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ABSTRACT: 25 

Neisseria gonorrhoeae is a strict human pathogen responsible for more than 100 million new 26 

sexually transmitted infections worldwide each year. Due to the global emergence of antibiotic 27 

resistance, the CDC recently listed N. gonorrhoeae as an urgent threat to public health. No 28 

vaccine is available in spite of the huge disease burden and the possibility of untreatable 29 

gonorrhea. The aim of this study is to investigate the immunogenicity of a novel whole-cell based 30 

inactivated gonococcal microparticle vaccine formulation loaded in dissolvable microneedles for 31 

transdermal administration. The nanotechnology-based vaccine formulation consists of 32 

inactivated whole-cell gonococci strain CDC-F62, spray dried and encapsulated into 33 

biodegradable cross-linked albumin matrix with sustained slow antigen release. The dry vaccine 34 

nanoparticles were then loaded in a dissolvable microneedle skin patch for transdermal delivery. 35 

The efficacy of the whole-cell microparticles vaccine formulation loaded in microneedles was 36 

assessed in vitro using dendritic ,cells and macrophages as well as in vivo mouse model. Antibody 37 

titers were measured using an ELISA and antigen-specific T lymphocytes were assessed in 38 

spleens and lymph nodes. Here we report that whole-cell based gonococcal microparticle vaccine 39 

loaded in dissolvable microneedles for transdermal administration induced significant increase in 40 

antigen-specific IgG antibody titers and antigen-specific CD4 and CD8 T lymphocytes in mice 41 

compared to gonococcal antigens in solution or empty microneedles. Significant increase in 42 

antigen-specific IgG antibody levels was observed at end of week 2 in groups that received the 43 

vaccine compared to the group receiving empty nanoparticles. The advantages of using formalin-44 

fixed whole-cell gonococci that all immunogenic epitopes are covered and preserved from 45 

degradation. The spherical shaped micro and nanoparticles are biological mimics of gonococci, 46 

therefore present to the immune system as invaders but without the ability to suppress adaptive 47 

immunity. In conclusion, the transdermal delivery of microparticles vaccine via a microneedle 48 

patch was shown to be an effective system for vaccine delivery. The novel gonorrhea 49 
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nanovaccine is cheap to produce in a stable dry powder and can be delivered in microneedle skin 50 

patch obviating the need for needle use or the cold chain. 51 

 52 

INTRODUCTION 53 

Neisseria gonorrhoeae is strictly a human pathogen that causes sexually transmitted infection. 54 

The disease state termed gonorrhea accounts for >100 million cases worldwide each year. The 55 

gonococcus (GC) is noted for its capacity to develop resistance to antibiotics used in therapy 56 

(1,2). The gonococcus can survive extracellularly and intracellularly, however, in both 57 

environments, the bacteria must adapt to pressures exerted by the host (3,4). There were over 58 

400,000 reported cases in the US in 2015, and several more that are not reported (1,2,5). It is 59 

much more common in Africa and other developing nations (6). Untreated gonococcal infection 60 

in women may progress to pelvic inflammatory disease, increasing the risk of ectopic pregnancy 61 

and infertility (7). Currently, there are no vaccines for gonorrhoeae. The main reason to warrant 62 

the development of a gonococcal vaccine is the emergence of antibiotic-resistant GC (8). With 63 

the development of antibiotic-resistant strains of N. gonorrhoeae, the FDA and CDC have listed 64 

the research and development of a vaccine against gonorrhea as a high priority. 65 

 66 

To date, no FDA approved vaccine against gonorrhea is available in spite of the huge burden of 67 

disease (9–11). Only two vaccines for N. gonorrhoeae have entered into clinical trials in the past. 68 

The first was a crude killed whole-cell vaccine, which was studied in a controlled experiment in a 69 

population of Inuit in northern Canada with high incidence and prevalence of N. gonorrhoeae 70 

infection (12,13). There was no evidence for protection, even though the vaccine was said to be 71 

well tolerated. Although the vaccine induced an antibody response in over 90% of vaccine 72 

recipients it lacked the generation of an adaptive immune response which led to the failure of the 73 

vaccine study (14). N. gonorrhoeae can interact with various immune cells to elicit innate 74 
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inflammatory responses and suppress Th1/Th2-mediated specific immune responses (15). 75 

Phagocytosis by macrophages results in the activation of NLRP3 inflammasomes, the production 76 

of IL-1β, activation of PMNs, and activation of cathepsin B, which leads to pyronecrosis of antigen 77 

presenting cells (APCs) (16). Interactions with DCs lead to up-regulation of PDL-1 and PDL-2, 78 

which induce apoptosis of cells bearing PD-1. This up-regulation also causes the release of IL-79 

10, which has immunoregulatory properties and stimulates type 1 regulatory T cells (Treg1) (15). 80 

Interaction with CD4+ T helper cells induces secretion of IL-10, TGF-β, and IL-6 (17). Activation 81 

of Treg1 cells by IL-10 and TGF-β leads to suppression of Th1 and Th2 cells. TGF-β and IL-6 82 

drive the development of Th17 cells, which secrete IL-17 and IL-22, leading to the recruitment or 83 

induction of innate defenses such as PMNs and anti-microbial peptides (18). N. gonorrhoeae 84 

evades the immune system by PMNs and anti-microbial peptides while concomitantly 85 

suppressing the development of adaptive immune responses such as N. gonorrhoeae -specific 86 

antibodies that could enhance phagocytosis and intracellular clearance of gonococci by 87 

phagocytes and bacteriolysis through the classical complement pathway (4,9,19).  88 

 89 

We developed a novel nanotechnology-based vaccine formulation consisting of formalin fixed 90 

whole-cell N. gonorrhoeae as the vaccine antigen encapsulated in biodegradable microparticles 91 

loaded in microneedles for transdermal administration. The nanotechnology-based vaccine 92 

formulations enhance immune responses by slowly releasing antigens and thereby, act as antigen 93 

depot. The advantages of using formalin fixed whole-cell gonococci that all immunogenic epitopes 94 

are covered and preserved from degradation; the spherical shaped micro and nanoparticles are 95 

biological mimics of gonococci, therefore present to the immune system as invaders but without 96 

the ability to suppress adaptive immunity; and less toxicity due to lower antigen loading (10%) in 97 

nanoparticles. Here we report that the gonococcal nanovaccine formulation enhanced antibody 98 

response and induced antigen-specific CD4 and CD8 T lymphocyte in mice vaccinated with 99 
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gonococcal nanoparticles loaded in microneedles compared to mice vaccinated subcutaneously 100 

with gonococcal antigens in solution or empty microneedles. 101 

 102 

 103 

MATERIALS AND METHODS 104 

Preparation of the N. gonorrhoeae vaccine antigen 105 

N. gonorrhoeae strain CDC-F62 was grown from freezer stock on GCB agar containing defined 106 

Supplement I and II under 5.0% CO2 at 37°C as described (3,4). Palliated colonies were selected 107 

and further sub-cultured on a GCB agar plate overnight. The fresh growth of palliated colonies 108 

was used to inoculate two flasks each containing 300 ml of GCB broth containing defined 109 

Supplement I and II with sodium bicarbonate (0.043%) in a 1000 ml sterile flask. The starting 110 

OD600 ~ 0.2 and the flasks were incubated in a water bath with shaking at 37°C till late mid-log 111 

growth phase i.e. when OD600 reached ~0.5.  The growth of gonococci was stopped by the 112 

addition of 10% formalin (v/v) and left to mix with gentle shaking overnight at room temperature. 113 

The formalin-fixed gonococcal pellets were harvested by centrifugation at 5000g for 15 min at 114 

