3.1): 

 ∆𝐸 = 63 + 231 ∗ 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 − 35 ∗ 𝑠𝑝𝑎𝑐𝑖𝑛𝑔 + 31 ∗ 𝑤𝑖𝑑𝑡ℎ − 455 ∗ ℎ𝑒𝑖𝑔ℎ𝑡 + 106 ∗

𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 ∗ ℎ𝑒𝑖𝑔ℎ𝑡 − 46 ∗ 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠2 − 42 ∗ ℎ𝑒𝑖𝑔ℎ𝑡2                                                           (3.1) 

Results from the factorial design were tested for normality using the Shapiro-Wilk test, which 

resulted in a W-value of 0.967 and a p-value of 0.561, indicating that terms not selected for the 

model were normally distributed. The central composite design results were tested for normality 

by inspecting the normal probability plot for linearity. 

3.5.3 Design and preparation of two-layer patterned collectors 

To prepare the millimeter-scale two-layer patterned collectors, first an array of cones was 

designed in Autodesk Inventor and 3D printed in poly(lactic acid) with a FlashForge Finder at 

the University of Washington CoMotion Makerspace. A layer of PDMS (mixed at 1:10 ratio 

curing agent: pre-polymer, Sylgard 184, Dow Corning) was added to the array and cured at room 

temperature for 24 hours. C-PDMS was prepared by first incorporating 7.5wt% carbon black 

(Vulcan XC 72R, particle size 50 nm, Fuel Cell Store) into the PDMS pre-polymer using an 

overhead stirrer (IKA Eurostar) with a propeller attachment at 250 rpm. When all the carbon 

black was incorporated, the PDMS curing agent (1:10 ratio to the pre-polymer) was added and 

mixed for 5 minutes at 250 rpm. The completed C-PDMS mixture was added to the master cone 

array until the cone tips were completely covered. The entire mold was then placed on a rotating 

platform shaker at the highest setting for 15 hours. The C-PDMS was then cured in an oven at 

37°C for 24 hours, and the completed collector was removed from the master mold. To prepare 

the micro-scale two-layer patterned collectors, first the complete C-PDMS mixture was added to 
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a 40 mm square plastic weigh boat, placed on a rotating platform shaker at the highest setting for 

15 hours, and cured in an oven at 37°C for 24 hours. The C-PDMS material was then inverted, 

and PDMS (0.4 mL) was added to the surface. After this two-layer material was fabricated, the 

conical patterns were created in the material using a VLS 3.60 CO2 laser system (Universal Laser 

Systems) in vector mode with the enhance feature selected. To create the 364-μm diameter base 

and 777-μm height conical patterns used for the microneedle application, a helix pattern with 10 

turns and a diameter of 0.25 mm was plotted using the laser cutter. Laser power was set to 40% 

and speed was set to 90%. 

3.5.4 Rheology 

Viscosity of carbon black-PDMS mixtures was measured using a TA-Instruments 

Rheometer (Model ARG2) with a 40 mm diameter, 2º steel cone geometry. Data were collected 

in frequency sweep oscillation mode with constant small strain of 4%. Viscosity was calculated 

by dividing G” by the angular frequency. Viscosity values are reported at an angular frequency 

of 1 rad/s. 

3.5.5 Polymer solution preparation and electrospinning 

Solutions of polyester materials were prepared by combining PCL (Sigma Aldrich, 

average Mn 80,000) or PLGA (Lactel Absorbable Polymers, 50:50 L:G ester terminated, 0.55-

0.75 dL/g inherent viscosity in HFIP) in appropriate solvents, followed by stirring overnight on a 

rotisserie style shaker at room temperature. All PCL solutions were prepared at 12 wt%, and all 

PLGA solutions were prepared at 10 wt%. Solutions of PVA (Spectrum Chemical, Mw~105 kDa, 

P1180) were prepared in water at 10 wt% by stirring overnight with gentle heating. Polymer 

solution conductivity was determined using a conductivity meter (Thermo Scientific Orion Star 
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A212) and viscosity was measured on a rheometer (TA Instruments AR-G2). Polymer solutions 

were loaded in a glass syringe fitted with a 22G blunt tipped needle. The polymer solution was 

dispensed from the syringe using a syringe pump (New Era Pump Systems, Inc.) at a 2 μL/min 

flow rate. The patterned collector of interest was fixed to a custom holder that inserted copper 

wires to the back of the collector. The wires were pierced through a polyethylene foam block to 

hold the collector at the proper height and to prevent fiber deposition on objects other than the 

collector. The ground from the power source (Gamma High Voltage Research) was attached to 

these wires and the positive lead was attached to the base of the needle. The applied voltage 

varied between 7.5 and 18 kV depending on the polymer solution and the tip to collector 

distance. Fiber samples were electrospun for 1-5 minutes. 

3.5.6 Microscopy 

All optical microscope images were obtained with a Nikon Eclipse Ti microscope with a 

Nikon Digital Sight DS-Fi2 camera. After fiber deposition on the patterned collectors, fibers 

were carefully removed with clear packaging tape and mounted on glass microscope slides for 

imaging. Images were captured at 20X magnification. The same contrast and brightness settings 

were used for all images to enable unbiased threshold analysis. SEM imaging of electrospun 

fibers on the two-layer patterned collectors, patterned fibers alone, and completed microneedles 

was performed on a JEOL JSM7400F cold field emission scanning electron microscope. All 

samples were coated with a 3 nm layer of gold-palladium prior to SEM imaging. 

3.5.7 Image analysis and calculation of experimental fiber selectivity 

All image analysis was performed in ImageJ. The percent area of the collector surface 

covered with fibers within the microscope image field was determined by converting an optical 
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microscope image to 8-bit, applying an auto-threshold to make all fibers appear completely 

black, and measuring percent area. This calculation was repeated for images from four different 

locations on the collector surface, and an average percent area was calculated. Fiber diameters 

were measured from at least 50 different fibers in SEM images.  The percent area from the 

threshold analysis and the fiber diameter were used to estimate the volume of fibers covering the 

collector surface. The volume value was then multiplied by a scaling factor to estimate the fiber 

volume across the entire collector surface. Assuming the density of the fibers was equal to 

reported density of the raw polymer material, we calculated the mass of fibers on the collector 

surface. The mass of fibers in the patterns was then determined by subtracting the calculated 

mass of fibers on the collector surface from the measured total fiber mass on the collector. 

Finally, the ratio of fiber mass in the patterns to fiber mass on the collector surface was 

calculated. 

3.5.8 Microneedle fabrication 

After electrospinning, the microneedle mold two-layer collectors were filled with an 

aqueous PAA solution (8.75 wt%) by centrifugation at 1000x g for 1 hour.  Excess PAA was 

removed from the collector surface and a higher concentration PAA solution (35 wt%) was 

added to the collector to create a strong backing layer. Microneedles were dried at room 

temperature for 2 days, and then the complete integrated fiber microneedle patch was gently 

removed from the collector. Once the collector is fabricated, the integrated fiber microneedle 

patches can be fabricated with an active time of approximately 1 hour over two days. 
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3.5.9 Microneedle mechanical characterization 

Compression testing of microneedle arrays was performed on an Instron Universal 

Testing System (Model 5943). An array size of 5x5 was used for all groups and replicates. Prior 

to testing, arrays were inspected and needles that were broken or damaged during storage were 

not included in the calculation of force per needle. The microneedle array was mounted to a 

microscope slide with double-sided tape, and the slide was then secured to the fixed base plate 

with double-sided tape. A flat stainless-steel disc adapter was attached to the load cell. The load 

cell moved toward the fixed base plate at a rate of 20 m/s. The instrument began collecting data 

when the measured load exceeded 0.08 N. The experiment ended either when the load reached 

25 N or when the length of the experiment reached 45 seconds. 

3.5.10 Tissue puncture and histology 

Rhesus macaque buccal and dermal tissue was obtained from the Washington National 

Primate Research Center tissue donor program. Freshly excised buccal tissue was briefly dried 

with a Kimwipe, then either fiber free microneedles or integrated fiber microneedles were 

applied to the tissue using forceps for 30 seconds, followed by incubation at 37°C for 5 minutes 

to allow for microneedle patch dissolution. Dermal tissue from the arm was shaved before 

harvesting and treated in the same way. Tissues were rinsed with PBS, and then fixed in formalin 

overnight. Tissue processing and staining was performed by the Pathology Research Services 

Laboratory at the University of Washington School of Medicine Department of Pathology. Fixed 

tissues were embedded in paraffin, and 5 m thick sections were obtained using a microtome. 

Tissue microarchitecture was visualized using hematoxylin and eosin staining. 
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Chapter 4. QUANTITATIVE EVALUATION OF TWO-LAYER 

COLLECTORS FABRICATED FROM 3D-PRINTED MASTER 

MOLDS 

4.1 ABSTRACT 

Electrostatic patterning of electrospun fibers has been used to improve filtration, control 

drug release, and direct cell adhesion and proliferation. Often these functions are optimized by 

tuning the fiber material, pattern dimensions, or electrospinning settings, which results in 

micron-scale changes in the fiber pattern. While previous fiber patterning studies often include 

characterization of the diameter of single fibers the final fiber mat function, quantitative 

evaluation of the fiber pattern itself is not typical. However, this characterization is critical to 

understand the factors contributing to the fiber pattern and to understand the final function of the 

patterned fiber mat. Here, we develop a new two-layer collector fabrication process using 3D-

printed master molds using a custom analysis pipeline to quantitatively evaluate the fiber pattern 

quality of each iteration. Using this approach, we quantify the effect of electrospinning setup, 

insulative layer thickness, and conductive particle concentration on fiber pattern quality and 

select the best design for three-dimensional fiber patterning. Through iterative experimentation, 

fiber yield was increased 3-fold, fiber selectivity for the patterns was increased more than 4-fold, 

and uniformity of the patterning was increased nearly 14-fold. This rational approach to 

patterned fiber development could be applied to virtually any method or pattern in the future to 

better understand fiber patterning processes and the resulting patterned fiber function. 
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4.2 INTRODUCTION 

The deposition pattern of electrospun fibers can be controlled in two dimensions or three 

dimensions by manipulation of electrostatic forces. Previous studies have used either secondary 

electrodes or patterned collectors to manipulate these forces. Secondary electrodes have been 

used to control two-dimensional fiber deposition on the centimeter-scale.1,2 In combination with 

specialized electrospinning parameters, two dimensional patterns on the millimeter-scale could 

be produced.3 Patterned collectors fabricated from a single material such as a metal or nylon 

mesh have also been used to manipulate the electric field and control fiber deposition.4-9 

Alternatively, patterned collectors can be designed from composite materials such as an 

insulative base with a patterned electrolyte with specific electronic properties to specifically 

attract or repel fibers to different areas of the collector.10-14  

Patterned electrospun fibers have previously been used for diverse applications including 

filtration,15 cell patterning and alignment,11,14,16 tissue engineering scaffolds,6,17 and control of 

drug release rates.4,5 For example, osteoblast attachment to three-dimensional honeycomb 

polycaprolactone scaffolds was dependent on pattern diameter and pattern wall height. 

Specifically, the relative cell density was two-fold greater for 360 µm diameter patterns 

compared to 80 µm or 160 µm diameter patterns, and selective cell attachment was only 

observed for a 40 µm wall height and not a 10 µm wall height.16 In another study, cellulose 

acetate fibers loaded with Diclofenac sodium were collected on nylon meshes with opening sizes 

of 50 µm or 100 µm. Fibers collected on the 50 µm opening size mesh were more hydrophobic 

than those collected on the 100 µm opening size mesh, indicated by water contact angles of 134º 

and 117º, respectively. The increased hydrophobicity for fibers collected on the smaller opening 

size mesh led to a two-fold decrease in drug release rate.4  
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Although previous studies have evaluated different patterns, collector materials, and fiber 

materials, the effect on fiber patterning is most often described only qualitatively despite 

apparent quantitative differences.7,9-11,16 For example, in a study evaluating fiber patterning using 

patterned electrolytes on insulating collectors, the apparent fiber yield varied for the different 

insulating collector materials evaluated.11 Although it was not quantified in this study, fiber yield 

is an important consideration for fibers encapsulating valuable reagents or for scale-up of the 

electrospinning process.18 In another study, the pattern spacing appeared to have an effect on the 

uniformity of the pattern across the fiber mat.7 Uniformity and reproducibility are most 

commonly addressed in studies of large scale electrospinning.19,20 However, non-uniformity 

could also confound functional studies of patterned electrospun fibers. Additionally, in a study of 

patterned fibers for osteoblast culture, the fiber material appeared to affect the density of fiber 

deposition within hexagonal shaped wells.16 This could have contributed to the observed 

differences in cell attachment and proliferation for the two fiber materials, but the only fiber 

pattern characterization performed was measurement of the wall height. In general, development 

of robust fiber patterning methods and their application requires additional methods for 

quantitative characterization.  

We have previously reported the development of two-layer patterned collectors for three-

dimensional fiber patterning. Our previous work demonstrated the feasibility and basic 

capabilities of this technology using laser machined collectors.13 Here, we develop collectors 

fabricated using 3D-printed master molds using a custom analysis pipeline to quantitatively 

evaluate fiber pattern quality. We evaluate the effect of different electrospinning setups on the 

fiber pattern quality achieved with patterned collectors for the first time. Additionally, we use an 

alternate conductive elastomer to improve the pattern quality of conductive fiber materials. 
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Together, these studies expand on our initial work to more fully characterize two-layer collectors 

for three-dimensional fiber patterning and identify next steps to extend the fiber patterning 

technology to additional fiber materials. Additionally, this work demonstrates how different 

quantitative fiber pattern characterization metrics can be combined to improve the function of a 

fiber patterning technology. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Two-layer collector fabrication strategy 

We previously reported a method to pattern electrospun fibers in situ using two-layer patterned 

collectors. In this original study, collectors were patterned on a micro-scale fabricated using laser 

micromachining. While this fabrication method enabled rapid iteration through different 

collector designs, fabrication time increased linearly with the number of collectors and the 

number of features (Figure 4.1a). Additionally, the laser machining process generated persistent 

dross in the collectors that contaminated the resulting structures and compromised their 

morphology (Figure 4.1b). Smooth and uniform surfaces were not possible for small aspect ratio 

features (Figure 4.1c), and other possible shapes like pyramids that are easily fabricated using a 

3D printed master mold (Figure 4.1d) were not possible.  

Because of these limitations, we pursued a fabrication process based on a 3D-printed 

positive master. After printing one master mold, we could cast many two-layer collectors for 

fiber patterning by first adding a layer of insulative PDMS and allowing it to cure, followed by 

adding a conductive mixture of carbon black and PDMS and allowing it to cure. To maximize 

the quality of the resulting fiber patterning, we performed several iterations on factors related to 
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the electrospinning setup and collector design (Table 4.1). Factors were altered from their 

baseline level one at a time, while all other factors were kept constant.  

For each iteration, we characterized fiber yield, uniformity, and the selectivity ratio, or 

mass of fibers in the pattern cavities compared to the collector surface. We analyzed the fiber 

integration by three different methods in an attempt to gain a complete characterization. The top-

down image analysis of the collectors with fibers provides an accurate description of fiber 

deposition on the mold surface, but it is not indicative of three-dimensional integration with the 

mold. 3D characterization was therefore obtained for the evaluation of insulative layer thickness 

and carbon black-PDMS concentration by SEM imaging of the fibers after removal from the 

mold. However, in the removal process the fibers can be torn, collapsed, or deformed. Because 

of this limitation, we developed an additional characterization method that calculates the mass of 

fibers in the pattern cavities using microscopy and analysis of the fiber mass on the collector. We 

Figure 4.1. 

. 

a) Plot of theoretical required laser machining time demonstrating a linear increase with the number of needles 

in the array and the number of molds. b) Completed microneedles removed from a laser machined mold appear 

black from the dross left in the mold. c) Optical microscope image of a microneedle cast from a laser machined 

mold demonstrates how low aspect ratio microneedle dimensions can yield non-uniform morphology. d) SEM 

image of a pyramidal microneedle fabricated using a 3D printed master mold, demonstrating alternative 

microneedle morphologies not possible with laser machining. 
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expect that combining these different characterization methods enables a complete evaluation of 

fiber pattern quality. 