4°C. The harvested pellets were washed three times with 45 mL of sterile PBS and centrifuged 115 

as above. The final collected pellets were pooled and vortexed thoroughly and saved as a very 116 

dense suspension at -80°C till further use to formulate into vaccines. The biodegradable 117 

particulates were prepared as previously described method established by our laboratory using 118 

the Buchi Mini Spray Dryer B-290 (20,21). These particles were characterized for their surface 119 

morphology, size, charge, and yield. 120 

Preparation of the N. gonorrhoeae vaccine loaded microparticles 121 

The biodegradable microparticles were prepared following a method previously developed in our 122 

vaccine nanotechnology laboratory at Mercer University using the Buchi Mini Spray Dryer B-191 123 
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(22–30). Briefly, for a batch of 100 mg of vaccine microparticles at1% antigen loading, 10 mg of 124 

the formalin-fixed whole-cell of N. gonorrhoeae (5 ml of 2 mg/mL stock solution) and 90 mg of pre 125 

cross-linked BSA were mixed. Pre-cross-linked BSA solution was prepared by dissolving 90 mg 126 

BSA in 5 mL DI water in a 50 mL beaker. Once BSA is dissolved, glutaraldehyde (25% in DI water 127 

purchased from Fisher Scientific, Pittsburgh, PA) was added at 200 µL for every 1gm of BSA and 128 

kept stirring at 300 rpm overnight in a dark place at room temperature. Excess glutaraldehyde 129 

was neutralized with sodium bisulphate (10 mg). At this point, the formalin-fixed whole-cell of N. 130 

gonorrhoeae was added to the pre-cross-linked BSA prepared overnight. 100 mg of this prepared 131 

formulation was dissolved in 10mL of DI water. This formulation was spray dried through a 0.5 132 

mm nozzle (nozzle temperature: -5°C). The inlet temperature was 120°C with the aspirator at 133 

100% and a flow rate of 20 mL/h to obtain the N. gonorrhoeae vaccine microparticles.  134 

 135 

Microparticle recovery yield 136 

Recovery yield of the microparticles after spray drying was calculated for all the batches 137 

formulated (31). Percent recovery yield was evaluated using the following formula: 138 

 Percentage Recovery Yield (%) = ୘୦ୣ	୵ୣ୧୥୦୲	୭୤	୫୧ୡ୰୭୮ୟ୰୲୧ୡ୪ୣୱ	ୟ୤୲ୣ୰	ୱ୮୰ୟ୷	ୢ୰୷୧୬୥∗ଵ଴଴
୘୦ୣ	୵ୣ୧୥୦୲	୭୤	ୟ୪୪	୧୬୥୰ୣୢ୧ୣ୬୲ୱ	ୠୣ୤୭୰ୣ	ୱ୮୰ୟ୷	ୢ୰୷୧୬୥

 139 

Particle size distribution 140 

 The particle size of the optimized formulation was evaluated using the Spectrex Laser 141 

Particle Counter that works on the principle of laser diffraction as previously described (25,32). 142 

Briefly, two mg of the particles were suspended in 1 mL of deionized water, vortexed well, and 143 

then analyzed by laser diffraction on the particle counter. Particle size was measured in triplicate 144 

for empty as well as antigen-loaded particles and contrasted. 145 

 146 

Zeta potential measurement 147 
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Five micrograms of microparticles were suspended in 1 mL of deionized water, transferred to a 148 

zeta potential measurement cuvette, and measured using a Malvern Zetasizer. Zeta potential was 149 

measured in triplicate for the control formulation and contrasted with the antigen-loaded 150 

microparticles (33). 151 

 152 

Scanning electron microscopy of the microparticles 153 

Scanning electron microscopy (SEM) was performed to evaluate microparticle size distribution 154 

and surface morphology. Microparticles were mounted onto metal stubs using double-sided 155 

adhesive tape. After being vacuum-coated with a thin layer (100-150Å) of gold, the microparticles 156 

were examined by a scanning electron microscope Phenome benchtop SEM, Nanoscience 157 

Instruments, Phoenix, AZ.  158 

 159 
Nitric oxide release from DC2.4 cells 160 
 161 
Freshly grown adherent DC2.4 cells were harvested, washed and re-suspended in Dulbecco's 162 

complete media, counted and adjusted to 106 cell/mL 250 µL aliquots were then dispensed into 163 

each well of a 48-well plate at final 250×103 cell density prior to stimulation with gonorrhea vaccine 164 

microparticles and blank microparticles. The induced cells were incubated overnight at 37°C with 165 

5% CO2 and supernatants were harvested. Nitric oxide release was quantified using the Greiss 166 

chemical method as previously described (34). Briefly, the Griess chemical method was used to 167 

detect nitrite (NO2) accumulated in supernatants of induced RAW264 macrophages. Griess 168 

reagent was freshly prepared by mixing equal volumes of 1% sulfanilamide and 0.1% N-(1-169 

naphthylethylenediamine) solutions. One hundred microliters of cell supernatants were 170 

transferred into a 96-well plate to which 100 µL of Griess reagent was added. The plate was mixed 171 

gently, incubated for 10 min at room temperature, and read at 540 nm using a microplate reader 172 

(EL312e; BIO-TEK Instruments, Winooski, VT). The optical densities were correlated to the 173 

concentration of nitrite. Nitrite was quantitated using the standard curve of sodium nitrite (1 mM 174 
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stock concentration in distilled water further diluted to the highest standard at 100 µM followed by 175 

serial dilutions to 1.56 µM) (34). 176 

 177 

 178 

Cytotoxicity study  179 

The toxicity of the vaccine microparticles toward murine RAW264 macrophages was examined in 180 

three replicates by the Alamar Blue assay (20,21). Briefly, 2.5×103 cells were plated in each well 181 

of a 48 well plate and vaccine microparticles ranging in concentration from 50 µg to 500 µg, with 182 

4 replicates for each concentration, were added to each well.  Atropine sulfate was used as a 183 

positive control at a concentration of 10 mg/ml. The readings were normalized with the blank 184 

microparticles.  After 24 hours, 10 µl of a 10× solution of Alamar Blue was added to each well and 185 

plates were incubated for 4 hours at 370 C following which the fluorescence was measured at 585 186 

nm using Bio-Tek Synergy H1 plate reader, Winooski, VT. 187 

 188 

Formulation of dissolvable microneedles for transdermal delivery of vaccine particles 189 

Dissolvable microneedles encompass the use of polydimethylsiloxane (PDMS) micromolds, 190 

which are made from a master structure of microneedles (35). Briefly, PDMS solution (Ellesworth 191 

adhesives, WI) was poured onto the stainless steel master structure. The particulate vaccine 192 

microneedles were made using the following formula in Table 1: Gonorrhea vaccine 193 

microparticles herein named GC-MP (10% w/w - 5 mg); Trehalose (25% w/w); Maltose (25% w/w); 194 

PVA (20% w/w) and HPMC (20% w/w). The calculated quantities were used for making 2 195 

microneedle patches. First, PVA, HPMC, Maltose and Trehalose were added to a 1.7 mL 196 

microcentrifuge tube containing 150 µL of water and vortexed. The weighed amount of 197 

gonorrhoea vaccine particles (5mg) was then added into the mixture. The molds were then placed 198 
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in a 50 mL centrifuge tube. Approximately 250 micro liters of the formulation was added to the 199 

molds and placed into a 50 ml centrifuge tube. Centrifugation was carried out at a speed of 2000 200 

rpm for 5-10 minutes. Following centrifugation, 200 µL of a backing layer composed of PVA (20% 201 

w/w), HPMC (20% w/w), Maltose (25% w/w) and Trehalose (25% w/w) in 1mL of an aqueous 202 

mixture was then added into the mold and centrifuged. The molds were then placed in an 203 

incubator at 37°C overnight for drying. The microneedle patch measured 1 × 1 cm in size 204 

comprising of 100 microneedles (10 × 10). The microneedle array (10 × 10) was then placed on 205 

a 3x3 cm adhesive patch much like a “band-aid”. 206 

 207 

Mice transdermal immunization using dissolvable microneedles 208 

The immunogenicity of gonorrhea microparticulate vaccine was evaluated using Swiss Webster 209 