Table 4.1. Description of factors varied during the development of the two-layer collector 

fabrication method based on master molds 

 
Copper Plate 

Electrode 

Collector Edge 

Insulation 

Insulative Layer 

Thickness (µm) 

Carbon Black Concentration 

(% w/w) 

Baseline Level + + 620 7.5 

Other Evaluated 

Levels 
- - 

387 5 

465 10 

562 
 

 

4.3.2 Finite element method evaluation of electrospinning setup 

We first evaluated the effect of adding an auxiliary copper plate electrode around the 

needle dispensing the polymer solution and the effect of positioning foam insulation around the 

edges of the patterned collector using finite element method simulations (Figure 4.2a, 4.2b). The 

collector contained three triangular features with opening width 900 µm, height 2370 µm, and 

insulative layer thickness 470 µm. The primary output from these simulations was ∆E, defined as 

the difference between the electric field at the bottom of the pattern and the collector surface. 

Interpretation of these simulations assumes spatial fiber deposition is determined by the force of 

the electric field. Therefore, fiber deposition in the patterns is expected for a ∆E value greater 

than 0 V/m. The simulation results indicated that the presence of the copper plate electrode 

creates a stronger potential close to the collector and a more evenly dispersed electric field 

(Figure 4.2c). Without the copper plate electrode, there was a high potential and electric field 

around the needle that rapidly decayed as the distance from the needle increased. The collector 

edge insulation did not appear to affect the potential or electric field lines in any of the 
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simulations. These results are consistent with previous modeling performed by Yang et al which 

suggested that inclusion of an auxiliary plate electrode produces weaker electric field at the 

needle tip and a more uniform electric field between the needle and collector compared to a 

needle electrode alone.20 

To understand the possible effect of the copper plate electrode and the collector edge 

insulation on predicted fiber patterning, the main effect of each factor independent of the other 

factor was calculated. The copper plate electrode had a much larger effect on ∆E (∆E = 172 V/m) 

compared to the collector edge insulation (∆E = -23 V/m) based on these simulations (Figure 

4.2d). Overall, the electrospinning setup simulations suggested that the copper plate electrode 

could increase selective fiber deposition, but the collector edge insulation had a minimal effect 

on fiber deposition. However, because this simple static simulation is only designed to evaluate 

the electric field in the vicinity of the collector and not the actual movement of the fibers in the 

Figure 4.2.  
 

a) Description of the four electrospinning setups evaluated using finite element method simulations. b) 

Schematics (not to scale) of the geometries used in the simulations. c) Simulation results of the potential (color 

gradient) and electric field (white arrows). The arrow length represents the logarithm of the magnitude of the 

electric field. The number of arrows was constant across all simulations.  d) Means plot indicating the relative 

effect of each factor on E holding the other factor constant. 
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electric field, both factors were also evaluated experimentally before selecting a setup to 

prioritize in later studies. 

4.3.3 Experimental evaluation of electrospinning setup 

When the setups were evaluated experimentally, we observed twice as much fiber mass 

on the collector for the setup with the copper plate electrode and the collector edge insulation 

compared to all of the other setups (Figure 4.3a). Setup 1 with the copper plate electrode and the 

collector edge insulation also resulted in a highly uniform fiber deposition pattern (CV= 3.6%) 

across the pattern array (Figure 4.3b). These results are consistent with previous studies in which 

auxiliary electrodes increased fiber production efficiency three-fold and increased fiber mat 

uniformity.19 The collector edge insulation appeared to affect the location of fiber deposition in 

combination with the copper plate electrode, with very few fibers visible on the collector when 

the setup included the copper plate electrode but not the collector edge insulation (Setup 2). This 

could be due to fibers collecting on the exposed conductive areas on the sides of the collector 

rather than in the pattern cavities. Meanwhile, setups 3 and 4 without the auxiliary electrode 

resulted in unstable fiber formation and a variable pattern (Setup 3 CV = 49%, Setup 4 CV = 

221%) independent of the presence of the collector edge insulation (Figure 4.3b). This result 

could be explained by the stronger electric field close to the needle observed in our simulations 

and previously described.20  Previous studies suggest that a stronger electric field near the 

electrospinning nozzle results in a fiber with higher surface charge density. These more highly 

charged fibers are potentially more sensitive to the patterned collector, as observed by others,16 

resulting in fiber deposition in the patterns (observed in Setup 3) even without the collector edge 

insulation. However, higher fiber charge could also lead to incomplete fiber discharge after 

deposition on the collector, resulting in patterning of initially deposited fibers followed by 
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repulsion of additional incoming fibers.7 This phenomenon is one possible explanation of the 

non-uniform fiber patterning observed for Setups 3 and 4.  

The foam insulation influenced the fiber selectivity for the pattern cavities, with setups 

including the foam resulting in a higher selectivity (Setup 1 SE = 1.6; Setup 4 SE = 3.37) 

compared to setups without the foam (Setup 2 SE = 0.92, Setup 3 SE = 1.4) (Figure 4.3c). 

Although the selectivity of Setup 1 (SE = 1.6) with the copper plate electrode was less than Setup 

4 (SE = 3.37), this result could be due to the higher fiber mass collected with Setup 1.  Because 

the volume of the pattern cavities is finite, as fiber yield increases beyond the capacity of the 

cavities, more fibers are deposited on the collector surface, resulting in reduced selectivity. If 

needed in future studies, the selectivity of Setup 1 could likely be increased by reducing the 

Figure 4.3. 

 

 

a) Top-down images of PLGA fibers deposited on two-layer patterned collectors using different electrospinning 

setups. The same collector with 300 µm diameter, 800 µm height conical cavities, 7.5% w/w carbon black in the 

conductive layer, and a 620 µm thick insulative layer was used for each experiment. Images on the left show the 

entire collector area, while the inset is a closer image of the pattern area. b) Heat maps of the percent area 

around each section of the pattern filled with fibers, calculated using threshold analysis of the top-down fiber 

images.  c) Ratio of fiber mass in the micropatterns to fiber mass on the collector surface. d) Aggregate fiber 

pattern quality scores calculated by ranking the yield, coefficient of variation of the percent area heat maps, and 

the experimental fiber selectivity for each electrospinning setup, then calculating the sum of each rank. 
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electrospinning time. When yield, uniformity, and selectivity were considered together, Setup 1 

had the highest overall fiber quality score (Figure 4.3d). Together, the simulation and 

experimental results led to the use of a copper plate electrode and collector edge insulation in the 

electrospinning setup.  

4.3.4 Effect of insulative layer thickness on fiber pattern quality 

Next, we evaluated the effect of the insulative layer thickness on in situ fiber patterning. 

Two-layer collectors were fabricated using different volumes of PDMS ranging from 0.25 mL to 

0.4 mL to generate theoretical PDMS layer thicknesses ranging from 387 to 620 µm. Variation 

of fiber yield between the collectors (98% – 147%) was within error, but the location of the fiber 

Figure 4.4.  
 

a) Top-down images of PLGA fibers deposited on two-layer patterned collectors with different insulative layer thicknesses. 

Each collector contained 300 µm diameter, 800 µm height conical cavities and was fabricated using 7.5% w/w carbon black 

in the conductive layer and electrospinning was performed using a setup with an auxiliary electrode and collector insulation 

for each experiment. Images on the left show the entire collector area, while the inset is a closer image of the pattern area. b) 

Heat maps of the percent area around each section of the pattern filled with fibers, calculated using threshold analysis of the 

top-down fiber images. c) Heat maps of the coefficient of variation of the percent area value for each pattern section across 

three electrospinning replicates. d) SEM images of fibers removed from the collectors used for measurement of patterned fiber 

volume. e)Ratio of fiber mass in the micropatterns to fiber mass on the collector surface. Grey bars represent the mean and 

error bars represent the standard deviation of three electrospinning replicates.  f) Aggregate fiber pattern quality scores 

calculated by ranking the yield, uniformity, reproducibility, fiber volume, and the experimental fiber selectivity for each 

collector, then calculating the sum of each rank. 
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deposition was more focused in the region of the pattern cavities for collectors with a thicker 

PDMS layer (Figure 4.4a).  

Uniformity increased as the PDMS layer thickness increased, with the most uniform fiber 

deposition pattern observed for the collector with the thickest PDMS layer (CV = 16%) (Figure 

4.4b). Reproducibility of the fiber pattern for independent electrospinning experiments followed 

the same trend, with the lowest coefficient of variation (CV = 35%) between electrospinning 

experiments measured for the collector with the thickest PDMS layer (Figure 4.4c). Based on 

SEM images of fibers removed from the collectors after electrospinning, fibers appeared to 

conform well to the conical cavities of the collector for all collectors with a PDMS thickness 

greater than 387 µm (Figure 4.4d). ImageJ analysis approximating the fiber volume from these 

images found that the fiber volume for the collector with 387 µm PDMS thickness was 

approximately an order of magnitude less than the volume for the other collectors. The highest 

fiber selectivity (SE = 4.06) was measured for the collector with the thickest PDMS layer (Figure 

4.4e). Although the collector with the thinnest PDMS layer had the next highest selectivity (SE = 

2.38), its low uniformity, reproducibility, and fiber volume led to the lowest overall fiber quality 

score (Figure 4.4f). Together, the high uniformity, reproducibility, and selectivity for the thickest 

PDMS layer (620 µm) led to the highest fiber quality score and prioritization of this thickness for 

future studies.  

Although our previously developed two-layer collectors exhibited apparent high quality 

fiber patterning into features of similar dimensions with a 400-µm PDMS layer, it is likely that a 

larger volume of PDMS is required for collectors fabricated from master molds due to the high 

viscosity PDMS clinging to the walls and features of the mold.21 Based on our previous 

simulation results, the collector with 387 µm PDMS thickness likely had such inferior fiber 
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patterning results because of an overall higher surface potential.13 This higher potential enables 

more fiber deposition across the entire collector surface, leading to fewer fibers deposited in the 

patterns in a given time frame. Relative permittivity of collector materials has been shown to 

affect electrospun fiber alignment and two-dimensional spatial deposition in previous studies.12,22 

However, no previous group has modified collector material properties to achieve three-

dimensional fiber patterning. These results could be used in combination with our previously 

published simulation results to direct the adaptation of this fiber patterning approach to other 

pattern dimensions, geometries, or conductive materials. 

4.3.5 Effect of carbon black concentration on fiber pattern quality 

Finally, we evaluated the effect of carbon black concentration on the electrospun fiber 

patterning quality. Carbon black concentration in the conductive PDMS layer of the collectors 

was varied from 5 wt% to 10 wt%. The fiber yield for each of these collectors was approximately 

equal (107% - 119%), but there was a distinct difference in the uniformity and reproducibility of 

the fiber deposition for these collectors (Figure 4.5a-c). The fiber deposition pattern for the 5 

wt% carbon black collector was highly irregular with fibers appearing to deposit asymmetrically. 

The 7.5 wt% carbon black collector resulted in the most uniform (CV = 35%) and reproducible 

(CV between 3 electrospinning replicates = 92%) fiber deposition (Figure 4.5b, 4.5c). The 10 

wt% carbon black collector performed similarly (CV = 39%, CV between 3 electrospinning 

replicates = 103%), but with more non-specific fiber deposition on the collector surface (Figure 

4.5a-c). 

Complete conformation to the collector was only observed for the 7.5 wt% and 10 wt% 

carbon black collectors, and the volume of these fibers was approximately equal (Figure 4.5d). 

Some three-dimensional patterning was observed for the 5 wt% carbon black collector, but the 
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volume of the fibers was an order of magnitude less than the other two collectors. Although the 5 

wt% collector demonstrated a high experimental selectivity (SE = 12.74) because of the near 

complete exclusion of fiber deposition from the collector surface, the results were too variable to 

prioritize for later studies (Figure 4.5e). The 7.5 wt% carbon black concentration was prioritized 

for future studies because its uniform and reproducible fiber deposition combined with its high 

selectivity (SE = 7.75) resulted in the highest fiber quality score (Figure 4.5f).  

These results were surprising because we expected that a higher carbon black 

concentration would lead to a stronger electric field force and more fiber deposition in the 

pattern cavities. While this was true when the concentration was increased from 5% to 7.5%, but 

we did not observe any additional benefit when the concentration was increased further to 10%. 

Additionally, we observed a reduction in selectivity and uniformity for the 10% carbon black 

Figure 4.5.  
 

a) Top-down images of PLGA fibers deposited on two-layer patterned collectors with different carbon black concentrations in 

the conductive layer. Each collector contained 300 µm diameter, 800 µm height conical cavities, and was fabricated using a 

620 µm insulative layer thickness. Electrospinning was performed using a setup with an auxiliary electrode and collector 

insulation for each experiment. Images on the left show the entire collector area, while the inset is a closer image of the 

pattern area. b) Heat maps of the percent area around each section of the pattern filled with fibers, calculated using 

threshold analysis of the top-down fiber images. c) Heat maps of the coefficient of variation of the percent area value for each 

pattern section across three electrospinning replicates. d) SEM images of fibers removed from the collectors used for 

measurement of patterned fiber volume. e)Ratio of fiber mass in the micropatterns to fiber mass on the collector surface. 

Grey bars represent the mean and error bars represent the standard deviation of three electrospinning replicates. d) 

Aggregate fiber pattern quality scores calculated by ranking the yield, uniformity, reproducibility, fiber volume, and the 

experimental fiber selectivity for each collector, then calculating the sum of each rank. 
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collector compared to the 7.5% carbon black collector. The reduction in selectivity was likely 

due to the observed increased fiber deposition on the collector surface (Figure 4.5a). Future 

studies could evaluate potential improvement in fiber patterning quality for this carbon black 

concentration with increased insulative layer thickness. Meanwhile, it is possible that the reduced 

uniformity of the collector fabricated with 10% carbon black in the conductive layer was caused 

by incomplete mixing or carbon black particle aggregation during the mixing process. This could 

potentially be addressed in future studies through modifications to the mixing process such as 

increased mixing time or increased shear force. Future work could also use alternative materials 

for the conductive layer of the collectors, as described in the next section. 

4.3.6 Evaluation of liquid metal elastomer composite as conductive layer material 

Carbon black is an inexpensive and non-toxic additive to fabricate conductive elastomers. 

However, carbon black-PDMS mixtures are difficult to mix at high concentrations because the 

mixture viscosity increases as the concentration increases.13 Additionally, at high carbon black 

concentrations, the composite can become brittle and difficult to handle.23 At the lower carbon 

black concentrations for which we have observed high quality fiber patterning, we also 

previously observed that the fiber deposition pattern and selectivity was sensitive to the 

precursor solution conductivity. In our previous studies, precursor solutions with lower 

conductivities have resulted in superior fiber patterning13 potentially because these fibers carry 

less surface charge, leading to more complete electrical discharge after deposition on the 

collector and less repulsion of incoming fibers.7,24 If this is true, we could expect that an 

elastomer composite with higher conductivity would result in improved yield and pattern quality 

for high conductivity fiber precursor solutions.  
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A strength of fabricating two-layer collectors from 3D printed master molds is the ability 

to evaluate alternative conductive elastomer composites that are incompatible with laser 

machining. To demonstrate the feasibility of replacing the carbon black-PDMS composite with 

an alternative conductive elastomer, we evaluated a composite of eutectic gallium indium 

(EGaIn) and PDMS as the conductive material in the two-layer patterned collectors. The 

thickness of the insulative layer was increased by 25% based on preliminary studies 

demonstrating highly productive electrospinning on two-layer collectors with EGaIn-PDMS. The 

EGaIn-PDMS composite was prepared at 30% v/v, previously demonstrated to result in a 4-fold 

increase in the dielectric constant of PDMS.25 We observed selective deposition of PVA fibers 

into conical cavities with 800 µm length and into pyramidal cavities with 300 µm length (Figure 

4.6). Conical fiber structures formed through conformation to the collector were visible after 

fiber removal (Figure 4.6b, white arrow). This work demonstrates the tunability of this fiber 

Figure 4.6.  
 

a, c) Top-down images of PVA fibers deposited on two-layer patterned collectors with two different dimensions using a 30% 

v/v mixture of eutectic gallium indium and PDMS conductive layer. a) The collector with 800 µm length cavities was 

fabricated using a 775 µm insulative layer thickness, and c) the collector with 300 µm length cavities was fabricated using a 

390 µm insulative layer thickness. Electrospinning was performed using a setup without the auxiliary electrode and with 

collector insulation. The top images show the entire collector area with PVA fibers deposited on the collectors, while the 

bottom images b) and d) show a closer image of fibers after removal from the collectors. The white arrow in b) indicates 

fibers that were deposited in the collector cavities that were deformed upon removal from the collector. 
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patterning and collector fabrication process.  Because the conductivity of EGaIn ( = 3.4 * 104 

Scm)26 is much higher than carbon black ( = 10-2-101 Scm),27 it will be interesting in future 

work to quantitatively evaluate how this increase in conductive particle conductivity changes the 

patterning quality of different fiber formulations.   

4.4 CONCLUSION 

In these studies, we developed two-layer collectors fabricated from 3D-printed master molds 

using a custom fiber pattern analysis pipeline to quantitatively characterize the effect of 

electrospinning setup, insulative layer thickness, and conductive particle concentration on fiber 

pattern quality. Using a series of experiments, fiber yield was increased 3-fold, fiber selectivity 

for the patterns was increased more than 4-fold, and uniformity of the patterning was increased 

nearly 14-fold for the best-performing electrospinning setup and collector design compared to 

the worst-performing.  We also demonstrated how an alternative conductive elastomer composite 

can be directly incorporated into the two-layer collector fabrication method, which demonstrates 

the tunability of this approach and could be evaluated in the future to further improve fiber 

patterning. We anticipate that the quantitative analysis performed here could be adapted to any 

fiber patterning strategy and any pattern to facilitate rational method development and to better 

understand the function of patterned fibers in future experiments. 

4.5 MATERIALS AND METHODS 

4.5.1 Collector fabrication 

Master molds with an array of 25 conical features with 300 µm diameter and 800 µm height or 

with an array of 77 pyramidal features with 100 µm base width and height and 300 µm height 

were designed in Autodesk Inventor and 3D printed using IP-S resin on an indium tin oxide 
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coated glass substrate using the Nanoscribe Photonic Professional GT2 using a 25X objective 

lens in shell mode. After developing the resist according to the manufacturer’s instructions, 

completed master molds were placed within an outer mold 3D printed in poly(lactic acid) with a 

FlashForge Finder at the University of Washington CoMotion Makerspace. The completed 

master was then coated with silane (trichloro(1H,1H,2H,2H-perfluorooctyl)silane, Sigma 

Aldrich) to prevent adhesion of cast molds. The desired volume of PDMS (mixed at 1:10 ratio 

curing agent: pre-polymer, Sylgard 184, Dow Corning) was added to the master mold and cured 

at room temperature for 24 hours. C-PDMS was prepared by incorporating 7.5wt% carbon black 

(Vulcan XC 72R, particle size 50 nm, Fuel Cell Store) into the PDMS pre-polymer and curing 

agent by manual mixing with a spatula, and then 3 milliliters of the completed C-PDMS mixture 

was added to the master mold. The entire mold was then placed on a rotating platform shaker at 

the highest setting for 15 hours. The C-PDMS was then cured in an oven at 37°C for 24 hours, 

and the completed collector was removed from the master mold.  

4.5.2 Finite element method simulations 

The effect of various electrospinning setups on the electric field near the collector was 

evaluated using finite element method simulations (COMSOL Multiphysics version 5.1). The 2D 

schematic of the collector and the electrospinning setup for each simulation was prepared in 

AutoCAD (Autodesk AutoCAD 2015). The collector contained three triangular features with 

opening width 900 µm, height 2400 µm, and insulative layer thickness 470 µm. Some 

simulations included a copper plate electrode 20 cm wide. For each simulation, the tip to 

collector distance was set to 10 cm. The geometry included a boundary around the entire setup. 

Charge conservation was maintained in the simulation, and the zero-charge boundary condition 

was assigned to the outer boundary of the geometry. The initial value for electric potential was 
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set to zero across the entire geometry.  The applied voltage of 7.5 kV was assigned to the 

geometry representing the needle in the electrospinning setup. For setups including a copper 

plate electrode, the copper electrode was also assigned an applied voltage of 7.5 kV to match 

experimental conditions.  The geometry representing the collector was grounded. Geometries 

were rendered with an extra fine physics-controlled mesh. The electric field at different points 

relative to the collector was calculated using the potential computed by the simulation. 

4.5.3 Polymer solution preparation and electrospinning 

Electrospinning precursor solutions were prepared by dissolving PLGA (Lactel 

Absorbable Polymers, 50:50 L:G ester terminated, 0.55-0.75 dL/g inherent viscosity in HFIP) at 

14% w/v in HFIP, followed by stirring overnight on a rotisserie style shaker at room 

temperature. Polymer solutions were loaded in a glass syringe fitted with a 22G blunt tipped 

needle. The polymer solution was dispensed from the syringe using a syringe pump (New Era 

Pump Systems, Inc.) at a 1 μL/min flow rate. The patterned collector of interest was fixed to a 

custom holder that inserted copper wires to the back of the collector. The wires were pierced 

through a polyethylene foam block to hold the collector at the proper height and to prevent fiber 

deposition on objects other than the collector. The ground from the power source (Gamma High 

Voltage Research) was attached to these wires and the positive lead was attached to the base of 

the needle. The applied voltage varied between approximately 15 and 18 kV depending on the 

relative humidity in the lab. Fiber samples were electrospun for 2 minutes. 

4.5.4 Uniformity and reproducibility analysis 

Fiber pattern uniformity and reproducibility were both evaluated through ImageJ analysis 

of top-down images of collectors with fibers. To analyze a collector, an array of identical 1 mm x 
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1 mm square regions of interest was overlaid on the image and aligned with the pattern array. 

The image was then converted to 8-bit, and an auto-threshold was applied to make all fibers 

appear completely black. The percent area within each region of interest was then calculated. 

The theoretical ideal percent area was calculated as 7% assuming the ideal fiber deposition 

pattern would result in visible fibers in the entire pattern opening area of 0.07 mm2. Heatmaps of 

the percent area values for each region of interest were plotted with a scale relative to the 

theoretical ideal percent area. Uniformity was determined by first calculating the mean percent 

area for each individual region of interest for three independent electrospinning replicates, then 

calculating the coefficient of variation between each region of interest across the array. 

Reproducibility was determined by calculating the coefficient of variation for each individual 

region of interest for three independent electrospinning replicates, then calculating the average 

coefficient of variation between each region of interest across the array. 

4.5.5 SEM imaging and fiber volume analysis 

SEM imaging of patterned electrospun fibers removed from the collectors was performed 

on a JEOL JSM7400F cold field emission scanning electron microscope. All samples were 

coated with a 3 nm layer of gold-palladium prior to SEM imaging. The approximate volume of a 

3x3 array of conical fiber patterns was calculated from diameter and height measurements for 

each sample. 

4.5.6 Image analysis and calculation of experimental fiber selectivity 

All image analysis was performed in ImageJ. The percent area of the collector surface 

covered with fibers within the microscope image field was determined by converting an optical 

microscope image to 8-bit, applying an auto-threshold to make all fibers appear completely 
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black, and measuring percent area. This calculation was repeated for images from four different 

locations on the collector surface, and an average percent area was calculated. Fiber diameters 

were measured from at least 10 different fibers in microscope images.  The percent area from the 

threshold analysis and the fiber diameter were used to estimate the volume of fibers covering the 

collector surface. The volume value was then multiplied by a scaling factor to estimate the fiber 

volume across the entire collector surface. Assuming the density of the fibers was equal to 

reported density of the raw polymer material, we calculated the mass of fibers on the collector 

surface. The mass of fibers in the patterns was then determined by subtracting the calculated 

mass of fibers on the collector surface from the measured total fiber mass on the collector. 

Finally, the ratio of fiber mass in the patterns to fiber mass on the collector surface was 

calculated. 

4.5.7 Calculation of aggregate score describing fiber pattern quality 

Aggregate fiber pattern quality scores were determined by ranking the fiber mass output, 

uniformity, reproducibility, fiber volume, and selectivity of comparable collectors. Individual 

ranks for each factor were added to result in an aggregate score for each collector. 
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Chapter 5. FORMULATION OF INTEGRATED FIBER 

MICRONEEDLES FOR VACCINE DELIVERY 

Portions adapted from: Creighton, R., Phan, J., Woodrow, K.A. In situ 3D patterning of 

electrospun fibers using two-layer composite materials. Scientific Reports (2020) 10, 7949. 

 

5.1 ABSTRACT 

Electrospun fibers can be formulated for many different drug and vaccine delivery 

applications through incorporation of small molecules, proteins, or nucleic acids. However, 

delivery of fiber materials in vivo is currently limited to topical delivery or surgical implantation. 

Delivery via the topical route is limited by the diffusion barrier of skin, and while surgical 

implantation can overcome this barrier, it is highly invasive. Here, we integrate electrospun 

fibers encapsulating a model small molecule, protein, or nucleic acid into microneedle molds 

using in situ fiber patterning. Protein fibers were formulated to meet loading requirements and 

nucleic acid fiber formulations incorporating different transfection reagents were explored. Fiber 

pattern quality of each fiber formulation was quantitatively evaluated. Compared to conventional 

matrix microneedles, integrated fiber microneedles exhibited superior small molecule drug 

loading and release and mechanical properties more independent of protein loading. These 

studies demonstrate the compatibility of our in situ fiber patterning technology with diverse fiber 

formulations and motivate the use of integrated fiber microneedles as a new dosing modality to 

address limitations of electrospun fibers and conventional matrix microneedles. 
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5.2 INTRODUCTION 

Electrospun fibers are a unique material for drug and vaccine delivery. Virtually any natural 

or synthetic material can be electrospun, such as chitosan,1 ethyl cellulose,2 polyesters,3-7 and 

pH-responsive materials.8,9 Hydrophilic1,3 and hydrophobic1,2 small molecule drugs have been 

incorporated into electrospun fibers with total drug loading of 40%.10 Additionally, emulsion 

electrospinning has been used to encapsulate and preserve the bioactivity of proteins such as 

growth factors, enzymes, and vaccine antigens.5,7,9 Nucleic acids have also been incorporated 

into electrospun fibers by coaxial electrospinning,11 direct mixing with polymer solutions 

containing block copolymers,12 or by emulsion electrospinning.13  

 Electrospun fibers are currently delivered through two primary modalities: topical 

delivery and surgical implantation. Electrospun fibers have been applied orally for antibacterial 

drug delivery,10 vaginally for delivery of microbicides or contraceptives,14 transdermally for 

delivery of vitamins,1,3 and in open wounds to accelerate healing.4,8 However, in each of these 

examples the pharmaceutical agent was limited to small molecules that can effectively diffuse 

through tissue. Additionally, transdermal delivery requires the use of adhesives to retain the 

fibers at the desired delivery site for the duration of drug release,3 but it is common for these 

adhesives or the active pharmaceutical ingredient to cause irritation at the site of delivery,15 

which could reduce user compliance. Electrospun fibers can also be surgically implanted to 

overcome barriers to topical delivery like tissue diffusion and material retention.16-19 For 

example, electrospun fibers have been surgically implanted to provide controlled release of 

mesoporous silica particles loaded with siRNA.18 Electrospun fibers have also been evaluated as 

antibacterial drug delivery devices to treat periodontal infection.19 In some applications, surgical 

administration is required for specific local delivery or tissue regeneration.16,17 However, when 
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the primary function of the fibers is systemic or superficial drug delivery, a less invasive method 

of administration would be advantageous. 

To overcome these challenges, we integrated electrospun fibers containing a variety of 

model pharmaceutical agents with microneedles. Microneedles have been extensively studied for 

drug and vaccine delivery.20-25 They can be delivered dermally and at mucosal surfaces including 

the gastrointestinal,22 oral,23,24 and vaginal mucosa.25 Microneedles can effectively penetrate 

tissue to overcome diffusion barriers associated with topical delivery, and they are painless and 

minimally invasive in contrast to surgical implantation.26,27 Microneedles can also be specifically 

designed for microneedle tip implantation, achieving sustained release for up to 16 days without 

the use of adhesives typically required for sustained topical delivery.28,29 Therefore, integrated 

fiber microneedles are a new fiber delivery modality that could be expected to bridge the gap 

between topical delivery and surgical implantation of electrospun fibers. 

We previously developed two-layer micropatterned collectors capable of fiber integration 

into recessed patterns. Here, we demonstrate in situ integration of fiber formulations containing a 

model small molecule, protein, or nucleic acid into two-layer microneedle molds. We also 

provide data directly comparing the release kinetics and mechanical properties of integrated fiber 

microneedles and conventional matrix microneedles, which suggests potential advantages of the 

integrated fiber microneedles. Together, these studies demonstrate the potential for many 

different applications of integrated fiber microneedles and provide a starting point for future 

optimization and application. 
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5.3 RESULTS AND DISCUSSION 

5.3.1 Patterning quality of small molecule-loaded fibers 

First, we evaluated the patterning quality of fibers loaded with a model small molecule, 

dapivirine (DPV). Poly-L-lactic acid fibers without drug and with 30 wt% DPV had similar 

output and yield. Electrospinning of fibers with 15 wt% DPV was highly productive, effectively 

filling the microneedle cavities in half the time required for the no drug and 30 wt% drug 

formulations (Table 5.1). Uniformity varied slightly between the different formulations, with the 

30 wt% DPV samples exhibiting the most uniform fiber patterning (CV = 48%) and the 15 wt% 

DPV samples exhibiting the least uniform fiber patterning (CV = 85%) (Figure 5.1a-c). The 30% 

DPV samples also had approximately twice the area of visible fibers compared to the no drug 

and 15% DPV samples. The reproducibility, quantified as the coefficient of variation between 

independent electrospinning replicates, was approximately 40% for all fiber formulations. 

Figure 5.1.  

 
Top-down images of a) drug-free PLLA fibers, b) 15 wt% dapivirine-loaded PLLA fibers, and c) 30 wt% 

dapivirine-loaded PLLA fibers deposited on a two-layer microneedle mold collector with 300 µm diameter, 800 

µm height conical cavities, 620 µm insulative layer thickness, and 7.5 wt% carbon black conductive layer. Heat 

maps of the percent area around each section of the pattern filled with fibers, calculated using threshold analysis 

of the top-down fiber images, were used to characterize pattern uniformity. Heat maps of the coefficient of 

variation of the percent area value for each pattern section across three electrospinning replicates were used to 

characterize pattern reproducibility. d) Ratio of fiber mass in the micropatterns to fiber mass on the collector 

surface. Grey bars represent the mean and error bars represent the standard deviation of 4 measurements from 3 

independent electrospinning replicates. 
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Selectivity followed a similar trend, with the highest selectivity (SE = 35.68) measured for the 15 

wt% DPV formulation followed by the drug free formulation (SE = 23.27) and the 30 wt% DPV 

formulation (SE = 14.21) (Figure 5.1d).  

 

It is likely that differences in solution conductivity is responsible for the changes in fiber 

patterning quality for different small molecule drug loading. Although we did not measure the 

solution conductivity here, previous studies have reported that addition of small molecule drugs 

can increase solution conductivity approximately 100-fold.30 These results are consistent with 

our previous observation that fiber patterning quality improved as the solution conductivity 

increased from 0.0 µS/cm to 0.17 µS/cm, but a further increase to 0.22 µS/cm reduced fiber 

selectivity approximately 5-fold.31 Future studies requiring high dapivirine loading could explore 

alternative solvents or precursor solution additives to tune the solution properties and further 

increase fiber selectivity. Overall, in these studies we demonstrated that fibers with up to 30 wt% 

DPV loading can be selectively integrated into microneedles using our two-layer collector 

technology without any specialized formulation.  

Table 5.1. Electrospinning results for drug loaded and blank PLLA fibers 

Dapivirine Loading 

(wt%)a 

Output 

(mg)b 

Yield (%)b SE 

0 0.17 c 96 23.27 

15 0.11 d 127 35.68 

30 0.16 c 71 14.21 

a All solutions were prepared at 15% w/v PLLA, b Mean of at least n=2 electrospinning replicates, c Output is 

reported as total fiber mass on the collector after 1 minute or d 30 seconds of electrospinning 
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5.3.2 Release kinetics of small molecule-loaded iFMDs compared to conventional matrix 

microneedles 

We next evaluated dapivirine release kinetics from integrated fiber microneedles 

compared to conventional matrix microneedles. Conventional matrix microneedles without fibers 

loaded at 30 wt% dapivirine resulted in Ostwald ripening of the drug into large particles and 

needle deformation (Figure 5.2a-c). Because these microneedles were not suitable for further 

evaluation, integrated fiber microneedles and conventional matrix microneedles were prepared at 

a lower 15 wt% dapivirine loading for use in release studies. After an initial burst of 

approximately 5%, dapivirine release from the integrated fiber microneedles was linear over time 

with an approximate rate of 0.1% per day and 0.2% per day for 15 wt% and 30 wt% dapivirine 

loading, respectively. In contrast, the control group of conventional matrix microneedles with 15 

wt% dapivirine loading showed negligible release before one week (Figure 5.2f-g). We observed 

during the release experiment that the drug loaded conventional matrix microneedles became 

white and opaque compared to a control group of conventional matrix microneedles without drug 

(Figure 5.2d-e). The observed opacity is likely caused by drug crystallization in the release 

conditions, which could also explain the slow release rate.32 The release data for dapivirine 
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suggests that small molecule active pharmaceuticals could be incorporated in the integrated fiber 

microneedle device and released at controlled rates. In the context of vaccine delivery, controlled 

release of adjuvants has increased humoral immune responses up to 19-fold and cellular immune 

responses up to 10-fold in previous studies.33-36 Additionally, the ability to incorporate dapivirine 

at higher percent loading than conventional matrix microneedles is an advantageous feature of 

the integrated fiber microneedle device, motivating continued development and evaluation of the 

device. 