(CFW) female mice model. Six to eight-week-old Swiss Webster (CFW) mice were purchased 210 

from Charles River Laboratories, Wilmington, MA, and the animals were acclimatized for one 211 

week prior use. The animal experiments were carried out as per approved protocols by Mercer 212 

University’s Institutional Committee for the care and Use of Laboratory animals (IACUC).   213 

For delivering microparticles via the transdermal route, mice skin on the back was shaved two 214 

days prior to vaccination. One day prior to vaccination, the remainder of the hair was treated with 215 

Nair Hair removal cream (Ewing, NJ) for 10 minutes and then wiped off with a cotton swab. The 216 

vaccine loaded microneedles prepared previously were administered in the skin previously 217 

treated. The microneedles patch was applied for 20 minutes which ensured the delivery of the 218 

vaccine transdermally. One prime dose (100 µg) at day 0 and two booster doses (100 µg) were 219 

given at week 1 and 2 were administered. The mice were monitored and blood samples were 220 

collected at every 2-week interval starting from day 0, week 2, 4, 6, 8 and 10.  221 

 222 
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Quantification of vaccine-specific serum antibody using ELISA 223 

Blood samples were collected from mice prior to each dose of vaccination. Serum was isolated 224 

and analyzed for N. gonorrhoeae specific IgG titers using ELISA method (36). Briefly, poly-L-225 

lysine coated high binding 96 well plates were coated with formalin fixed whole-cell   N. 226 

gonorrhoeae (vaccine antigen,100µg/well in coating buffer 200 µL) and kept overnight at 4 C. ⁰227 

The plates were washed with 200 µL/well of washing solution (Tris 50mM, NaCl 0.14M, Tween-228 

20 0.05%), then blocked with 4% non-fat dry milk (200 µL) (Biorad, Hercules, CA) for 2 hr at 37 229 

⁰C. After washing, the plates were then incubated with 1: 100 dilution of mice sera. After 2 hrs of 230 

incubation followed by washing, HRP-tagged secondary anti-mouse goat IgG (AbD Serotec®, 231 

Raleigh, NC) (100 µL / well) was added to each well, incubated for 1 hr and then washed with 232 

washing solution again. TMB substrate reagent (3, 3’, 5, 5”-tetramethyl benzidine) (BD OptEIATM, 233 

BD Biosciences, CA) (100 µL / well) was added and plates were again incubated for 30 min at 234 

37 C. The reaction was stopped by addition of 4N H⁰ 2SO4 (100 µL / well).   The plate was read 235 

and the absorbance values quantified at 450 nm using Bio-Tek Synergy H1 microplate reader 236 

(Bio-Tek Instruments Inc., Winooski, VT). 237 

 238 

Determination of T-cell and B-cell based immune response in lymphatic organs 239 

The single cell suspension of the spleens and lymph nodes was made using a 40 µm cell strainer. 240 

The viability of the cells was checked using the trypan blue exclusion method by TC10TM 241 

automated cell counter (Biorad, Hercules, CA). One ml of viable cells at the concentration of 1 × 242 

106 cells/ml was taken in a 1.7 mL Eppendorf tube. The anti-mouse CD4 PE and anti-mouse CD8a 243 

FITC (eBioscience, San Diego, CA) was added to cells at the concentration of 10 µL/ ml. The 244 

tubes were protected from light and incubated with the marker for 30 ± 5 minutes over ice. After 245 

the incubation, the cells were spun and washed 2 times for 30 seconds using Hanks – ive buffer 246 

(200 µL). Then the cells were resuspended in Hanks + ive buffer (200 µL) and stored on ice in a 247 
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dark place. Meanwhile, the flow cytometer, BD Accuri™ C6 Plus (BD Accuri Cytometers, Ann 248 

Arbor, MI) was started and warmed up. The gate for live cells was set with the stock cells. 5000 249 

events were recorded in the gate for each CD4 and CD8 on the flow cytometer (33).  250 

 251 

 252 

 253 

Statistical analysis 254 

All experiments were performed in quadruplets unless otherwise noted. Mean values ± SD and P 255 

value (Student’s t-test unpaired, two–tail distribution) was determined individually for all 256 

experiments with Microsoft Excel software. A p value of less than 0.05 was considered to be 257 

statistically significant.  258 

  259 
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RESULTS 260 

Characterization of whole-cell formalin fixed N. gonorrhoeae microparticle vaccine loaded 261 

in dissolvable microneedles: 262 

Physical Characterization of N. gonorrhoea microparticle vaccine  263 

The process of fixing whole-cell bacteria using formalin to crosslink bacterial surface structures 264 

preserves immunogenic epitopes in their native form, hence not lysed or degraded. In this study, 265 

the formalin-fixed whole-cell N. gonorrhoeae was intact in native form as examined using the 266 

Phenom® Desktop scanning electron microscope under 20kV at 7500X (Figure 1A). Following 267 

spray drying, scanning electron microscopy was also used to observe the particles (Figure 1B). 268 

The surface morphology of the formulated microparticles was irregular shaped and rough (Figure 269 

1B). The different shapes of the microparticles may be helpful for uptake by macrophages (37–270 

39).  271 

The particle size distribution of novel vaccine microparticle formulations from two different batches 272 

of empty particles and N. gonorrhoeae antigen-loaded microparticles was investigated using 273 

Spectrex laser counter (Spectrex Corporation). The average size of the particles ranged from 3.5 274 

µm ± 1.2 µm. There was no significant difference in size between empty and N. gonorrhoeae 275 

loaded vaccine microparticles ~90% of which were between 1-5 µm with an average particle size 276 

of 3.65 ± 1.89 µm. The percent yield was found to be 85% after spray drying (N=3 batches, Table 277 

2). The loss during microparticle preparation was due to microparticles sticking to the cylinder and 278 

cyclone of the spray dryer. The surface charge was found to be 7.1mV + 1.4mV. Zeta potential is 279 

indicative of the surface charge of the particle. A high positive or negative charge indicates good 280 

stability and suspendability of the particles when reconstituted in media as it avoids agglomeration 281 

(21). The zeta potential measurements of empty (unloaded) and antigen-loaded microparticle 282 

suspensions in deionized water were in the range of -30 to -35 mV with the mean of -32.65 ± 2.4 283 

mV and did not differ significantly from each other (Table 2). Furthermore, The different shapes 284 
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of the microparticles did not impact uptake by macrophages (37–39). The uptake of vaccine 285 

particles by murine RAW264 macrophages resulted in robust induction of autophagic vacuoles 286 

visualized using fluorescence microscopy (Figure 1C) compared to unstimulated macrophages 287 

(Figure 1D). The data suggest that the formulated gonococcal vaccine particles are biological 288 

mimics of gonococci that retained potential immune stimulatory activity.  289 

The uptake of vaccine microparticles and the innate immune recognition of vaccine antigens was 290 

monitored by assessing nitric oxide release from dendritic cells co-incubated with these particles. 291 