Figure 5.2.  

 
Preparation of PLLA microneedles (a) with 30 wt% dapivirine resulted in Ostwald ripening of the drug into large 

particles compared to (b) PLLA microneedles without drug. (c) SEM inspection of drug loaded PLLA microneedles 

revealed defects due to the particle formation (denoted by white arrow). During the release experiment, (d) 

dapivirine loaded conventional matrix microneedles became opaque, while (e) conventional matrix microneedles 

without drug remained transparent. The boundary of the conventional matrix microneedles without drug is denoted 

with a white dashed line to improve visibility. Percent dapivirine release over time was evaluated for integrated fiber 

microneedles at 15% (w/w) loading (red circles) and 30% (w/w) loading (green circles) and conventional matrix 

microneedles at 15% (w/w) loading (blue circles). (f) The first 24 hours of dapivirine release, and (g) dapivirine 

release over 33 days. Data represents the mean ± standard deviation of at least n=2 replicates. 
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5.3.3 Development of a protein-fiber formulation with high loading 

While proteins have previously been incorporated into electrospun fibers, a majority of 

these studies evaluated fibers containing growth factors for tissue engineering.5-7,37 These 

applications require low protein loading in the range of 0.01 wt% to 0.2 wt%.6,37 To achieve a 

modest protein vaccine dose of 30 µg in a 25-needle integrated fiber microneedle array (typical 

integrated fiber mass of 0.3 mg), the minimum required protein loading in the fibers is 10 wt%.  

Therefore, the first objective in formulating protein in electrospun fibers for the integrated fiber 

microneedle device was maximizing the protein loading and burst release. We used a base 

emulsion formulation consisting of 20% v/v aqueous phase containing 40 mg/mL protein with 

0.2% v/v Tween 20 surfactant and 50 wt% PEG (relative to polyester mass) dissolved in the 

aqueous phase. The maximum protein loading for this formulation was 3.8 wt%.  

First, we tuned the aqueous phase percent from 10 to 30% v/v to observe the effect on 

protein burst release. For this experiment, we incorporated the same mass of protein in each 

sample, resulting in a theoretical loading ranging from 2.9 wt% to 3.8 wt%. We observed an 

increase in protein burst release from 25% to 75% when the aqueous phase percent was 

increased from 10% to 30% (Figure 5.3a). This trend is consistent with the results from 

previously published studies, where increasing the volume of aqueous phase from 70% to 90% 

resulted in a 20% increase of protein burst release.38 Because a higher percent aqueous phase 

enables a higher theoretical protein loading, we attempted to further increase the aqueous phase 

percent to 40% v/v. However, this emulsion was unstable and did not produce fibers. To increase 

the spinnability of fiber formulations containing a high aqueous phase percent, we replaced PEG 

with PVA as the hydrophilic excipient. With PVA in the aqueous phase, we were able to 

electrospin fibers with 40% v/v aqueous phase and a theoretical loading of 16 wt% protein. With 
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this formulation, we observed a burst release of 36% in 24 hours (Figure 5.3b). Therefore, 

through a series of iterations, we increased the theoretical protein loading more than 4-fold and 

increased the mass of protein burst release more than 3-fold.  

After increasing the protein theoretical loading and burst release, the next objective of the 

fiber-protein formulation was to evaluate the protein activity after encapsulation in the fibers and 

protein release kinetics. Similar to previous studies,38-40 we observed that horseradish peroxidase 

extracted from protein-loaded fibers retained 75% of its bioactivity compared to a fresh dilution 

of the protein (Figure 5.3c,d). Fibers loaded with bovine serum albumin exhibited an initial burst 

of approximately 35%, followed by a sustained released at a rate of approximately 0.3% per day 

Figure 5.3.  

 
a) Percent of bovine serum albumin released from emulsion electrospun polyester fibers prepared using different aqueous phase 

fractions. Polyethylene glycol was included in the aqueous phase at 50% w/w relative to the mass of the polyesters. b) Percent of 

bovine serum albumin released from emulsion electrospun polyester fibers prepared using different aqueous phase fractions. 

Polyvinyl alcohol was included in the aqueous phase at 10% w/v. All fibers were prepared using 80:20 PLGA:PCL in the organic 

phase and release was measured after 24 hours of incubation in water at 4ºC. Reported percent release was calculated based on 

the theoretical protein loading. c) Kinetic enzymatic activity of horseradish peroxidase extracted from PLGA electrospun fibers 

prepared with a 40% v/v aqueous phase containing 5% w/v polyvinyl alcohol compared to fresh protein control. d) Percent 

activity was calculated relative to the activity of the fresh horseradish peroxidase control. Activity measurements were repeated 

at least three times. e) Release kinetics of bovine serum albumin from PLGA electrospun fibers prepared with a 40% v/v aqueous 

phase containing 5% w/v polyvinyl alcohol. Percent release was calculated by extracting protein remaining in the fibers after the 

final time point. Data for a, b, and g are represented as the mean ± standard deviation of technical replicates of the BCA assay. 
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(Figure 5e). The slow sustained protein release rate we observed is similar to values reported 

from previous studies of protein-loaded polyester electrospun fibers.5,38,40 We expect based on 

previous studies that the release rate can be tuned in the future through the selection of polyester 

material or by changing the ratio of hydrophilic excipients in the formulation.38 

5.3.4 Patterning quality of protein-loaded fibers 

Next, we evaluated the patterning quality of the lead candidate protein-loaded fiber 

formulation with both high (125 µg) and low (12.5 µg) protein loading. Fiber output and yield 

were 2-fold higher for the formulation with low protein loading compared to high protein 

loading. During the electrospinning process, the formulation with high protein loading exhibited 

some unstable fiber formation and fiber bundling (Figure 5.4a). Quantitatively, patterning of the 

formulation with low protein loading was more uniform (CV = 57%) compared to the 

formulation with higher protein loading (CV = 93%), but the two formulations had 

approximately equal reproducibility (Figure 5.4a-b). Both fiber formulations were deposited in 

the microneedle cavities with high selectivity, although selectivity of fibers with low loading (SE 

= 59.1) was slightly higher than fibers with low loading (SE = 40.0) (Figure 5.4c). 

Similar to the results we observed for integration of small molecule loaded fibers, it is 

likely that the differences in fiber patterning quality observed for different protein loading is due 

to differences in the precursor solution properties. Previous studies have reported that 

incorporation of different amounts of protein can alter the stability of electrospinning and the 

resulting fiber diameter.7,9  Future studies requiring equivalent fiber patterning with different 
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fiber protein loading could explore the use of different polymer concentrations to tune solution 

viscosity and the use of alternate solvents or salts to decrease or increase solution conductivity, 

respectively.  

5.3.5 Mechanical properties of protein-loaded microneedles 

In a previous study of solid microneedles coated with pharmaceutical agents, an increase 

in agent loading from 20 to 35 ng resulted in changes to microneedle tip geometry, which led to 

a reduction in delivery efficiency from ~80% to ~20%.41 In a separate study of dissolving 

polymer matrix microneedles, loading of propranolol was limited to 10 wt% because higher 

concentrations of drug resulted in insufficient needle mechanical properties.42 Additionally, an 

evaluation of calcein-loaded PLGA microneedles demonstrated a two-fold reduction in 

microneedle failure force when only 2% w/w drug was loaded.43 When the loading was 

Figure 5.4. 

 

 
a) Top-down images of PLGA fibers with high (125 µg) or b) low (12.5 µg) loading of bovine serum albumin 

deposited on a two-layer microneedle mold collector with 300 µm diameter, 800 µm height conical cavities, 620 µm 

insulative layer thickness, and 7.5 wt% carbon black conductive layer. Heat maps of the percent area around each 

section of the pattern filled with fibers, calculated using threshold analysis of the top-down fiber images, were used 

to characterize pattern uniformity. Heat maps of the coefficient of variation of the percent area value for each 

pattern section across three electrospinning replicates were used to characterize pattern reproducibility. c) Ratio of 

fiber mass in the micropatterns to fiber mass on the collector surface. Grey bars represent the mean and error bars 

represent the standard deviation of 4 measurements from 3 independent electrospinning replicates. 
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increased to a modest 10% w/w, the failure force of the needles was less than the force required 

for tissue penetration, suggesting that the needles would fracture before insertion.43 Integrated 

fiber microneedles can be designed to incorporate active agents only into the fibers, maintaining 

the mechanical properties of the surrounding polymer matrix material. We therefore anticipated 

that integrated fiber microneedles with different protein loading would display more consistent 

mechanical properties compared to conventional matrix microneedles.  

We first prepared conventional matrix microneedles with high (125 µg per needle) or low 

(12.5 µg per needle) loading of a model protein bovine serum albumin (BSA). Matrix 

microneedles with high protein loading demonstrated brittle fracture compared to a 10-fold lower 

protein loading, based on the shape of the load vs. extension curves and SEM inspection of the 

failed microneedles (Figure 5.5a-d). The tips of the highly loaded matrix microneedles appear to 

have fractured during failure (Figure 5.5c), while the tips of matrix microneedles with low 

Figure 5.5.  

 
a) Representative graph of load and extension for compression of conventional matrix microneedle arrays and e) 

integrated fiber microneedle arrays with high (125 µg) or low (12.5 µg) loading of bovine serum albumin between 

two steel plates using an Instron universal testing system. b) Failure forces per needle for conventional matrix 

microneedles and f) integrated fiber microneedles with high (125 µg) or low (12.5 µg) loading of bovine serum 

albumin. For all samples measured with this method, the failure force was taken as the load at 0.1 mm extension 

(n=2, error bars represent standard deviations). c) SEM image of conventional matrix microneedles with high (125 

µg) or d) low (12.5 µg) loading of bovine serum albumin after failure. 
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loading appear to have bent (Figure 5.5d). Additionally, matrix microneedles with low loading 

failed at an average force of 0.003 N per needle, while matrix microneedles with high loading 

failed at a 4-fold higher average force of 0.012 N per needle (Figure 5.5b). Meanwhile, 

integrated fiber microneedles with high and low BSA loading demonstrated similar force v. 

extension curves and the difference in failure force was only 0.004 N per needle (Figure 5.5e-f). 

We anticipate that the slight difference in failure force observed here could have been caused by 

differences we previously observed for fiber patterning and integration of fibers containing 

different protein loading (see section 5.3.4). If this is true, even more consistent mechanical 

properties could likely be obtained with further tuning of the protein-fiber electrospinning 

process. The decoupling of protein loading from mechanical properties observed here suggests 

the integrated fiber microneedle system could be more suitable than conventional matrix 

microneedles for evaluating dose dependent effects on drug activity or immune responses while 

minimizing the potentially confounding effect of differences in needle penetration efficiency or 

penetration depth. 

5.3.6 Development of a DNA-fiber formulation with potential for high loading and 

compatibility with different condensing agents 

While there are several reports of DNA encapsulation in electrospun fibers in the 

literature, no reported formulation had demonstrated compatibility with different DNA 

transfection reagents, specifically commercial lipid-based reagents.12,44-46 Additionally, several 

published DNA-fiber formulations rely on specialized block copolymers to facilitate DNA 

release,12,45 and previous formulations reported low DNA loading of 0.1 wt%.45 Taken together, 

the results from previous studies motivated us to explore DNA-fiber formulations with simple 
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fabrication procedures compatible with different transfection reagents, and with potential for 

high loading. 

We performed a back of the envelope calculation to identify DNA loading requirements 

for potential proof-of-concept studies in mice. Based on preliminary fiber output data of 

approximately 1.2 µg of fibers per microneedle for a mouse-scale integrated fiber microneedle 

device and delivery of two arrays with a maximum size of 30x30 microneedles (3 mm x 3 mm 

array dimensions), we estimated that a maximum of 2.3 mg of fibers could be delivered in the 

mouse oral mucosa. Based on these estimates, a loading of 0.4 wt% would be required to achieve 

a relevant DNA dose of 10 µg in a mouse model.47-49   After preliminary data indicated that it 

was possible to incorporate DNA with cationic polymer or lipid condensing agents using a 

simple emulsion method, we planned a four factor, two-level full factorial experiment to evaluate 

Figure 5.6.  

 
a) P-diagram of the design of experiments, including the four different control factor inputs and the primary 

response output. b) Structure of DNA extracted from each fiber formulation evaluated using gel electrophoresis. The 

proportion of supercoiled DNA to relaxed DNA was calculated for each sample and compared to control 

unformulated DNA (dashed line). The table below the graph denotes the level of each factor for each fiber 

formulation. c)  Means plot showing the effect of each factor at each level on the proportion of supercoiled DNA 

extracted from the fiber formulations. 
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the effect of condensing agent, DNA loading method, excipients, and surfactants on DNA 

structure after formulation in electrospun fibers (Figure 5.6a). These factors were selected 

because they had a demonstrated effect on DNA loading, structure, or release in published 

studies.44-46All samples were prepared using a simple emulsion method with 10% w/v 80:20 

PLGA:PCL in HFIP as the organic phase. After preparing each DNA-loaded fiber formulation, 

DNA was extracted from the fibers and the DNA structure was evaluated using gel 

electrophoresis. The proportion of supercoiled DNA to relaxed DNA was calculated for each 

sample and compared to control unformulated DNA (Figure 5.6b).  

The main effects table shows the difference between the average percent supercoiled 

DNA for each factor at its high and low levels holding all other factors constant. The main 

effects table for the DNA structure outcome shows that the commercial lipofectamine 

condensing reagent resulted in 48.5% more DNA in supercoiled structure than PEI (Figure 5.6c). 

The condensing method also had a notable effect on the DNA structure, where condensing the 

DNA before incorporating it into the polymer emulsion for electrospinning resulted in 17.4% 

more DNA in supercoiled structure than directly mixing naked DNA into the emulsion with the 

condensing agent. Based on the main effects plot, the inclusion of hydrophilic excipients or a 

surfactant had a minimal effect on supercoiled DNA structure. However, for lipofectamine 

mixed with naked DNA in the emulsion, the data suggested that the supercoiled structure of the 

DNA was completely preserved when PEG and the surfactant were included in the formulation 

(Figure 5.6b, formulation number 9). This trend was not observed for formulations with PEI as 

the condensing agent or in formulations in which the DNA was condensed before formulation in 

the emulsion.  
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All samples in the designed experiment were prepared at a loading of 0.05 wt% because 

of the loading limitation of prepared DNA-condensing agent complexes, which must be prepared 

in dilute conditions. However, we anticipate that loading of unformulated DNA in the emulsion 

aqueous phase with the condensing agent in the organic phase could enable at least a 10-fold 

increase in loading to meet the required minimum 0.4 wt% loading. A previous study of 

emulsion electrospun fibers containing DNA in the aqueous phase and PEI as a DNA condensing 

agent in the organic phase of the emulsion observed formation of DNA-condensing agent 

complexes after release which were able to transfect cells.45 Future studies could further evaluate 

this method of DNA incorporation, specifically determining the maximum loading possible and 

altering the fiber formulation process to better preserve DNA structure.  

5.3.7 Patterning quality of DNA-loaded fibers 

Initial evaluation of the patterning quality of DNA-loaded fibers resulted in unstable fiber 

formation and poor uniformity (CV = 133%) (Figure 5.7a). Previous experiments evaluating 

different polymer electrospinning solutions indicated that the selectivity of fiber deposition in 

microneedle cavities could be improved by reducing the conductivity of the polymer solution.31 

Therefore, as a first step to improve DNA-fiber microneedle integration, we modified the DNA-

fiber formulation and prepared the DNA complexes in salt-free conditions. This modification 

reduced the intercollector CV approximately two-fold to 63% (Figure 5.7b).    
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While removing the salt from the DNA-fiber formulation improved the stability of fiber 

formation and uniformity, the fiber selectivity was relatively low compared to selectivity of 

small molecule loaded fibers and protein loaded fibers. Therefore, to further improve DNA fiber 

microneedle integration, we increased the polymer concentration and evaluated changes in fiber 

yield, uniformity, reproducibility, and selectivity. We observed that fiber output increased from 

0.26 mg to 0.80 mg and yield increased from 66.7% to 134% when polymer concentration was 

increased from 10% to 15%. The increased polymer concentration did not result in a notable 

difference in uniformity or reproducibility (Figure 5.7b-c). However, fiber selectivity for the 

microneedle cavities approximately tripled with an increase in polymer concentration from 10% 

(SE = 5.05) to 15% (SE = 16.76) (Figure 5.7d). Based on its improved yield and selectivity, we 

Figure 5.7. 

 

 
Top-down images of DNA-loaded 80:20 PLGA:PCL fibers deposited on a two-layer microneedle mold collector with 

300 µm diameter, 800 µm height conical cavities, 620 µm insulative layer thickness, and 7.5 wt% carbon black 

conductive layer. a) DNA was complexed with PEI in buffered saline, then re-suspended in aqueous solution with 

polyethylene glycol and emulsified with a 10% w/v polyester solution. b-c) DNA was complexed with PEI in salt-free 

buffer, then re-suspended in aqueous solution with polyethylene glycol and emulsified with b) a 10% w/v polyester 

solution or c) a 15% w/v polyester solution. Heat maps of the percent area around each section of the pattern filled 

with fibers, calculated using threshold analysis of the top-down fiber images, were used to characterize pattern 

uniformity. Heat maps of the coefficient of variation of the percent area value for each pattern section across three 

electrospinning replicates were used to characterize pattern reproducibility. d) Ratio of fiber mass in the 

micropatterns to fiber mass on the collector surface. Grey bars represent the mean and error bars represent the 

standard deviation of 4 measurements from 3 independent electrospinning replicates. 
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selected the 15% PLGA concentration for future studies. Together, these data demonstrate the 

compatibility of DNA-loaded fibers with the in situ fiber patterning and microneedle integration 

process with appropriate design of the fiber formulation. 

5.4 CONCLUSION 

In these experiments, we developed fiber formulations to achieve feasible loading of active 

pharmaceutical ingredients in integrated fiber microneedles and demonstrated the compatibility 

of these different fiber formulations with our in situ fiber patterning method. Successful 

integration of diverse fiber formulations with dissolving microneedles suggests that integrated 

fiber microneedles are a feasible alternative delivery modality for electrospun fibers, with 

potential to combine the simple and non-invasive application of topical delivery with the 

delivery efficiency and sustained delivery capabilities of surgical implantation. We also 

performed experiments to directly compare the small molecule loading and release and the 

dependence of protein loading on needle mechanical properties of integrated fiber microneedles 

to conventional matrix microneedles. These studies demonstrated that integrated fiber 

microneedles can enable stable loading and release of small molecules at higher loading than 

conventional matrix microneedles and that integrated fiber microneedle mechanical properties 

are decoupled from protein loading. These studies provide two examples of potential advantages 

of integrated fiber microneedles over conventional matrix microneedles. 

5.5 MATERIALS AND METHODS 

5.5.1 Preparation of drug loaded integrated fiber microneedles 

The electrospinning precursor solution was prepared by dissolving poly(L-lactide) 

(PLLA, Lactel Absorbable Polymers, ester terminated, inherent viscosity 0.9-1.2 dL/g) at 15% 
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w/v in a 50:50 mixture of chloroform and hexafluoro isopropanol. Dapivirine (DPV, provided by 

the International Partnership for Microbicides) was then added to this solution at 30% (w/w) or 

15% (w/w) relative to the mass of the polymer. The precursor solution was loaded in a glass 

syringe fitted with a 22G blunt tipped needle. The polymer solution was dispensed from the 

syringe using a syringe pump (New Era Pump Systems, Inc.) at a 1 μL/min flow rate. The 

microneedle mold collector (conical patterns with 300 m diameter, 800 m height, 1000 m 

spacing, 620 m insulative layer thickness) was fixed to a custom holder that inserted copper 

wires to the back of the collector and held the collector at the same height as the needle. The 

ground from the power source (Gamma High Voltage Research) was attached to the copper 

wires and the positive lead was attached to the base of the needle. A voltage of 17 kV was 

applied, and the samples were electrospun for 30 seconds. After electrospinning, 100 L of a 

30% (w/v) solution of polyvinylpyrrolidone (PVP, average molecular weight 10 kDa, Sigma 

Aldrich) in water was added to the microneedle mold collector. The mold was then placed in a 

vacuum chamber for a total of 2 minutes. Then 100 L of a 10% (w/v) solution of polyvinyl 

alcohol (product P1180, 85-89% hydrolyzed, Spectrum Chemical) in water was added, and the 

mold was placed in a vacuum chamber for one minute. After this vacuum step, an additional 100 

L of PVA solution was added to the mold. The microneedles were then dried at room 

temperature overnight. 

5.5.2 Preparation of drug loaded conventional matrix microneedles 

Drug loaded conventional matrix microneedles without fibers were prepared from a 15% 

(w/v) solution of PLLA in a 50:50 mixture of chloroform and HFIP without drug and with 15 

wt% or 30 wt% dapivirine. 100 L of this solution was applied to a microneedle mold (300 m 



 

 

134 

needle diameter, 800 m needle height, 1000 m needle spacing), then placed in a vacuum 

chamber for a total of 2 minutes. An additional 100 L of the same polymer solution was added 

to the mold, followed by 1 minute of vacuum. Conventional matrix microneedles were dried at 

room temperature overnight, then under vacuum to remove residual solvent.  

5.5.3 Measurement of dapivirine release kinetics 

Release studies were performed in phosphate buffered saline (pH 7.4) containing 1% 

cremophor. The volume of release media was adjusted to ensure sink conditions, defined as 10 

times the solubility limit of dapivirine. Release was performed in a rotating shaker at 37ºC. At 

predetermined timepoints, 200 µL samples of release media were collected for HPLC analysis 

and replaced with an equal volume of fresh release media. Drug content was quantified using a 

Shimadzu Prominence UV-HPLC with a C18 column at 30ºC column temperature, 10 µL 

injection volume, 10 minute run time, and UV detection at 310 nm. A mixture of 65% 

acetonitrile and 35% 10 mM ammonium acetate in water was used as the mobile phase. A 

dapivirine standard curve was prepared in a 50:50 mixture of PBS and DMSO to enable 

quantification of drug in the release media. Percent release was calculated as the percent of the 

theoretically encapsulated drug. 

5.5.4 Formulation of protein loaded electrospun fibers 

Fibers for initial fiber development were prepared using an organic phase of 10% (w/v) 

80:20 PLGA:PCL in HFIP. Immediately prior to electrospinning, 0.2% Tween 20 was added to 

the organic polymer solution and vortexed for 5 seconds. The aqueous phase was prepared in a 

separate tube by dissolving bovine serum albumin (BSA, Sigma Aldrich) in water at 40 mg/mL. 

Formulations included either PEG (100 kDa, Sigma Aldrich) at 50% w/w relative to the 
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polyesters or PVA (P1180, Spectrum Chemical) at 5% or 10% w/v in the aqueous phase.  To 

prepare the emulsion, the aqueous phase was added dropwise to the organic phase while 

vortexing. The completed emulsion was electrospun onto an aluminum collector using a 20 

µL/min flow rate, needle tip to collector distance of 10 cm, and 15 kV voltage. 

5.5.5 Preparation of protein loaded integrated fiber microneedles 

The organic phase was prepared by dissolving poly(lactic-co-glycolic acid) (50:50 

PLGA, Lactel Absorbable Polymers, ester terminated, inherent viscosity 0.55-0.75 dL/g in HFIP) 

at 10% w/v in hexafluoro isopropanol. The aqueous phase was prepared by dissolving polyvinyl 

alcohol (P1180, Spectrum Chemical) at 5% w/v in water.  Bovine serum albumin (BSA, Sigma 

Aldrich) was then added to this solution at a concentration of 40 mg/mL (high loading) or 4 

mg/mL (low loading). Immediately prior to electrospinning, 0.2% Tween 20 was added to the 

organic phase and vortexed for 5 seconds. The aqueous phase was then added dropwise with 

vortexing. The completed emulsion was electrospun onto a microneedle mold collector (conical 

patterns with 300 m diameter, 800 m height, 1000 m spacing) using a 1 µL/min flow rate 

and an applied voltage of 13.5 kV. Fibers with high protein loading were electrospun for 1 

minute, and fibers with low protein loading were electrospun for 30 seconds. After 

electrospinning, 100 L of a 30% (w/v) solution of polyvinylpyrrolidone (PVP, average 

molecular weight 10 kDa, Sigma Aldrich) in water was added to the microneedle mold collector. 

The mold was then placed in a vacuum chamber for a total of 2 minutes. Then 100 L of a 10% 

(w/v) solution of polyvinyl alcohol (product P1180, 85-89% hydrolyzed, Spectrum Chemical) in 

water was added, and the mold was placed in a vacuum chamber for one minute. After this 

vacuum step, an additional 100 L of PVA solution was added to the mold and then dried. 
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5.5.6 Preparation of protein-loaded conventional matrix microneedles  

Loading of protein loaded conventional matrix microneedles was calculated to match the 

protein loading in the microneedle tips to the protein loading in the electrospun fibers of the 

integrated fiber microneedles. Microneedles were prepared by adding 200 µL of 

polyvinylpyrrolidone (10 kDa, 15% w/v solution in water) containing bovine serum albumin 

(13.1 mg for high dose, 1.31 mg for low dose) to microneedle molds and applying vacuum in 

two separate cycles for 1 minute per cycle. After gently agitating the mold to remove any visible 

bubbles, 200 µL of polyvinyl alcohol (P1180 Spectrum Chemical, 5% w/v solution in water) 

containing bovine serum albumin (13.1 mg for high dose, 1.31 mg for low dose) was added to 

the mold and vacuum was applied for 1 minute. Finally, 10% w/v polyvinyl alcohol in water was 

added to the mold and then dried. 

5.5.7 Measurement of protein release and activity 

Protein burst release was evaluated by first weighing protein-loaded fibers and adding 

them to 10 mL of MilliQ water in a conical tube. After 24 hours of incubation at 4ºC, protein 

concentration in the release media was measured using the Micro BCA Protein Assay Kit 

(Thermo Scientific) according to the manufacturer’s instructions for the microplate procedure. 

Protein release kinetics were evaluated at 37ºC in a rotating incubator with PBS (pH 7.4) as the 

release media. At each time point, a 500 µL aliquot of the release media was removed to a clean 

tube and replaced with fresh PBS. After 7 days of release, all protein remaining in the fiber 

samples was extracted. Extraction was performed by adding chloroform to the tubes of release 

media with fiber samples, vortexing to dissolve the fibers, then centrifuging the tubes for 20 

minutes to separate the aqueous and organic phases. Extraction efficiency was determined using 

a blank fiber sample spiked with protein. Protein content from the aqueous phase of this 
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extraction method and all release time points were measured using the Micro BCA Protein Assay 

Kit (Thermo Scientific) according to the manufacturer’s instructions for the microplate 

procedure. Percent release was calculated using the extracted protein content. Protein activity 

was evaluated by preparing fibers loaded with horseradish peroxidase (HRP). Two days after 

electrospinning, HRP was extracted from electrospun fibers as described above and the protein 

concentration was determined using the Micro BCA Protein Assay. The protein was diluted to 5 

ng/mL and a fresh dilution of HRP was prepared in PBS at 5 ng/mL. Extracts from blank fibers, 

extracts from blank fiber spiked with 5 ng/mL HRP, and PBS were included as controls. 100 µL 

of samples and controls were added to a clear 96-well plate followed by addition of 50 µL of 

TMB substrate (BioLegend). Absorbance was read at 650 nm immediately after TMB substrate 

addition and approximately every 20 seconds for 3 minutes. Protein bioactivity was calculated by 

comparing the increase in absorbance over time for HRP formulated in fibers to fresh HRP. 

5.5.8 Evaluation of protein loaded microneedle mechanical properties 

Compression testing of microneedle arrays was performed on an Instron Universal 

Testing System (Model 5943). An array size of 5x5 was used for all groups and replicates. The 

microneedle array was mounted to a microscope slide with double-sided tape, and the slide was 

then secured to the fixed base plate with double-sided tape. A flat stainless-steel disc adapter was 

attached to the load cell. The load cell moved toward the fixed base plate at a rate of 20 m/s. 

The instrument began collecting data when the measured load exceeded 0.08 N. The experiment 

ended either when the load reached 25 N or when the length of the experiment reached 45 

seconds. 
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5.5.9 Preparation of DNA loaded electrospun fibers 

All fibers were prepared using a 10% (w/v) solution of 80:20 PLGA:PCL in HFIP and a 

theoretical loading of 0.05 wt%. For formulations incorporating DNA-condensing agent 

complexes, complexes were prepared the day before electrospinning. Lipofectamine-DNA 

complexes were prepared according to the manufacturer’s instructions. To prepare PEI-DNA 

complexes, first 10 µg of DNA was added to 200 µL HEPES buffer and in a separate tube, 30 µg 

PEI was added to 200 µL HEPES buffer. Solutions were equilibrated for 5 minutes. The PEI 

dilution was added to the DNA dilution dropwise, then vortexed for 5 seconds and incubated for 

15 minutes at room temperature. Complexes were stabilized using sucrose at a final 

concentration of 5%, then frozen and lyophilized overnight. Prepared complexes or DNA and 

condensing agent were suspended in the aqueous phase of the emulsion. Some formulations 

contained poly(ethylene glycol) (4 kDa, Sigma Aldrich) in the aqueous phase at a concentration 

of 10 mg/mL. Some formulations also contained Tween 20 in the organic phase at 0.2% v/v. The 

emulsion aqueous phase was added dropwise to the organic phase while vortexing. The 

completed emulsion was electrospun onto an aluminum collector using a 20 µL/min flow rate, 

needle tip to collector distance of 10 cm, and 15 kV voltage. 

5.5.10 DNA extraction and analysis 

DNA-loaded fibers were dissolved with approximately 10 µL of chloroform per 

milligram of fiber. An equal volume of 10 mg/mL heparin in TE buffer was added to the 

dissolved fibers and vortexed until a uniform emulsion formed. The mixture was then incubated 

on a rotisserie shaker for 1 hour at room temperature. The tube was then centrifuged for 5 

minutes at 10,000 rpm and the aqueous phase containing DNA was removed to a separate tube 

for further analysis. DNA concentration was measured by staining with Hoechst 33258 (Thermo 



 

 

139 

Scientific) and measurement on a NanoDrop 3300 Fluorospectrometer (Thermo Scientific) 

following the manufacturer’s instructions. Structure of the extracted DNA was evaluated using 

agarose gel electrophoresis. The agarose gel was prepared at 1% with Tris-acetate EDTA buffer. 

DNA samples (4 µL) were mixed with loading buffer (20 µL) and loaded into the wells of the 

gel. A voltage of 100 V was applied to the gel for 30 min. After staining with SYBR Safe 

(Invitrogen) following the manufacturer’s instructions, an image of the gel was captured (Gel 

Doc EZ System, Bio-Rad). DNA band intensity was quantified using Bio-Rad Image Lab 

software, and the percent supercoiled DNA was taken as the intensity of the supercoiled DNA 

band divided by the total band intensity for the specific lane. 

5.5.11 Integration of DNA loaded fibers with microneedles 

The organic phase was prepared by dissolving and 80:20 blend of poly(lactic-co-glycolic acid) 

(50:50 PLGA, Lactel Absorbable Polymers, ester terminated, inherent viscosity 0.55-0.75 dL/g 

in HFIP) and polycaprolactone at 10% w/v in hexafluoro isopropanol. The aqueous phase 

contained polyethylene glycol (4 kDa, Sigma Aldrich) at 10 wt% relative to the mass of the 

polymers in the organic phase.  PEI-DNA complexes were prepared using the same protocol 

used for the initial DNA-fiber formulation development described above, then re-suspended in 

the aqueous phase. The aqueous phase was then added dropwise to the organic phase with 

vortexing. The completed emulsion was electrospun onto a microneedle mold collector (conical 

patterns with 300 m diameter, 800 m height, 1000 m spacing, 620 µm insulative layer 

thickness) using a 2 µL/min flow rate and an applied voltage of 13 kV. Samples were 

electrospun for 2 minutes. 
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5.5.12 Image analysis and calculation of experimental fiber selectivity 

All image analysis was performed in ImageJ. The percent area of the collector surface 

covered with fibers within the microscope image field was determined by converting an optical 

microscope image to 8-bit, applying an auto-threshold to make all fibers appear completely 

black, and measuring percent area. This calculation was repeated for images from four different 

locations on the collector surface, and an average percent area was calculated. Fiber diameters 

were measured from at least 10 different fibers in microscope images.  The percent area from the 

threshold analysis and the fiber diameter were used to estimate the volume of fibers covering the 

collector surface. The volume value was then multiplied by a scaling factor to estimate the fiber 

volume across the entire collector surface. Assuming the density of the fibers was equal to 

reported density of the raw polymer material, we calculated the mass of fibers on the collector 

surface. The mass of fibers in the patterns was then determined by subtracting the calculated 

mass of fibers on the collector surface from the measured total fiber mass on the collector. 