Nitric oxide (NO) is an innate immune marker which is released after the uptake and processing 292 

of the vaccine antigens reflecting antigen recognition and stimulation of dendritic cells. A higher 293 

level of NO release indicates a stronger activation of dendritic cells. We observed a significantly 294 

higher level of NO released by the dendritic cells exposed to vaccine microparticles when 295 

compared to the blank microparticles (Figure 2). The data suggest that albumin based cross-296 

linked polymer matrix used to make the microparticles are not immunogenic and the innate 297 

immune responses generated are attributed to N. gonorrhoeae antigen present in the vaccine-298 

loaded microparticles.  299 

 Cytotoxicity study:  300 

To assess the cytotoxicity of the formulated vaccine-loaded microparticles on antigen presenting 301 

cells, we employed the Alamar Blue assay (20,21). The results of the cytotoxicity study indicated 302 

that the formulation was not toxic to murine macrophages RAW264 at doses ranging from 50 to 303 

500 µg per well (Figure 3). The viability of the cell population exposed to different doses of 304 

microparticles did not differ significantly from the cell populations not exposed to microparticles 305 

indicating that the microparticles were not toxic to the cells (Figure 3). Atropine sulfate was used 306 

as a positive control and as expected revealed a highly decreased viability in comparison to the 307 

negative control, i.e. cells alone. The results indicate that gonorrhea vaccine-loaded 308 

microparticles are not toxic to macrophages. 309 
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Characterization of the dissolvable microneedles  310 

Scanning electron microscopy was carried out to observe the surface morphology and formation 311 

of microneedles. Figure 4 (A-C) shows scanning electron microscopy images of the formulated 312 

dissolvable microneedle. For transdermal vaccination using microneedle skin patch (Figure 4D), 313 

it was important to visualize the microchannels in-order to understand their depth within the skin 314 

layers. In order to visualize the microchannels, they were stained with either methylene blue or 315 

calcein dye (FluoSpheres® 0.2 μm) and observed by light and confocal microscope respectively 316 

(Figure 4E and D). For methylene blue staining, full thickness murine skin was freshly excised 317 

from the animal and treated with microneedle patch. The microchannels were stained with 1% 318 

w/v methylene blue solution for 1 min. Excess stain was wiped with a Kimwipe followed by an 319 

alcohol wipe. Stained microchannels were imaged with Canon digital camera. A control was also 320 

maintained without microneedle treatment to ensure that untreated skin restores the anatomical 321 

structure. Both treated and untreated skin samples were embedded in OCT medium in embedding 322 

molds and frozen at -80°C. The frozen skin section was cryo-microtomed transversally using 323 

Microm HM505E cryostat (Thermo Scientific) with a thickness of 50μm. These sections were 324 

mounted onto glass slides and viewed under the Leica DM750 light microscope using a Leica 325 

ICC50HD camera at 10X and 40X magnification (Figure 4E). For confocal microscopy, full 326 

thickness skin was freshly excised and treated with microneedles as described previously (40,41). 327 

The channels were then stained with FluSpheres® 0.2 μm for 2 minutes. Full-thickness skin 328 

sections were mounted on microscope slides and viewed under a Zeiss LSM510 confocal 329 

microscope with 10X air objective. An argon laser of 488nm wavelength was used to excite the 330 

fluorophore and a band pass filter of 500-550 nm was used (Figure 4F). Image J software from 331 

National Institute of Health, USA was used to analyze the images.  332 

 333 

Immunogenicity of whole-cell N. gonorrhoeae nanovaccine administered via 334 

subcutaneous immunization in mice 335 
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In order to assess the efficacy of the whole-cell particulate vaccine, 10mg of particles were 336 

weighed containing 500µg of the antigen and administered to 6-8 week-old Swiss Webster (CFW) 337 

subcutaneously. There were 3 groups in the study, one group receiving the subcutaneous 338 

gonorrhea particulate vaccine (GC-MP SubQ), one group receiving subcutaneous gonorrhea 339 

vaccine in suspension (GC-susp – 500µg) and a negative control group, which received the blank 340 

particles (N=6). The study dosing included one prime dose at week zero, followed by two booster 341 

doses at weeks 4 and 6. Blood samples were collected prior to prime dose and every 2 weeks 342 

after dosing. The antibody levels in the blood were measured using specific indirect ELISA (42). 343 

A rise in gonococci specific antibody levels was observed beginning at week 4 in groups that 344 

received the vaccine compared to the group receiving blank particles (Figure 5).  345 

 346 

Mice immunization study using microneedles for transdermal vaccine delivery 347 

Based on the positive results from the pilot study of mice vaccination via the subcutaneous route, 348 

the immunogenicity of the formulated gonorrhea nanovaccine in dissolvable microneedle for 349 

transdermal delivery was further investigated.  Using the immune system of the skin, we delivered 350 

the vaccine particles via a microneedle patch. These microneedles were loaded with gonorrhea 351 

microparticles vaccine, which was applied into the skin, much like a “band-aid patch” delivering 352 

the vaccine into the skin. The study was carried out in 6-8 week in CFW mice. The following 353 

groups were used in the study: 1) Unvaccinated mice, 2) Blank Microneedles (MN), 3) Vaccine 354 

Suspension administered via subcutaneous route (GC-susp SubQ), 4) Vaccine suspension 355 

loaded Microneedles administered via transdermal route (GC-susp MN), 5) Vaccine 356 

microparticles in Microneedles administered via transdermal route (GC-MP-MN). One prime dose 357 

(week zero) and two booster doses (week 2 and 4) were administered, and blood samples were 358 

collected prior to dosing and every 2 weeks after dosing. The animals were monitored for 10 359 

weeks.  The antibody was measured as previously described using an ELISA method, which 360 

demonstrates significantly higher serum IgG titers in groups receiving the gonorrhea (GC) vaccine 361 
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when compared to the controls (blank particles and blank microneedles after week 2 ) (Figure 6). 362 

The group which received the GC vaccine microparticles in microneedles showed significantly 363 

higher antibody titers at weeks 6 and 8 compared to other groups, which received the GC vaccine 364 

in suspension administered subcutaneously (GC-susp SubQ). Our data demonstrate that the 365 

transdermal delivery of a microparticles GC vaccine loaded in microneedle (GC-MP-MN) patch 366 

was efficient and effective for vaccine delivery.  367 

 368 

Induction of antigen-specific CD4 and CD8 T lymphocytes 369 

Since the gonorrhea microparticle vaccine induced humoral immune responses in mice evidenced 370 

by the significant increase in antigen-specific antibody titers, we further investigated whether this 371 

vaccine induced antigen-specific T lymphocytes. Briefly, the animals were sacrificed at week 12 372 

and the primary and secondary lymphoid organs were extracted (i.e. spleen and lymph node), 373 

and processed into single cell suspensions in order to determine the antigen-specific T 374 

lymphocyte responses. The single cell suspensions were stained with fluorescence-conjugated 375 

antibodies specific to T cells, helper T cells (CD4+) and cytotoxic T cells (CD8+) and quantified 376 

using flow cytometry. In order to determine the antigen-specific T cell responses, splenocytes 377 

from the various groups were plated onto a 48 well plate and re-exposed to the GC antigen (50µg 378 

in 100 µL) for 16 hours and then stained with fluorescent tagged antibodies for helper T cells 379 

(CD4+ PE, eBiosciences, San Diego, CA) and cytotoxic T cells (CD8+ FITC, eBiosciences, San 380 

Diego, CA).  The cell count percentage was compared with mice treated with blank microneedles. 381 

The CD8+ and CD4+ T-cell populations were found to be elevated in splenocytes of vaccinated 382 

mice when compared to naïve and the blank microneedle group (Figure 7). Again, the transdermal 383 

delivery of microparticles GC vaccine via a microneedle patch was shown to be an efficient and 384 

effective vaccine delivery method.  385 

  386 

 387 
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DISCUSSION 388 

We have developed a biodegradable and biocompatible polymer matrix system for making 389 

microparticles loaded with vaccine antigens using the spray drying method (20,21,43,44). We 390 

formulated a sustained release particulate gonococcal vaccine that consists of formalin-fixed 391 

inactivated whole-cell gonococci encapsulated in an albumin-based polymer matrix that mimics 392 

the chemical conjugation process to a protein carrier; hence elicit a T-cell-dependent immune 393 

response. The novel particulate gonorrhea vaccine formulation is delivered transdermally using 394 

biodegradable microneedles “skin patch”.  This novel gonorrhea vaccine skin patch is tested in 395 

vivo using mouse model and data demonstrated that transdermal vaccine delivery induced 396 

significantly higher levels of humoral and adaptive immune responses i.e. antigen-specific serum 397 

IgG and antigen-specific CD4 and CD8 T lymphocytes. 398 

 399 

Transdermal vaccine delivery is advantageous and shown to enhance immune responses to 400 

vaccine antigens. Skin provides a unique site for the vaccination purposes as it is easily 401 

accessible and houses various immune cells for an efficient immune response against a range of 402 

antigens. Skin serves as a barrier against various pathogens and is equipped with the skin 403 

associated lymphoid tissues (SALT) to combat any insult from invading pathogens (45). Various 404 

skin cells assist in generation of effective immune response (46). Keratinocytes are the most pre-405 

dominant (95%) epidermal cells in the skin. Skin host’s special kind of dendritic cells, the 406 

Langerhans cells. Keratinocytes and other cells can be activated by pathogens and result in 407 

production of cytokines and chemokines, which in turn recruits dendritic cells or antigen-408 

presenting cells to the site of action leading to initiation of the immune response. Langerhans cells 409 

comprise of only 2% of the total cell population in the epidermis but due to their extended dendrites 410 

spread in the epidermal layer they cover over 25% of the skin surface. These are professional 411 

phagocytic cells efficient in immune surveillance and further signaling to the T-cells present in 412 
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their vicinity. Activated macrophages and T-cells drain into nearby lymph nodes leading to an 413 

enhanced immune response. Currently most of the vaccines are administered via subcutaneous 414 

or intramuscular route (35). These have been highly effective in generating protective immune 415 

response but they remain invasive, painful and require a skilled professional for vaccination. In 416 

an attempt to minimize some of these issues scientists have explored the potential of delivering 417 

vaccine antigens intradermally using microneedles (40). Microneedles, as the name indicates, are 418 

micron-sized needles, which upon insertion into the skin result in formation of aqueous conduits 419 

forming a passage for the vaccine antigens towards the immune-competent skin layers. Due to 420 

their short needle length, they avoid contact with the nerve endings in the dermis thus remain to 421 

be a painless mode of immunization. Recently FDA approved Intanza™ (by Sanofi Pasteur), an 422 

intradermal influenza vaccine that incorporates a 1.5 mm needle attached to a pre-filled syringe 423 

loaded with flu antigens. It has been shown to be efficacious when compared with an IM flu 424 

vaccine thus bringing a switch from hypodermic needles to “micro”-needles for immunizations 425 

(47). This opens a new avenue of vaccine delivery through an effective, painless and patient-426 

friendly route of administration. The success of immunization via skin using microneedles inspired 427 

us to evaluate the potential of delivering N. gonorrhoeae whole-cell inactivated vaccine via skin 428 

patch route.  429 

 430 

Using formalin fixed whole-cell gonococci preserve all the possible antigenic proteins in their 431 

native form to antigen presenting cells. This approach will cover all the immunogenic epitopes 432 

and help in inducing an immune response. Moreover, when encapsulated in a particulate form, it 433 

enhances uptake by the APCs consequently enhancing antigen presentation. Our approach of 434 

using particulate-based delivery systems, which is believed to interact distinctively with the 435 

immune system by slowly releasing antigens, has shown significant enhancement in immune 436 

activation (20,21,43,44). The particulate nature of the vaccine allows for better antigen uptake by 437 
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dendritic cells and macrophages, leading to improved antigen presentation and subsequent 438 

activation of T cells. The skin is rich in antigen presenting cells (APCs), known as Langerhans 439 

cells (LCs) in the epidermis and dermal dendritic cells in the dermis which can activate T and B 440 

lymphocytes and therefore is an excellent route of delivery for vaccines as shown by previous 441 

studies conducted in our laboratory (41,48). Therefore, the whole-cell Neisseria gonorrhoeae in a 442 

particulate delivery system delivered via microneedles into the skin will provide an excellent 443 

potential immunization strategy against gonorrhea. Thus optimizing a transdermal vaccine 444 

formulation that confers protection and provides significant advantages over the conventional 445 

antibiotic therapy will have a high public health impact in the United States. 446 

 447 

The role of vaccines in preventing infectious diseases such as pneumococcal and meningococcal 448 

diseases, consequently reducing the global burden of disease has been demonstrated and 449 

provided significant public health advantage. The vaccine-based preventive approach proved to 450 

be the most cost-effective in reducing disease burden. Therefore, a protective gonococcal vaccine 451 

is highly sought to slow the spread of antibiotic-resistant gonococci and to reduce the burden of 452 

this STD. However, it is quite challenging to design gonorrhea vaccine that provides 100% 453 

protection due to the elusive nature of immune responses elicited during gonococcal infections. 454 

In many cases, gonococcal infections are either asymptomatic or silent with mild symptoms, 455 

whereas in purulent gonorrhea infections, potent innate immune responses are induced but 456 

protective adaptive immune responses are not demonstrated. N. gonorrhoeae main surface 457 

antigens such as pilin are highly antigenically variable which adds another astounding challenge 458 

to developing a protective subunit gonorrhea vaccine (9). In our study here, we used a whole-cell 459 

based gonorrhea as vaccine antigen delivered transdermally which demonstrated the induction 460 

of both humoral and adaptive immune responses. The recent observation that meningococcal 461 

outer membrane vesicle (OMV) vaccine is cross-protective and lead to a reduction in gonococcal 462 

infections adds a new hope to the potential of whole-cell gonorrhea vaccine (49). Both pathogenic 463 
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Neisseria species N. meningitidis and N. gonorrhoeae share conserved immunogenic epitopes in 464 

surface structures used in OMV development; therefore lend support to using whole-cell 465 

gonorrhea for vaccine development. When designing a vaccine, it is predicted that an efficacy 466 

level of 70% would reduce a considerable amount of disease burden and transmission worldwide, 467 

which will be critical in combating the spread of antibiotic resistance in gonococci (50). The current 468 

comprehensive effort to provide gonorrhea vaccine led by the National Institute of Health (NIH) 469 

and World Health Organization (WHO), as well as many public health agencies worldwide, 470 

demonstrate the dire need for this vaccine. The continuous global research to understand the 471 

mechanisms of host-pathogen interactions would help unravel the mechanism of immune 472 

responses against gonococcal infections which help design refined vaccines (51).  473 

 474 

The use of inactivated whole-cell based gonorrhea vaccine was attempted in 1974 in a studies 475 

lead by Greenberg where two clinical trials were in isolated villages in northern Canada (12,13). 476 

The data showed over 90 % of vaccinated subjects developed antigen-specific antibody titers that 477 

remained high when measured again after one year. The early seventies experimental 478 

gonococcus vaccine did not confer 100% protection as 10% of the vaccinated population 479 

experienced repeated gonococcal infections (13). That particular gonococcus vaccine was 480 

prepared in broth culture that was incubated with thiomersal as a preservative and left to autolyze 481 

at room temperature (12,13). In contrast, our proposed whole-cell gonorrhea vaccine is formalin 482 

fixed thus preserved from lysis as demonstrated with scanning EM which suggests that 483 

immunogenic epitopes are also preserved from degradation and maintained in their native form. 484 