Finally, the ratio of fiber mass in the patterns to fiber mass on the collector surface was 

calculated. 

5.5.13 Analysis of fiber pattern uniformity 

Fiber pattern uniformity was evaluated through ImageJ analysis of top-down images of 

collectors with fibers. To analyze a collector, an array of identical 1 mm x 1 mm square regions 

of interest was overlaid on the image and aligned with the pattern array. The image was then 

converted to 8-bit, and an auto-threshold was applied to make all fibers appear completely black. 

The percent area within each region of interest was then calculated. The theoretical ideal percent 

area was calculated as 7% assuming the ideal fiber deposition pattern would result in visible 

fibers in the entire pattern opening area of 0.07 mm. Heatmaps of the percent area values for 
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each region of interest were plotted with a scale relative to the theoretical ideal percent area. 

Uniformity was described as the coefficient of variation between each region of interest across 

the array.  
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Chapter 6. ORAL MUCOSAL VACCINATION USING INTEGRATED 

FIBER MICRONEEDLES 

6.1 ABSTRACT 

Current understanding of oral mucosal immunity is limited by a lack of multifunctional 

delivery systems capable of overcoming the physical and immunological barriers of the oral 

mucosa. Microneedles can be designed with different geometries and vaccine release kinetics 

and tuning of these design attributes has led to optimized immune responses in dermal tissue. 

Solid coated microneedles have been used to overcome physical barriers of the oral mucosa for 

efficient vaccine delivery. However, these previous studies were limited to a single microneedle 

geometry with bolus vaccine release. Here, we characterize the humoral and cellular immune 

response to integrated fiber microneedle vaccines, which enable tunable geometry and release 

kinetics without compromising mechanical strength. These studies establish integrated fiber 

microneedles as a multifunctional delivery system for oral mucosal vaccination and motivate 

future work using the device as a tool to better understand oral mucosal immunity. 

6.2 INTRODUCTION 

 

The oral mucosa is promising site for vaccination, with a demonstrated ability to elicit 

robust cellular and humoral immune responses locally in the oral mucosa, at distal mucosal sites, 

and systemically.1-3 However, the underlying mechanisms governing these responses are not well 

understood because of the diverse mucosal structures and dendritic cell subsets in different 

regions of the oral cavity. The oral mucosa contains a stratified squamous epithelial structure, 
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with permeability that varies with epithelial thickness (6-8 cell layers in the sublingual mucosa,  

8-12 cell layers in the buccal mucosa).4 This leads to varying vaccine delivery efficiency and 

depth which confounds studies comparing the immunogenicity of these two tissues.5 Dendritic 

cell subsets also vary throughout the oral mucosa. In both the sublingual and buccal mucosa, 

Langerhans cells (LCs) are present in the epithelium and immunogenic interstitial DCs (iDCs) 

are present deeper in the lamina propria. However, the buccal mucosa contains LCs and iDCs at 

a higher frequency than the sublingual mucosa,6-8 and the sublingual lamina propria contains a 

large population of macrophage-like antigen presenting cells which likely mediate tolerance in 

mice.7  The buccal mucosa of mice also contains a population of langerin+ iDCs that are thought 

to activate CD8+ T cells through cross-presentation.9 The antigen presenting cell population in 

the buccal mucosa is therefore an attractive target for vaccination, but buccal vaccination studies 

have been limited by the poor permeability of the buccal mucosa.10,11  

Recently microneedles have gained interest as an alternative delivery system for the oral 

mucosa5,12-16 because of their demonstrated ability to painlessly overcome physical delivery 

barriers in dermal tissue.17,18 Microneedles have been delivered into the oral mucosa at an 

average delivery depth of 50% of the needle height,5,13 which is similar to delivery depths 

reported in dermal tissue.19,20 Microneedles have been used to increase the delivery efficiency of 

small molecule dyes into the oral mucosa by 10-fold compared to topical administration.5,12,21 

Previous studies of microneedle-mediated oral mucosal vaccine delivery have demonstrated 

feasibility, but have been limited primarily to coated solid microneedles with a single geometry 

and bolus release kinetics.5,13-16  

Dermal microneedle vaccine studies are prevalent, and there is a demonstrated effect of 

microneedle geometry, vaccine release kinetics, and microneedle delivery site on cellular and 
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humoral immunity. Several experimental studies and a computational models have shown that 

antigen presenting cell activation and humoral immune responses can be optimized by varying 

microneedle geometry parameters such as delivery area, density, and length.22-25 Microneedles 

formulated for sustained antigen release in dermal tissue have resulted in prolonged local 

inflammation for up to 11 days following delivery, leading to a 3-fold increase in antigen-

specific CD8+ T cell responses and a 1300-fold increase in serum IgG titers compared to bolus 

release microneedles.26,27  Delivery site also has a significant effect on dermal microneedle 

vaccination, with delivery in the ear pinna resulting in significantly higher antibody titers 

compared to the ventral abdomen.22 While each of these factors contributes to the 

immunogenicity of dermal microneedle vaccines, these effects have not been evaluated in the 

oral mucosa. 

Here, we characterize the humoral and cellular immune responses to integrated fiber 

microneedles with varying geometry and material configuration when delivered in the murine 

buccal or sublingual mucosa. Shorter integrated fiber microneedle vaccines with primarily burst 

release delivered to the sublingual mucosa elicit significantly higher serum IgG antibody 

concentrations compared to topical vaccination with a swab. Additionally, this same microneedle 

vaccine design delivered to the buccal or sublingual mucosa results in splenocytes with antigen-

specific interferon- secretion. Delivery of longer integrated fiber microneedles in the buccal 

mucosa resulted in a more Th-1 biased immune response. Finally, integrated fiber microneedles 

with sustained antigen and adjuvant release result in a delayed peak serum IgG response and 

high levels of non-specific interferon- secretion in the draining lymph nodes. These 

foundational studies establish the basic capabilities of integrated fiber microneedle vaccines and 

motivate their further development as a tool to understand and optimize oral mucosal vaccines. 
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6.3 RESULTS AND DISCUSSION 

6.3.1 Fabrication of integrated fiber microneedles with varying dimensions and material 

configurations 

To demonstrate the tunability of the integrated fiber microneedle system, three different designs 

were prepared (Figure 6.1a). Two designs, integrated fiber microneedles (iFMD) and reverse 

integrated fiber microneedles (riFMD), consisted of pyramidal shaped microneedles with base 

width 100 µm and height 300 µm arranged in an array of 77 needles. Based on previous studies 

of microneedle insertion, microneedles with these dimensions are expected to penetrate 100-200 

µm into tissue, which is approximately the depth of the lamina propria.13 These designs varied in 

their material configuration, with iFMD consisting of polyester fibers surrounded by a water 

soluble backfill matrix, and riFMD consisting of water soluble fibers surrounded by a polyester 

backfill matrix. These different material configurations provide two different approaches to 

control the release of agents from the integrated fiber microneedles. A third microneedle design, 

long integrated fiber microneedles (liFMD) consisted of conical shaped microneedles with base 

width 300 µm and height 800 µm arranged in an array of 25 needles. These longer microneedles 

were designed to penetrate deeper into the lamina propria and access different populations of 

antigen presenting cells.8,28 
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Two-layer collectors were fabricated as previously described29 using a 5 wt% carbon 

black-PDMS conductive layer and an approximately 270 µm thick insulative layer or a 7.5 wt% 

carbon black-PDMS conductive layer and an approximately 620 µm thick insulative layer for the 

iFMD and liFMD, respectively (Figure 6.1a, step 1). Polyester (iFMD, liFMD) or water soluble 

(riFMD) fibers were then electrospun onto the collectors (Figure 6.1a, step 2). To improve the 

mechanical stiffness of the fiber scaffolds and to create a backing layer, the collectors were then 

filled with an aqueous polymer solution (iFMD, liFMD) or a solution of polyester in acetone 

(riFMD) (Figure 6.1a, step 3). To eliminate the need to remove the polyester backing from the 

riFMDs after delivery, the polyester solution was wiped from the collector surface after filling 

(Figure 6.1a, step 3i), and an aqueous polymer solution was added to create a dissolving backing 

Figure 6.1. 

 

 
a) Schematics of the fabrication approaches for integrated fiber microneedles, long integrated fiber microneedles, 

and reverse integrated fiber microneedles. Each variation follows a general approach of electrospinning onto two-

layer negative microneedle molds with a conductive base layer and insulative surface layer, followed by filling with 

a polymer solution to provide mechanical stiffness and a backing layer. Integrated fiber microneedles and long 

integrated fiber microneedles consist of biodegradable polyester fibers (green) and a water soluble backfill (orange), 

while reverse integrated fiber microneedles consist of water soluble fibers (orange), biodegradable polyester backfill 

(green), and a water soluble backing layer (orange).  b) Stereoscope images of each microneedle design suggest 

uniform microneedle arrays. The unique microneedle mold configuration used here leads to fiber conformation to 

the microneedle mold, demonstrated by (c) SEM images of fibers after removal from the mold. d) After filling with 

the matrix material, integrated fiber microneedles are smooth with sharp tips.  
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layer (Figure 6.1a, step 3ii). Each completed design appeared to replicate the collector well and 

produce uniform microneedle arrays (Figure 6.1b). SEM imaging confirmed that electrospun 

fibers were able to conform well to the iFMD collectors (Figure 6.1c), and that the completed 

microneedles were smooth with sharp tips approximately 5 µm in diameter (Figure 6.1d).  

6.3.2 Mechanical and release characterization of distinct microneedle designs 

A key function of each microneedle design is its ability to penetrate tissue. Previous work from 

our group and others suggests that compression data can be used to predict the tissue penetration 

capabilities of microneedles.18,29,30 Each microneedle design (iFMD, liFMD, riFMD) was 

compressed using an Instron Universal Testing System following the same methods used 

previously.29 Microneedles with the same geometry (iFMD and riFMD) exhibited a steady 

change in load as the needles were compressed, indicative of needle tip compression (Figure 

6.2a).31 The riFMDs were slightly stiffer than the iFMDs, indicated by a higher slope of the 

compression curve. This is consistent with previous studies, which have demonstrated that 

microneedle mechanical properties depend on the properties of the needle fill material.17 

Meanwhile, liFMDs had a distinct shoulder at approximately 0.15 mm extension, likely 

indicating needle bending.31  The mean failure force for each design, defined as the load per 

needle at 0.1 mm extension, surpassed the predicted force to penetrate tissue (0.02 N/needle) by 

5 to 6-fold, with no significant differences between the microneedle designs (Figure 6.2b). 

 We also evaluated the effect of integrated fiber microneedle material configuration on 

release of a model protein, bovine serum albumin (BSA). Based on previous work from our 
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group, we expected that protein loaded into polyester fibers would result in an initial burst 

release of surface associated protein, followed by slow sustained release. We observed that 

selection of polyester fiber material primarily determined the percent burst release, with PLLA 

resulting in 70% burst and PLGA resulting in 60% burst (Figure 6.2c,d). After the burst, protein 

released from PLLA or PLGA fibers at rates of approximately 0.2% or 0.25% per day, 

respectively, over two weeks. We expected that we could reduce this burst release by “reversing” 

the material configuration. In the reverse integrated fiber microneedles, protein loaded fibers 

were fabricated using water soluble polymers (polyvinyl alcohol) and microneedle matrix was 

fabricated using a polyester as a rate limiting layer. Previous studies have demonstrated the 

function of polyester coatings to reduce burst release of proteins from microneedles.32 When we 

Figure 6.2. 

 

 
a) Compression of integrated fiber microneedles, long integrated fiber microneedles, and reverse integrated fiber 

microneedles under an axial load. Curves represent the mean of at least three microneedle array replicates, and 

error bars represent standard deviations. b) Mean and standard deviation of the failure force of each microneedle 

design, defined as the load per needle at 0.1 mm extension. Groups were compared using Kruskal-Wallis test, which 

determined no significant difference (p = 0.84). Horizontal dashed line in a) and b) represents the predicted load per 

needle required for tissue penetration (0.02 N). c) Early and d) late release of bovine serum albumin (BSA) mediated 

by two different material configurations (● = polyester fiber, ▲= polyvinyl alcohol fiber coated with polyester) and 

two different polyesters (dark green = PLGA, light green = PLLA).  
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evaluated the release of BSA from these reverse integrated fiber microneedles, we saw an 

approximately 3-fold reduction in the burst release for PLLA and essentially no burst release for 

a PLGA matrix (Figure 6.2c,d). With this material configuration, we observed a more dramatic 

difference in the sustained release rates, with a PLLA matrix resulting in 5.4% release per day 

and a PLGA matrix resulting in 2.1% release per day. Without the large burst release, more of 

the protein is available for controlled release mediated by degradation of the polyester, 

dissolution of the PVA fiber, and diffusion of the protein out of the needles. Detailed analysis of 

the contribution of each of these release mechanisms is beyond the scope of this paper, but this 

would be interesting to explore in future work to better understand the capabilities of this 

integrated fiber microneedle material configuration. Together, these data suggest that our 

integrated fiber microneedle system can be tuned with respect to needle geometry and material 

configuration to control the release of agents while maintaining mechanical strength.   

6.3.3 Integrated fiber microneedles are immunogenic in the buccal mucosa and in dermal 

tissue 

  We designed an initial pilot vaccination study using ovalbumin as a model antigen to 

determine if the iFMDs could induce a systemic humoral immune response when delivered 

either dermally or buccally in mice. CpG-ODN and GMCSF were selected as adjuvants based on 

published work demonstrating their ability to recruit and activate dendritic cells.33,34  The PLGA 

electrospun fibers contained 20 µg of OVA, while the remaining 180 µg of OVA and both 

adjuvants were formulated into the microneedle PVP backfill material (Figure 6.3a).  
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 OVA specific serum IgG responses elicited by iFMD delivery in the buccal mucosa 

surpassed those elicited by delivery in dermal tissue both at the peak of the response and at the 

endpoint of the study (Figure 6.3b). We observed a 19-fold increase in OVA specific serum IgG 

for the strongest responder in the buccal microneedle group from before vaccination to day 42, 

which continued to increase until the endpoint of the study (Figure 6.3c). The OVA specific 

serum IgG in the dermal iFMD group was increased only up to 4-fold from before vaccination to 

day 28 (Figure 6.3c). At the study endpoint, splenocytes and lymphocytes from vaccinated mice 

and naïve mice were re-stimulated ex vivo with OVA. Splenocytes from both mice in the buccal 

iFMD group exhibited antigen specific interferon- secretion, compared to only one mouse in the 

Figure 6.3. 

 

 
(a) Schematic of antigen and adjuvant loading in integrated fiber microneedles. (b) OVA-specific serum IgG 

concentration at study endpoint and at the peak for each mouse after iFMD delivery in the buccal mucosa or dermal 

tissue on day 0 and day 28. (c) Kinetics of OVA-specific serum IgG concentration for the duration of the study. 

Shown are the mean ± s.d. of n=2 biological replicates. Individual replicates are plotted as transparent data points. 

At the study endpoint, splenocytes (d) and lymphocytes from the submandibular lymph nodes (e) were re-stimulated 

with OVA (1 mg/mL) ex vivo for 72 hours in the presence of ConA (10 µg/mL). Cell culture supernatants were 

assayed for IFN-g using ELISA as a measure of OVA-specific T cell function. (f) Stereoscope images of iFMD before 

and after delivery to the dermal tissue.  

 



 

 

155 

dermal iFMD group (Figure 6.3d). This trend was observed in the re-stimulation of lymphocytes 

collected from the superficial cervical and submandibular lymph nodes of mice in both groups 

(Figure 6.3e). 

It was surprising that the dermal microneedle group exhibited such a weak response 

based on previous literature reporting robust immune responses from the dermal route.22-27 To 

better understand the delivery efficiency via the dermal route, we measured the needle height 

reduction after dermal iFMD delivery. Needle height was reduced by 50% to 82% for the two 

replicates (Figure 6.3f), which encompasses approximately the maximum and minimum 

expected microneedle delivery depth based on previous studies.19,20 Based on these 

measurements, we concluded that the low response in the dermal microneedle group was not due 

to insufficient needle penetration. It is possible that the stronger humoral and cellular immunity 

observed in the buccal microneedle group was due to more rapid or more complete needle 

dissolution in the moist buccal mucosa, resulting in an effective higher dose. Overall, this pilot 

study suggested that integrated fiber microneedles are immunogenic in a mouse model, which 

motivated our further exploration of this system in the oral mucosa. 

6.3.4 Decoupling contribution of the fibers and backfill to the iFMD immune response 

Given the robust immune responses elicited by buccal iFMD vaccination in our pilot 

study, we sought to characterize the response to the antigen dose delivered from either the fiber 

or backfill component of the iFMD. Previous studies have established that delivery of a large 

bolus vaccine dose combined with a small, sustained vaccine dose can elicit significantly more 

robust immunity compared to either bolus or sustained delivery alone.26,27 To test this with the 

iFMD system, we fabricated microneedles containing either 20 µg of OVA in the fibers (OVA 

Fiber (20)) or 180 µg of OVA in the backfill matrix (OVA Backfill (180)). The microneedle 
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materials design was kept constant (PLGA fibers with PVA and PVP backfill), and both 

microneedle formulations contained 10 µg CpG-ODN and 100 ng GMCSF as adjuvants in the 

backfill matrix (Figure 6.4a).  

Mice were immunized with one of the two different microneedle designs in either the 

buccal or sublingual mucosa on day 0 and day 14. At the peak and study endpoint for each 

group, OVA-specific serum IgG concentrations were reduced more than 10-fold compared to the 

pilot study of buccal iFMD vaccination (Figure 6.4b). From the IgG concentration kinetics, it 

was clear that the high response observed for one mouse in the buccal OVA Backfill (180) group 

Figure 6.4. 

 

 
(a) Schematic of antigen and adjuvant loading in integrated fiber microneedles. In this study, OVA was only 

incorporated into the polyester fibers of the iFMD (OVA Fiber (20)), or the backfill matrix of the iFMD (OVA 

Backfill (180)). (b) OVA-specific serum IgG concentration at study endpoint and at the peak for each mouse after 

iFMD delivery in the buccal or sublingual mucosa on day 0 and day 14. Kinetics of OVA-specific serum IgG 

concentration for the duration of the study following delivery in the buccal (c) or sublingual mucosa (d). Shown are 

the mean ± s.d. of n=2 biological replicates. Individual replicates are plotted as transparent data points. At the study 

endpoint, splenocytes and lymphocytes from the draining lymph nodes of mice vaccinated in the buccal (e) or 

sublingual (f) mucosa were re-stimulated with OVA (1 mg/mL) ex vivo for 72 hours in the presence of ConA (10 

µg/mL). Cell culture supernatants were assayed for IFN-g using ELISA as a measure of OVA-specific T cell function. 
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was due to a high background signal before vaccination (Figure 6.4c). The strongest response 

was observed for the sublingual OVA Backfill (180) group, but the IgG concentration began to 

decline 3 weeks after the boost (Figure 6.4d), whereas in the pilot iFMD study, the IgG 

concentration was continuing to increase at this time point.  Overall, both iFMD designs 

evaluated in this study elicited weak OVA-specific serum IgG responses when delivered to the 

buccal or sublingual mucosa. 

 Splenocytes from mice immunized with OVA Fiber (20) microneedles and OVA Backfill 

(180) microneedles in the buccal mucosa secreted approximately 2-fold and 4-fold more IFN-

 respectively, when re-stimulated with OVA compared to culture without OVA (Figure 6.4e). 

A similar trend was observed from mice immunized in the sublingual mucosa (Figure 6.4f). 

Though some antigen-specific IFN- secretion was measured, it was less than that observed from 

buccal iFMD vaccination in the pilot study (5-fold increase in IFN- with OVA re-stimulation). 

While the re-stimulation data potentially suggests the difference between OVA Fiber (20), OVA 

Backfill (180), and the iFMD is a simple dose dependence, the OVA-specific serum IgG 

concentration following iFMD vaccination (35,000 ng/mL) is greater than the sum of the OVA 

Fiber (20) and OVA Backfill (180) components individually (8,200 or 3,500 ng/mL for buccal or 

sublingual, respectively). Together, these data suggest that robust immune responses with the 

iFMD system require antigen to be delivered in the fiber component and the backfill component. 

 

6.3.5 Controlled release riFMD design results in delayed peak IgG response and non-specific 

T cell activation   

Having established the basic immunogenicity of the baseline iFMD formulation, we next 

sought to characterize the humoral and cellular response to the riFMD formulation. This design 
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incorporated the entire dose of antigen and adjuvant in PVA fibers, then the microneedle mold 

was filled with a solution of PLGA to form the needle structure and to act as a rate-limiting 

layer. When evaluated in vitro, this design exhibited reduced burst release and a faster sustained 

release rate compared to the baseline iFMD (Figure 6.2c,d).  

Antibody concentrations following buccal riFMD vaccination increased steadily until the 

study endpoint, while sublingual riFMD vaccination resulted in overall higher antibody 

concentrations that had a distinct peak (Figure 6.5a,b). This peak occurred late in the study, 7 

weeks after the boost dose, and had a lower magnitude than the iFMD from the pilot study 

Figure 6.5. 

  

 
(a) OVA-specific serum IgG concentration at study endpoint and at the peak for each mouse after riFMD delivery in 

the buccal or sublingual mucosa on day 0 and day 14. OVA-specific serum IgG concentration kinetics for 9 weeks 

following initial vaccination with riFMD in the (b) buccal mucosa (n=3) or the (c) sublingual mucosa (n=4). Data 

are plotted as the mean ± s.d. of biological replicates. Individual replicates are plotted as transparent data points. At 

the study endpoint, splenocytes and lymphocytes from the superficial cervical and submandibular lymph nodes were 

cultured ex vivo for 72 hours in the presence of ConA (10 µg/mL) with or without OVA (1 mg/mL). Cell culture 

supernatants were assayed for IFN-g using ELISA as a measure of antigen specific T cell function. Re-stimulation 

analysis was performed for mice vaccinated with riFMD in the buccal (d) or sublingual (e) mucosa. 
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(20,700 ng/mL compared to 35,000 ng/mL for the buccal iFMD) (Figure 6.5c). This was 

anticipated based on the slower in vitro protein release kinetics from riFMD. Although the 

humoral response to this particular riFMD design was weak, it is likely based on previous work 

that this response could be optimized with further tuning of the materials selection or 

configuration of the riFMD.27 

IFN- secretion from lymphocytes and splenocytes appeared to be independent of the 

presence of OVA (Figure 6.5d,e). However, IFN- secretion overall for both delivery routes was 

higher than iFMD vaccination from the pilot study, particularly in the lymph nodes (4-fold 

increase). It is possible that this was caused by the sustained release of antigen and adjuvant with 

this material configuration, which has led to prolonged local inflammation in previous studies.26 

 

6.3.6 Integrated fiber microneedle length affects serum antibody kinetics and isotype balance 

when administered to the buccal mucosa 

Several different microneedle designs have been evaluated for oral mucosal vaccination, 

but the effect of microneedle design on immune response has not been evaluated. Given the 

importance of microneedle geometry and vaccine release kinetics in dermal microneedle 

vaccination,25-27 we were interested in characterizing the effect of these factors on serum 

antibody responses following oral mucosal vaccine administration. 
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 Mice were immunized in the buccal mucosa with iFMDs (n=3) or liFMDs (n=2) 

containing 180 µg OVA and adjuvants (10 µg CpG-ODN, 0.1 µg GMCSF) in the backfill matrix 

and 20 µg OVA in PLGA fibers. As a control group, mice were immunized with 200 µg OVA 

and adjuvants in a saline suspension administered topically to the buccal mucosa using a cotton 

tipped swab. All mice were immunized on day 0 and day 14. Vaccination with iFMD resulted in 

robust OVA-specific IgG (endpoint mean 86,000 ng/mL), while vaccination with the topical 

swab application resulted in no measurable response (Figure 6.6a). Vaccine delivery using 

Figure 6.6. 

 

 
C57Bl/6J mice were vaccinated on day 0 and day 14 with 200 µg OVA, 10 µg CpG-ODN, and 0.1 µg GMCSF 

delivered by iFMD, liFMD, or a cotton tipped swab.  iFMD and liFMD contained 20 µg OVA in PLGA fibers and 

180 µg OVA in the PVP backfill matrix. OVA-specific serum IgG concentration kinetics for 6 weeks following initial 

vaccination with a) iFMD (n=7), swab (n=4), or b) liFMD (n=2). c) Serum IgG concentration at the study endpoint 

and peak following vaccination with iFMD, liFMD, or a cotton tipped swab.  d) The serum sample containing the 

peak IgG concentration for mice in the iFMD (n=3) and liFMD (n=2) groups were assayed for IgG1 and e) IgG2 by 

ELISA. Data are plotted as the mean ± s.d. of biological replicates. Individual replicates are plotted as transparent 

data points. 
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liFMD demonstrated potential for robust IgG responses in the buccal mucosa, with a mean IgG 

concentration of 108,000 ng/mL at the study endpoint (Figure 6.6b). This response developed 

faster than the iFMD, with measurable IgG concentrations occurring just 1 week after the boost. 

There was also less of a difference between the peak and endpoint IgG concentrations for liFMD 

compared to iFMD, suggesting a more sustained IgG response (Figure 6.6c). 

Based on the strong peak IgG responses measured for integrated fiber microneedles with 

different geometries, we were interested in determining the specific concentrations of IgG1 and 

IgG2a for these samples. The serum sample containing the peak IgG concentration for mice in 

the iFMD (n=3) and liFMD (n=2) groups were assayed for IgG1 and IgG2a by ELISA. We 

observed a distinct decrease in IgG1 concentration and increase in IgG2a concentration for 

vaccine administration with liFMD compared to iFMD (Figure 6.6d,e). This data suggests that in 

the buccal mucosa, an increase in microneedle length creates a more balanced Th1/Th2 immune 

response. This could be caused by liFMD vaccine delivery deeper into the buccal lamina propria, 

which contains interstitial dendritic cells that are required for IgG2a/c isotype responses35 and 

langerin+ interstitial dendritic cells with potential for cross-presentation.36 Similar trends have 

been observed in previous studies where vaccination in the surface of the oral mucosa resulted in 

predominately IgG1 antibodies, while vaccination using methods delivering vaccine deeper in 

the mucosa, like jet injection or hypodermic needle injection, resulted in a higher ratio of IgG2a 

antibodies.3,37 No previous study has evaluated the effect of microneedle length on antibody 

isotype response after delivery in the oral mucosa. This finding motivates continued exploration 

of microneedle geometries to optimize immune responses to oral mucosal vaccination. 
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6.3.7 Integrated fiber microneedle vaccines elicit robust serum antibody responses upon 

delivery to the sublingual mucosa 

Only one previous study of oral mucosal vaccination compared the immune response 

elicited by microneedle vaccine application to different locations in the oral mucosa.5 However, 

this study was performed in rabbits and resulted in overall weak immune responses. Since we 

observed the potential for robust humoral immune responses to various iFMD vaccine designs in 

the buccal mucosa, we were interested in further evaluating the responses to these iFMDs in the 

sublingual mucosa using the same vaccine loading schemes and study timelines.  

Serum antibody concentrations in the iFMD sublingual group were significantly (p< 

0.05) higher than those measured in mice immunized by swab application of a vaccine 

suspension to the sublingual mucosa on day 28 and day 35 of the study (Figure 6.7a). In this 

group, we observed the potential for rapid development of antigen-specific antibodies, with the 

strongest responding mouse nearly reaching its peak value just one week after the boost 

vaccination. When administered sublingually, liFMDs elicited weak antibody responses, 

reaching a peak value of approximately 10,000 ng/mL three weeks after the boost dose (Figure 

6.7b). Both iFMD and liFMD elicited greater peak antibody responses compared to the topical 

swab control (Figure 6.7c). Sublingual iFMD vaccination resulted in primarily IgG1 antibodies, 

suggesting a Th-2 biased immune response (Figure 6.7d,e).  
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Together, these results suggest that sublingual iFMD vaccination leads to a significantly 

increased humoral immune responses compared to topical sublingual vaccination using a swab. 

This is consistent with previous work demonstrating that microneedle disruption of the buccal 

mucosa increases vaccine delivery efficiency and delivery rate compared to delivery without 

microneedles.16 Additionally, our results suggest the immune response generated from 

microneedle-mediated oral mucosal vaccination is dependent on the delivery site, with iFMD 

inducing higher antibody concentrations when delivered to the sublingual mucosa (endpoint 

mean 146,000 ng/mL) compared to the buccal mucosa (endpoint mean 86,000 ng/mL). This is in 

Figure 6.7. 

 

 
C57Bl/6J mice were vaccinated on day 0 and day 14 with 200 µg OVA, 10 µg CpG-ODN, and 0.1 µg GMCSF 

delivered by iFMD, liFMD, or a cotton tipped swab.  iFMD and liFMD contained 20 µg OVA in PLGA fibers and 

180 µg OVA in the PVP backfill matrix. a) OVA-specific serum IgG concentration kinetics for 6 weeks following 

initial vaccination with iFMD (n=6, *p<0.05), swab (n=4), or b) liFMD (n=2). c) Serum IgG concentration at the 

study endpoint and peak following vaccination with iFMD, liFMD, or a cotton tipped swab.  d) The serum sample 

containing the peak IgG concentration for mice in the iFMD (n=6) and liFMD (n=2) groups were assayed for IgG1 

and e) IgG2. Data are plotted as the mean ± s.d. of biological replicates. Individual replicates are plotted as 

transparent data points. 
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contrast to previous work in rabbits,5 but could be explained by the distinct structures and 

antigen presenting cell populations in the murine buccal and sublingual mucosa. The sublingual 

epithelium is approximately half the thickness of the buccal epithelium,4 meaning iFMDs likely 

deliver vaccine to more immunogenic iDCs in the lamina propria of the sublingual mucosa 

compared to LCs in the epithelium of the buccal mucosa. It was initially surprising that the 

immune response to liFMD vaccination was much weaker than iFMD vaccination in the 

sublingual mucosa and liFMD vaccination in the buccal mucosa. It is possible that in the 

sublingual mucosa, the liFMD geometry results in less optimal in vivo release kinetics compared 

to the iFMD geometry, resulting in a weaker response. It is possible that this change in release 

kinetics was also present in the buccal mucosa, but robust responses were still observed from the 

liFMD because of the higher frequency of iDCs in the lamina propria compared to the sublingual 

mucosa. 

6.3.8 Integrated fiber microneedle vaccines elicit antigen specific T cell responses in the spleen 

To evaluate cellular immune responses to iFMD vaccination in the buccal and sublingual 

mucosa, mice were sacrificed at the study endpoint (56 days), and cells from the spleens and 

draining lymph nodes were re-stimulated ex vivo with OVA. Buccal and sublingual iFMD 

vaccination resulted in significant (p<0.05) OVA-specific IFN- secretion from splenocytes 

(Figure 6.8a,c).  A similar increase in IFN- secretion occurred following buccal and sublingual 

liFMD vaccination, but the size of each group was too small to reach statistical significance. 

OVA-specific IFN- secretion from lymphocytes was the greatest for iFMD vaccination in the 

buccal or sublingual mucosa (Figure 6.8b,d). Buccal liFMD vaccination appeared to result in a 

higher cellular response than sublingual liFMD vaccination, consistent with the humoral 

immunity results. Together, these data further support the immunogenicity of iFMD in both the 
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buccal and sublingual mucosa. The increased OVA-specific IFN- secretion compared to topical 

delivery using a swab strengthens the growing body of work demonstrating the ability of 

microneedles to improve vaccination in the oral mucosa. 

 

Figure 6.8. 