We argue that the use of whole-cell formalin fixed gonococci as a vaccine antigen with preserved 485 

epitopes loaded in microparticles and delivered transdermally via microneedles is advantageous 486 

over other whole-cell preparations. The dynamics of slow and sustained antigen release using 487 

this nanotechnology approach enhances the uptake of antigen and the innate immune responses 488 
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consequently inducing desired adaptive immune responses.  The encouraging data demonstrated 489 

that this novel gonorrhea skin patch induced significant adaptive cellular immunity i.e. antigen-490 

specific CD4 and CD8 lymphocytes. Remain to be seen whether this novel whole-cell gonorrhea 491 

skin patch vaccine can provide protective immunity upon challenge with isogenic vaccine strain 492 

and confer cross-protection against various N. gonorrhoeae strains.  Ongoing studies are 493 

addressing the efficacy of gonorrhea skin patch vaccine in mouse lower genital tract infection 494 

model and the bactericidal activity of the induced IgG as well as mucosal IgA levels. Our data 495 

presented here is a proof-of-concept that requires fine-tuning and optimization of gonorrhea 496 

vaccine antigen qualitatively and quantitatively which is the main limitation of our study.  497 

 498 

However, this study demonstrates the potential of this novel nanotechnology-based vaccine skin 499 

patch formulation. We argue that the proposed nanovaccine shelf life is expected to be several 500 

folds higher than that of conventional vaccines since it is spray dried and kept well protected from 501 

moisture. The novel nanovaccine encapsulated with the whole-cell inactivated N. gonorrhoeae 502 

incorporated into an albumin-based particulate matrix provides the following advantages: whole-503 

cell based vaccine that encompasses all immunogenic epitopes; self-adjuvanted vaccine 504 

formulations enhance immunogenicity with the addition of outer membrane proteins and 505 

molecules including endotoxin that are TLR ligands; improved uptake by immune cells and slow 506 

antigen release, i.e. antigen depot effect; induction of robust autophagy formation that enhances 507 

antigen presentation; heat-stable formulation that does not require refrigeration; administration by 508 

a microneedle skin patch which is non-invasive; and reduced cost with the elimination of 509 

expenditures relating to identification of a single immunogenic epitope, purification and scale-up 510 

of the antigen, and individual packaging and refrigeration of ampoules. 511 

 512 

 513 
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CONCLUSION 514 

We formulated a novel gonorrhea vaccine consists of biodegradable whole-cell formalin fixed N. 515 

gonorrhoeae as antigen encapsulated in microparticles then loaded in microneedle “skin patch” 516 

for transdermal vaccine delivery. The novel gonorrhea nanovaccine activity was characterized by 517 

in-vitro cell-based studies and in-vivo in mice vaccination pilot study. Our data suggest that we 518 

have a potentially functional vaccine that elicited antigen-specific antibody response and antigen-519 

specific CD4 and CD8 T lymphocyte responses. Further experiments are ongoing to characterize 520 

and establish this novel gonorrhea nanovaccine with the addition of adjuvants and determine the 521 

correlates of protection in immunized mice. 522 

 523 

 524 

 525 

 526 

 527 

 528 

 529 

 530 

 531 

  532 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 July 2018                   doi:10.20944/preprints201807.0407.v1

Peer-reviewed version available at Vaccines 2018, 6, 60; doi:10.3390/vaccines6030060

http://dx.doi.org/10.20944/preprints201807.0407.v1
http://dx.doi.org/10.3390/vaccines6030060


REFERENCES 533 

1.  Antibiotic Resistance Threats in the United States, 2013 | Antibiotic/Antimicrobial 534 
Resistance | CDC [Internet]. [cited 2016 Oct 19]. Available from: 535 
https://www.cdc.gov/drugresistance/threat-report-2013/index.html 536 

2.  Kirkcaldy RD, Harvey A, Papp JR, Del Rio C, Soge OO, Holmes KK, et al. Neisseria 537 
gonorrhoeae Antimicrobial Susceptibility Surveillance - The Gonococcal Isolate 538 
Surveillance Project, 27 Sites, United States, 2014. Morb Mortal Wkly Rep Surveill Summ 539 
Wash DC 2002. 2016 Jul 15;65(7):1–19.  540 

3.  Phosphoethanolamine Modification of Neisseria gonorrhoeae Lipid A Reduces Autophagy 541 
Flux in Macrophages. - PubMed - NCBI [Internet]. [cited 2016 Oct 21]. Available from: 542 
https://www.ncbi.nlm.nih.gov/pubmed/26641098 543 

4.  Zughaier SM, Kandler JL, Shafer WM. Neisseria gonorrhoeae modulates iron-limiting 544 
innate immune defenses in macrophages. PloS One. 2014;9(1):e87688.  545 

5.  CNN JH. STD rates reach record high in United States [Internet]. CNN. [cited 2016 Oct 546 
20]. Available from: http://www.cnn.com/2016/10/20/health/std-statistics-record-547 
high/index.html 548 

6.  Ison CA, Deal C, Unemo M. Current and future treatment options for gonorrhoea. Sex 549 
Transm Infect. 2013 Dec;89 Suppl 4:iv52-56.  550 

7.  Edwards JL, Jennings MP, Apicella MA, Seib KL. Is gonococcal disease preventable? The 551 
importance of understanding immunity and pathogenesis in vaccine development. Crit Rev 552 
Microbiol. 2016 Jan 23;1–14.  553 

8.  Unemo M, Del Rio C, Shafer WM. Antimicrobial Resistance Expressed by Neisseria 554 
gonorrhoeae: A Major Global Public Health Problem in the 21st Century. Microbiol Spectr. 555 
2016 Jun;4(3).  556 

9.  Jerse AE, Bash MC, Russell MW. Vaccines against gonorrhea: current status and future 557 
challenges. Vaccine. 2014 Mar 20;32(14):1579–87.  558 

10.  Wetzler LM, Feavers IM, Gray-Owen SD, Jerse AE, Rice PA, Deal CD. Summary and 559 
Recommendations from the National Institute of Allergy and Infectious Diseases (NIAID) 560 
Workshop “Gonorrhea Vaccines: the Way Forward.” Clin Vaccine Immunol CVI. 2016 561 
Aug;23(8):656–63.  562 

11.  Gottlieb SL, Deal CD, Giersing B, Rees H, Bolan G, Johnston C, et al. The global roadmap 563 
for advancing development of vaccines against sexually transmitted infections: Update and 564 
next steps. Vaccine. 2016 Jun 3;34(26):2939–47.  565 

12.  Greenberg L. Field trials of a gonococcal vaccine. J Reprod Med. 1975 Jan;14(1):34–6.  566 

13.  Greenberg L, Diena BB, Ashton FA, Wallace R, Kenny CP, Znamirowski R, et al. 567 
Gonococcal vaccine studies in Inuvik. Can J Public Health Rev Can Sante Publique. 1974 568 
Feb;65(1):29–33.  569 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 July 2018                   doi:10.20944/preprints201807.0407.v1

Peer-reviewed version available at Vaccines 2018, 6, 60; doi:10.3390/vaccines6030060

http://dx.doi.org/10.20944/preprints201807.0407.v1
http://dx.doi.org/10.3390/vaccines6030060


14.  Zhu W, Chen C-J, Thomas CE, Anderson JE, Jerse AE, Sparling PF. Vaccines for 570 
Gonorrhea: Can We Rise to the Challenge? Front Microbiol [Internet]. 2011 Jun 3 [cited 571 
2016 Oct 20];2. Available from: http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3109613/ 572 

15.  Zhu W, Ventevogel MS, Knilans KJ, Anderson JE, Oldach LM, McKinnon KP, et al. 573 
Neisseria gonorrhoeae Suppresses Dendritic Cell-Induced, Antigen-Dependent CD4 T Cell 574 
Proliferation. PLOS ONE. 2012 Jul 23;7(7):e41260.  575 

16.  Duncan JA, Gao X, Huang MT-H, O’Connor BP, Thomas CE, Willingham SB, et al. 576 
Neisseria gonorrhoeae Activates the Proteinase Cathepsin B to Mediate the Signaling 577 
Activities of the NLRP3 and ASC-Containing Inflammasome. J Immunol. 2009 May 578 
15;182(10):6460–9.  579 

17.  Liu Y, Islam EA, Jarvis GA, Gray-Owen SD, Russell MW. Neisseria gonorrhoeae 580 
selectively suppresses the development of Th1 and Th2 cells, and enhances Th17 cell 581 
responses, through TGF-β-dependent mechanisms. Mucosal Immunol. 2012 582 
May;5(3):320–31.  583 

18.  Feinen B, Jerse AE, Gaffen SL, Russell MW. Critical role of Th17 responses in a murine 584 
model of Neisseria gonorrhoeae genital infection. Mucosal Immunol. 2010 May;3(3):312–585 
21.  586 

19.  Shafer WM, Onunka VC, Jannoun M, Huthwaite LW. Molecular mechanism for the 587 
antigonococcal action of lysosomal cathepsin G. Mol Microbiol. 1990 Aug;4(8):1269–77.  588 

20.  Shastri PN, Kim M-C, Quan F-S, D’Souza MJ, Kang S-M. Immunogenicity and protection 589 
of oral influenza vaccines formulated into microparticles. J Pharm Sci. 2012 590 
Oct;101(10):3623–35.  591 

21.  Ubale RV, D’Souza MJ, Infield DT, McCarty NA, Zughaier SM. Formulation of 592 
meningococcal capsular polysaccharide vaccine-loaded microparticles with robust innate 593 
immune recognition. J Microencapsul. 2013;30(1):28–41.  594 

22.  Bejugam NK, Uddin AN, Gayakwad SG, D’Souza MJ. Formulation and evaluation of 595 
albumin microspheres and its enteric coating using a spray-dryer. J Microencapsul. 2008 596 
Dec;25(8):577–83.  597 

23.  Singh M, Salnikova M. Novel Approaches and Strategies for Biologics, Vaccines and 598 
Cancer Therapies. Academic Press; 2014. 520 p.  599 

24.  Ubale RV, Gala RP, Zughaier SM, D’Souza MJ. Induction of death receptor CD95 and co-600 
stimulatory molecules CD80 and CD86 by meningococcal capsular polysaccharide-loaded 601 
vaccine nanoparticles. AAPS J. 2014 Sep;16(5):986–93.  602 

25.  Ubale RV, D’Souza MJ, Infield DT, McCarty NA, Zughaier SM. Formulation of 603 
meningococcal capsular polysaccharide vaccine-loaded microparticles with robust innate 604 
immune recognition. J Microencapsul. 2013;30(1):28–41.  605 

26.  Uddin AN, Bejugam NK, Gayakwad SG, Akther P, D’Souza MJ. Oral delivery of gastro-606 
resistant microencapsulated typhoid vaccine. J Drug Target. 2009 Aug;17(7):553–60.  607 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 July 2018                   doi:10.20944/preprints201807.0407.v1

Peer-reviewed version available at Vaccines 2018, 6, 60; doi:10.3390/vaccines6030060

http://dx.doi.org/10.20944/preprints201807.0407.v1
http://dx.doi.org/10.3390/vaccines6030060


27.  Bejugam NK, Gayakwad SG, Uddin AN, D’Souza MJ. Microencapsulation of protein into 608 
biodegradable matrix: a smart solution cross-linking technique. J Microencapsul. 609 
2013;30(3):274–82.  610 

28.  Chablani L, Tawde SA, D’Souza MJ. Spray-dried microparticles: a potential vehicle for oral 611 
delivery of vaccines. J Microencapsul. 2012;29(4):388–97.  612 

29.  Tawde SA, Chablani L, Akalkotkar A, D’Souza C, Chiriva-Internati M, Selvaraj P, et al. 613 
Formulation and evaluation of oral microparticulate ovarian cancer vaccines. Vaccine. 614 
2012 Aug 17;30(38):5675–81.  615 

30.  Shastri PN, Kim M-C, Quan F-S, D’Souza MJ, Kang S-M. Immunogenicity and protection 616 
of oral influenza vaccines formulated into microparticles. J Pharm Sci. 2012 617 
Oct;101(10):3623–35.  618 

31.  Lakshmi Kolluru P, Gala RP, D’Souza MJ. Design of Experiments: A Valuable “Quality by 619 
Design” Tool in Formulation Development. In: Nanoparticulate Vaccine Delivery Systems 620 
[Internet]. 1st ed. CRC Press; 2015. p. 195. Available from: 621 
https://www.crcpress.com/Nanoparticulate-Vaccine-Delivery-622 
Systems/DSouza/9789814613309 623 

32.  Gala RP, Khan I, Elhissi AMA, Alhnan MA. A comprehensive production method of self-624 
cryoprotected nano-liposome powders. Int J Pharm. 2015 May 30;486(1):153–8.  625 

33.  Gala RP, Ubale RV, D’Souza MJ, Zughaier SM. Development of Non-Conjugated 626 
Meningitis Particulate vaccine. In: Nanoparticulate Vaccine Delivery Systems [Internet]. 1st 627 
ed. CRC Press; 2015. p. 127. Available from: https://www.crcpress.com/Nanoparticulate-628 
Vaccine-Delivery-Systems/DSouza/9789814613309 629 

34.  Zughaier SM, Tzeng Y-L, Zimmer SM, Datta A, Carlson RW, Stephens DS. Neisseria 630 
meningitidis lipooligosaccharide structure-dependent activation of the macrophage 631 
CD14/Toll-like receptor 4 pathway. Infect Immun. 2004 Jan;72(1):371–80.  632 

35.  Zhu Z, Luo H, Lu W, Luan H, Wu Y, Luo J, et al. Rapidly dissolvable microneedle patches 633 
for transdermal delivery of exenatide. Pharm Res. 2014 Dec;31(12):3348–60.  634 

36.  Plans P, de Ory F, Campins M, Álvarez E, Payà T, Guisasola E, et al. Prevalence of anti-635 
rubella, anti-measles and anti-mumps IgG antibodies in neonates and pregnant women in 636 
Catalonia (Spain) in 2013: susceptibility to measles increased from 2003 to 2013. Eur J 637 
Clin Microbiol Infect Dis Off Publ Eur Soc Clin Microbiol. 2015 Jun;34(6):1161–71.  638 

37.  Agarwal R, Singh V, Jurney P, Shi L, Sreenivasan SV, Roy K. Scalable imprinting of 639 
shape-specific polymeric nanocarriers using a release layer of switchable water solubility. 640 
ACS Nano. 2012 Mar 27;6(3):2524–31.  641 

38.  Agarwal R, Roy K. Intracellular delivery of polymeric nanocarriers: a matter of size, shape, 642 
charge, elasticity and surface composition. Ther Deliv. 2013 Jun;4(6):705–23.  643 

39.  Glangchai LC, Caldorera-Moore M, Shi L, Roy K. Nanoimprint lithography based 644 
fabrication of shape-specific, enzymatically-triggered smart nanoparticles. J Control 645 
Release Off J Control Release Soc. 2008 Feb 11;125(3):263–72.  646 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 July 2018                   doi:10.20944/preprints201807.0407.v1

Peer-reviewed version available at Vaccines 2018, 6, 60; doi:10.3390/vaccines6030060

http://dx.doi.org/10.20944/preprints201807.0407.v1
http://dx.doi.org/10.3390/vaccines6030060


40.  Akalkotkar A, Chablani L, Tawde SA, D’Souza C, D’Souza MJ. Development of a 647 
microparticulate prostate cancer vaccine and evaluating the effect of route of 648 
administration on its efficacy via the skin. J Microencapsul. 2015;32(3):281–9.  649 