 

 
At the study endpoint, splenocytes (a, c) and lymphocytes from the submandibular lymph nodes (b, d) were re-

stimulated with OVA (1 mg/mL) ex vivo for 72 hours in the presence of ConA (10 µg/mL). Cell culture supernatants 

were assayed for IFN- using ELISA as a measure of antigen specific T cell function. IFN- concentration from cells 

cultured without OVA were compared to those cultured with OVA using a Wilcoxon signed rank test to determine 

statistical significance (*p<0.05). Re-stimulation analysis was performed for mice vaccinated with each microneedle 

design or topical swab control in the buccal (a, b) or sublingual (c, d) mucosa. 
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6.4 CONCLUSIONS 

This is the first study evaluating the immunogenicity of a novel and highly tunable 

integrated fiber microneedle design. We demonstrated that integrated fiber microneedle 

geometry and material configuration can be tuned without changes to the general fabrication 

process and with no significant effect on mechanical failure force. This enables evaluation of the 

effect of features like microneedle length and vaccine release on immunogenicity. We also 

evaluate for the first time the effect of microneedle length and vaccine release kinetics on 

humoral and cellular immunity elicited from oral mucosal delivery. Delayed vaccine release 

kinetics resulted in a delayed peak antibody response and elevated non-specific cytokine 

secretion from splenocytes and lymphocytes. We found that microneedle length influenced 

humoral immunogenicity in a site dependent manner, with an increase in length leading to a 

greater Th1 bias when administered to the buccal mucosa, but a weaker overall humoral response 

when administered to the sublingual mucosa. Long microneedles may have resulted in less 

optimal vaccine delivery kinetics in the sublingual mucosa compared to the iFMD. This effect 

may also have occurred in the buccal mucosa, but in this tissue, it is likely that the longer 

microneedles accessed the iDCs present in the lamina propria. Meanwhile, cellular immunity did 

not appear to be site dependent, with integrated fiber microneedles eliciting significant antigen-

specific responses in splenocytes after buccal or sublingual delivery. No previous study has made 

this direct comparison, so this result warrants further investigation of other cytokines secreted by 

these cells and a deeper analysis of the cellular phenotype. Together, these results motivate 

continued exploration of microneedle designs that can control vaccine delivery depth and release 

kinetics in the oral mucosa to further optimize oral mucosal vaccines and to develop a better 

understanding of the complex oral mucosal immune system. 
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6.5 MATERIALS AND METHODS 

6.5.1 Preparation of two-layer microneedle mold collectors 

Master molds with four arrays of 77 pyramidal features with 100 µm base width and height and 

300 µm height were designed in Autodesk Inventor and 3D printed using IP-S resin on an 

indium tin oxide coated glass substrate using the Nanoscribe Photonic Professional GT2 using a 

25X objective lens in shell mode. After developing the resist according to the manufacturer’s 

instructions, completed master molds were placed within an outer mold 3D printed in poly(lactic 

acid) with a FlashForge Finder at the University of Washington CoMotion Makerspace. The 

completed master was then coated with silane (trichloro(1H,1H,2H,2H-perfluorooctyl)silane, 

Sigma Aldrich) to prevent adhesion of cast molds. The desired volume of PDMS (mixed at 1:10 

ratio curing agent: pre-polymer, Sylgard 184, Dow Corning) was added to the master mold and 

cured at room temperature for 24 hours. A conductive carbon black PDMS composite (C-PDMS) 

was prepared by incorporating 5wt% carbon black (Vulcan XC 72R, particle size 50 nm, Fuel 

Cell Store) into the PDMS pre-polymer and curing agent by manual mixing with a spatula, and 

then 3 milliliters of the completed C-PDMS mixture was added to the master mold. The entire 

mold was then placed on a rotating platform shaker at the highest setting for 15 hours. The C-

PDMS was then cured in an oven at 37°C for 24 hours, and the completed collector was removed 

from the master mold.  

 

6.5.2 Preparation of protein loaded electrospun fibers 

Polyester fibers were prepared using a 10% (w/v) solution of PLGA (50:50 ester 

terminated 0.55-0.75 dL/g inherent viscosity B6010-2P, Lactel) in HFIP or a 15% (w/v) solution 

of PLLA (Ester terminated 1.06 dL/g inherent viscosity) in HFIP. Immediately prior to 
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electrospinning, 0.2% Tween 20 was added to the organic polymer solution and vortexed for 5 

seconds. In a separate tube, ovalbumin (>95% purity, Invivogen) was dissolved at 40 mg/mL in a 

5 % (w/v) solution of PVA (P1180, USP grade, Spectrum Chemical). The emulsion aqueous 

phase was added dropwise to the organic phase while vortexing. Volumes of each phase were 

selected to achieve a 40% v/v aqueous phase emulsion. The completed emulsion was electrospun 

onto a two-layer microneedle mold collector using a 2 µL/min flow rate, needle tip to collector 

distance of 10 cm, and 20 kV voltage. After electrospinning, fibers were sterilized by exposure to 

ultraviolet light for one hour in a biosafety cabinet. 

6.5.3 Preparation of integrated fiber microneedles 

Integrated fiber microneedles were prepared using sterile solutions of 30% w/v 

polyvinylpyrrolidone (10 kDa, Sigma Aldrich) and 10% w/v polyvinyl alcohol (P1180, USP 

grade, Spectrum Chemical) in water. GMSCF (Peprotech) and CpG-ODN (Invivogen) were 

incorporated into the PVP (iFMD) or PVA (liFMD) solutions to achieve a final dose per 

microneedle array of 10 µg CpG-ODN and 0.1 µg GMCSF. With the exception of the OVA fiber 

(20) integrated fiber microneedles, the PVP or PVA solution also contained OVA to achieve a 

final dose per microneedle array of 180 µg. This solution was added to the surface of the 

microneedle mold containing fibers. Reverse integrated fiber microneedles were prepared by 

adding a 10% w/v solution of PLGA in acetone or a 15% w/v solution of PLLA in HFIP to the 

surface of the microneedle mold containing fibers. For both material configurations, the mold 

was then placed in a vacuum chamber under house vacuum for 1 minute (iFMD, liFMD) or two 

minutes (riFMD). This vacuum procedure was repeated twice for iFMD, then 10% w/v PVA in 

water was added to the mold surface followed by an additional minute of vacuum.  For liFMD, 

the vacuum procedure was repeated twice followed by addition of 5% w/v PVA in water, then 
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two additions of 10% w/v PVA in water, with 1 minute vacuum cycles between each addition. 

For riFMD, the polyester solution addition and 2 minute vacuum cycle was repeated four times 

with excess polyester removed from the surface of the microneedle mold between each cycle 

using a Kimwipe dipped in acetone. Finally, for each microneedle design, an additional volume 

of PVA solution was added to ensure the microneedle patch had a backing robust enough to 

handle. iFMD and liFMD were dried overnight, and riFMD were dried for three days prior to 

removal from the mold. 

6.5.4 Protein release 

Protein release kinetics were evaluated at 37ºC in a rotating incubator (200 rpm) with 

PBS (pH 7.4) as the release media. At each time point, a 500 µL aliquot of the release media was 

removed to a clean tube and replaced with fresh PBS. Protein content from all release time points 

was measured using the Micro BCA Protein Assay Kit (Thermo Scientific) according to the 

manufacturer’s instructions for the microplate procedure. Percent release was calculated using 

the theoretical protein loading. 

6.5.5 Compression under axial load 

Compression testing of microneedle arrays was performed on an Instron Universal 

Testing System (Model 5943). iFMD were tested in arrays of 77 needles, liFMD were tested in 

arrays of either 10 or 15 needles, and riFMD were tested in arrays of 38 needles. For all 

microneedle designs, arrays were inspected before testing and the needle number was adjusted to 

account for any needles that were broken or damaged during storage. The microneedle array was 

mounted to a microscope slide with double-sided tape, and the slide was then secured to the 

fixed base plate with double-sided tape. A flat stainless-steel disc adapter was attached to the 
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load cell. The load cell moved toward the fixed base plate at a rate of 20 m/s. The instrument 

began collecting data when the measured load exceeded 0.08 N. The experiment ended either 

when the load reached 25 N or when the length of the experiment reached 45 seconds. 

6.5.6 Vaccine administration 

Animal studies were performed according to a protocol approved by the University of 

Washington Institutional Animal Care and Use Committee. Female C57BL/6J mice (6 weeks 

old) were purchased from The Jackson Laboratory (Bar Harbor, ME). Prior to vaccination, mice 

were weighed, then anesthetized using isoflurane, and a blood sample was collected via the 

submental route. Mice receiving vaccine via the oral route were then anesthetized by 

administration of 32.5 mg/kg ketamine and 2.2 mg/kg xylazine via intraperitoneal injection. For 

oral topical delivery, mice were laid horizontally on their side, and the mouth was gently opened 

using forceps. Vaccine was slowly administered (7 µL total volume) using a 20 µL pipet. Mice 

were kept horizontal for 5 minutes following delivery. For oral microneedle delivery, mice were 

restrained using a custom-built restraint, similar to an intubation restraint, that held mice from 

the upper incisors. The microneedle patches were diced into two pieces prior to delivery. To 

achieve the desired dose with the reverse integrated fiber microneedles, a total of three 

microneedle patches were delivered. The mouth was gently opened using forceps and the 

microneedle patches were applied to the buccal or sublingual mucosa with gentle pressure 

applied with forceps for 1 minute. The microneedle patch remained in the tissue for 5 additional 

minutes to allow for dissolution of the patch backing. For dermal microneedle delivery, mice 

were anesthetized using only isoflurane. Microneedle patches were applied to the ventral ear skin 

using fingertips. Pressure was applied for 1 minute, then patches remained in skin for 5 
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additional minutes to allow for needle dissolution. The patch backing was then removed, and the 

mouse was allowed to recover from anesthesia. 

6.5.7 Serum collection 

Blood was collected at predetermined time points via the submental route. Blood was 

incubated at 4ºC for 24 hours after collection. Blood samples were then centrifuged at 5000 x g 

for 10 minutes, and the supernatant was carefully removed and transferred to a clean centrifuge 

tube. The samples were then centrifuged again at 5000 x g for 10 minutes, and the supernatant 

was removed to a clean 0.6 mL microcentrifuge tube. Samples were stored at -20ºC and were 

assayed within 6 months of collection. 

6.5.8 Serum antibody ELISA 

ELISA plates (Corning™ Clear Polystyrene 96-Well Microplates for ELISA) were 

coated with 5 µg/mL OVA (>95% purity, Invitrogen) in 10 mM sodium bicarbonate at 4ºC 

overnight. Plates were washed with PBS containing 0.05% v/v Tween-20 (PBS-T), then blocked 

with 2% w/v BSA (Sigma, Bovine Serum Albumin - cold ethanol fraction, pH 5.2, ≥96%) in 

PBS-T for two hours at room temperature. After blocking, plates were washed again with PBS-

T. Serial dilutions of antibody standards (BioLegend, Biotin anti-mouse IgG1 antibody or Biotin 

anti-mouse IgG2a antibody) starting at 100 ng/mL (IgG1) or 10 ng/mL (IgG2a) were added to 

wells coated with OVA (2 technical replicates) and wells without OVA (1 replicate) to account 

for non-specific binding. Samples were incubated for two hours at 37ºC. Plates were then 

washed with PBS-T and detection antibody (Goat anti-mouse IgG (H+L) HRP conjugate, 

Invitrogen; biotin anti-mouse IgG1, biotin anti-mouse IgG2a, BioLegend) was added to the plate 

and incubated at 37ºC for two hours. IgG and IgG1 detection antibody were added at a 5000x 
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dilution, IgG2a detection antibody was added at a 3000x dilution. IgG1 and IgG2a plates were 

washed again with PBS-T, then streptavidin-HRP (BioLegend) was added to the wells at a 3000x 

dilution. Plates were washed again with PBS-T, and then TMB substrate (BioLegend) was added 

and incubated for 1 hour at room temperature. After addition of 1M HCl stop solution, 

absorbance was measured at 450 nm with wavelength correction at 620 nm using a plate reader 

(Tecan Infinite 200 Pro). Antibody concentrations were quantified using a standard curve fit after 

subtracting the non-specific signal from wells without OVA coating. 

6.5.9 Ex vivo re-stimulation 

Spleens, submandibular lymph nodes, and superficial cervical lymph nodes were 

collected from sacrificed mice and digested by incubation with collagenase-D (Roche) at 37 ºC 

for 30 minutes. Cells were collected from the digested tissues by gently pressing through a 70 

µm cell strainer into a 50 mL conical tube using the plunger of a 1 mL syringe. The plunger and 

the strainer were then rinsed with 10 mL of sterile PBS into the 50 mL conical tube. Cell 

suspensions were then centrifuged 1500 rpm for 5 minutes at 4 ºC. After this initial collection, 

cells collected from spleens were re-suspended in 5 mL of red blood cell lysis buffer (155 mM 

NH4Cl, 10 mM KHCO3, 0.1 mM EDTA in double distilled water) for 2 minutes followed by 

addition of 15 mL sterile PBS. Cells collected from lymph nodes were re-suspended in PBS, then 

all cells were passed through a 70 µm cell strainer into a fresh 50 mL conical tube. Cell 

suspensions were then centrifuged at 1500 rpm for 5 minutes at 4 ºC. All cells were strained and 

centrifuged again following the same procedure. After the final centrifugation step, cells 

collected from spleens were re-suspended in 10 mL PBS and cells collected from lymph nodes 

were re-suspended in 5 mL PBS for cell counting. After counting, cells were collected by 

centrifugation at 1500 rpm for 5 minutes at 4 ºC, then re-suspended in supplemented media 
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(429.5 mL RPMI 1640, 2 mM L-glutamine, 5 mL HEPES, 5 mL NE Amino Acids, 5 mL sodium 

pyruvate, 0.5 mL 2-mercaptoethanol, 5 mL penicillin – 100 U/mL and streptomycin – 100 

µg/mL, and 50 mL heat inactivated fetal bovine serum) containing 10 µg/mL concanavalin-A 

(Sigma) and either with 1 mg/mL OVA or without OVA. Cells were plated at a concentration of 

1 million cells/mL in 96 well U-bottom plates. Supernatants were collected after 72 hours of 

culture and assayed for interferon- using an interferon- ELISA kit (Peprotech) following the 

manufacturer’s instructions. 

6.5.10 Statistical methods 

All statistical analysis was performed using R, specifically the ggpubr package. 

Comparisons of the means of more than two groups were performed using the Kruskal-Wallis 

test. Means of paired samples were compared using the Wilcoxon signed rank test, while means 

of unpaired samples were compared using the unpaired two-samples Wilcoxon test. 
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Chapter 7. CONCLUSIONS 

7.1 SUMMARY 

The oral mucosa is an easily accessible site for mucosal vaccination, and oral mucosal vaccines 

have demonstrated an ability to induce systemic immunity and mucosal immunity at distant 

mucosal tissues such as the gastrointestinal tract and reproductive tract. However, further 

development of oral mucosal vaccines has been partly hindered by a lack of multifunctional 

delivery systems capable of incorporating diverse vaccine formulations at different doses and 

spatial and temporal control of vaccine delivery. In this work, we have focused on the 

development and preliminary evaluation of a dissolving microneedle device incorporating 

electrospun fibers to address this gap in the field of oral mucosal vaccination.  

 The design goal of our device was to combine the unique agent encapsulation, controlled 

release, and microarchitecture attributes of electrospun fibers with the mechanical attributes of 

dissolving microneedles. In the first specific aim of this work, we pursued an in situ approach to 

generate three-dimensional electrospun fiber structures. Using this strategy, we were able to 

integrate electrospun fibers into dissolving microneedles without altering their microarchitecture, 

and without depositing large amounts of fiber in the microneedle array backing. We 

demonstrated using finite element method simulations and experimentally that this in situ 

electrospun fiber patterning approach is feasible over a wide range of length scales and for 

different fiber materials. Therefore, this versatile method could be further explored for other 

applications of three-dimensional fiber structures such as tissue engineering or microfluidics. 

 A key question in the field of oral mucosal vaccines is the role of vaccine composition 

and dose on the resulting immune response. Therefore, an ideal device designed for oral mucosal 

vaccination should enable encapsulation of diverse active pharmaceutical agents at a range of 
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relevant doses. In our second aim, as a first step toward demonstrating the formulation 

capabilities of integrated fiber microneedles, we developed biologic fiber formulations with 

loadings relevant for the microneedle device, and we demonstrated in situ integration of fibers 

containing a model small molecule, protein, or nucleic acid. We also demonstrated two specific 

examples in which integrated fiber microneedles can overcome limitations of conventional 

matrix microneedles. Together, the work in this aim demonstrates how integrated fiber 

microneedles are a versatile delivery device that can contribute to the field of oral mucosal 

vaccination and the broader field of microneedle drug and vaccine delivery. 

 Previous studies of microneedle-mediated vaccination in the oral mucosa have been 

limited and overall have demonstrated weak systemic immune responses. In our third specific 

aim, we characterized the cellular and humoral immune response to three distinct integrated fiber 

microneedle designs with two different lengths and two different protein release rates. We found 

that integrated fiber microneedle vaccines elicit significant humoral immune responses when 

delivered to the sublingual mucosa and significant cellular immune responses when delivered to 

either the buccal or sublingual mucosa. Furthermore, we observed that microneedle length 

affects humoral immunity in a site-specific manner and slowing vaccine release rate delays the 

peak antibody concentration. The work in this aim establishes the function of the integrated fiber 

microneedle device as an oral mucosal delivery system and motivates future work using this 

device as a tool to better understand oral mucosal immunity. 
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