41.  Tawde SA, Chablani L, Akalkotkar A, D’Souza MJ. Evaluation of microparticulate ovarian 650 
cancer vaccine via transdermal route of delivery. J Control Release Off J Control Release 651 
Soc. 2016 Aug 10;235:147–54.  652 

42.  Gala RP, Popescu C, Knipp GT, McCain RR, Ubale RV, Addo R, et al. Physicochemical 653 
and Preclinical Evaluation of a Novel Buccal Measles Vaccine. AAPS PharmSciTech. 2016 654 
Jun 29;  655 

43.  Chablani L, Tawde SA, Akalkotkar A, D’Souza C, Selvaraj P, D’Souza MJ. Formulation 656 
and evaluation of a particulate oral breast cancer vaccine. J Pharm Sci. 2012 657 
Oct;101(10):3661–71.  658 

44.  Ubale RV, Gala RP, Zughaier SM, D’Souza MJ. Induction of death receptor CD95 and co-659 
stimulatory molecules CD80 and CD86 by meningococcal capsular polysaccharide-loaded 660 
vaccine nanoparticles. AAPS J. 2014 Sep;16(5):986–93.  661 

45.  Carbone A, Marciani D, Piemonte P, Frascione P. Topical anesthetics for cosmetic 662 
dermatologic procedures. G Ital Dermatol E Venereol Organo Uff Soc Ital Dermatol E 663 
Sifilogr. 2013 Oct;148(5):465–9.  664 

46.  Gao H, Pan J-C, Chen B, Xue Z-F, Li H-D. [The effect of HPV16E7 DNA vaccine 665 
transdermal delivery with microneedle array]. Zhonghua Yu Fang Yi Xue Za Zhi. 2008 666 
Sep;42(9):663–6.  667 

47.  Kim Y-C, Park J-H, Prausnitz MR. Microneedles for drug and vaccine delivery. Adv Drug 668 
Deliv Rev. 2012 Nov;64(14):1547–68.  669 

48.  Akalkotkar A, Chablani L, Tawde SA, D’Souza C, D’Souza MJ. Development of a 670 
microparticulate prostate cancer vaccine and evaluating the effect of route of 671 
administration on its efficacy via the skin. J Microencapsul. 2015;32(3):281–9.  672 

49.  Petousis-Harris H, Paynter J, Morgan J, Saxton P, McArdle B, Goodyear-Smith F, et al. 673 
Effectiveness of a group B outer membrane vesicle meningococcal vaccine against 674 
gonorrhoea in New Zealand: a retrospective case-control study. Lancet Lond Engl. 2017 675 
Sep 30;390(10102):1603–10.  676 

50.  Craig AP, Gray RT, Edwards JL, Apicella MA, Jennings MP, Wilson DP, et al. The 677 
potential impact of vaccination on the prevalence of gonorrhea. Vaccine. 2015 Aug 678 
26;33(36):4520–5.  679 

51.  Russell MW. Could vaccination against Neisseria gonorrhoeae be on the horizon? Future 680 
Microbiol. 2018 Apr;13:495–7.  681 

 682 

  683 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 July 2018                   doi:10.20944/preprints201807.0407.v1

Peer-reviewed version available at Vaccines 2018, 6, 60; doi:10.3390/vaccines6030060

http://dx.doi.org/10.20944/preprints201807.0407.v1
http://dx.doi.org/10.3390/vaccines6030060


FIGURES AND TABLES 684 

Table 1: Formula for the preparation of microneedles 685 

 686 

 687 

 688 

 689 

 690 

Table 2: Physical characteristics of the gonorrhea vaccine microparticles. The recovery yield (%) 691 

after the spray drying process, particle size and the zeta potential were measured in triplicates 692 

and mean and the standard deviation are reported along with the range. 693 

 Range Mean ± SD 

Recovery yield (%) 10 91.56 ± 5.3 

Particle Size (µm) 4 3.65 ± 1.89 

Zeta Potential (mV) 5 -32.65 ± 2.4 

 694 

 695 

 696 

 697 

 698 

 699 

 700 

 Percent w/w 200 mg batch 

Vaccine 
Microparticles 

10% 20 mg 

Trehalose 25% 50 mg 

Maltose 25% 50 mg 

PVA 20% 40 mg 

HPMC 20% 40 mg 
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Figure 1: Characterization of formalin fixed whole cell N. gonorrhoeae. A: Scanning electron 701 

microscopic (SEM) image of formalin fixed whole-cell N. gonorrhoeae, which is the antigen for 702 

the vaccine. B: SEM image of spray dried microparticles containing the N. gonorrhoeae vaccine 703 

antigen. C: N. gonorrhoeae whole-cell vaccine particle uptake by RAW264 macrophages induced 704 

autophagic vacuoles visualized using fluorescence microscopy. D: Unstimulated RAW264 705 

macrophages. 706 

 707 

 708 

 709 

 710 

 711 
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Figure 2: Dendritic cell uptake and biological activity of N. gonorrhoeae microparticles. Nitric 712 

oxide release from dendritic cells was assessed in murine dendritic cells (DC 2.4) (250 × 103) 713 

after pulsing with gonorrhea vaccine microparticles for 16 hours. Nitrite accumulation in the 714 

supernatants was determined using the Greiss reagent. There is significant release of nitric oxide 715 

release from the gonorrhea vaccine microparticles when compared to blank microparticles. Error 716 

bars represent the standard deviation from the average of two independent determinations. The 717 

data shown are representative of three independent experiments. Blank MP: empty 718 

microparticles; GC-MP: N. gonorrhoeae loaded-micropraticles. *p value ≤ 0.05.  719 
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Figure 3: Albumin based microparticles are not toxic to macrophages. RAW264 murine 731 

macrophages treated with increasing doses of microparticles and incubated overnight. 732 

Microparticles by themselves were not toxic to RAW264 cells as compared to untreated cells. The 733 

cytotoxicity was analyzed by the Alamar Blue assay that uses the reducing power of living cells 734 

to quantitatively measure cell viability. Experiment was performed in triplicate. 735 
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Figure 4: Scanning electron microscopy (SEM) image of the N. gonorrhoeae vaccine 748 

microparticles loaded in dissolvable microneedles. A: Formulated microneedle is 600 µM in 749 

length. B: N. gonorrhoeae microparticles loaded in microneedle. C: dissolvable microneedles after 750 

transdermal delivery. D: Microneedle skin patch “band-aid”. E: Microchannels created by the 751 

microneedles patch on the skin using methylene blue dye. F: Z-stack of calcein-stained 752 

microchannels as seen on mouse skin using confocal microscopy. Calcein was observed in 753 

microchannels to up to 600 ± 60 µm depth. 754 
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Figure 5: N. gonorrhoeae specific antibody measurement in serum using ELISA. The mice 759 

received one prime dose at week 0 followed by 2 booster doses at week 4 and 6. The groups 760 

receiving GC suspension and GC microparticles vaccines showed significantly higher serum IgG 761 

levels from week 4, when compared to the unvaccinated mice group (* P < 0.05). GC-susp: N. 762 

gonorrhoeae antigen in suspension; GC-MP: N. gonorrhoeae antigen loaded in microparticles. 763 

 764 

 765 
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Figure 61: N. gonorrhoeae specific antibody measurement in mice serum. The groups receiving 767 

vaccine showed significantly higher serum IgG titers when compared to the controls i.e. blank 768 

microparticles and blank microneedles (MN) after week 2. The group which received the 769 

gonorrhea vaccine microparticles in microneedles (GC-MP-MN) showed significantly higher 770 

antibody titers than the other 2 vaccine groups at week 6 and 8 (n=6) (*p<0.001; #p<0.05). GC-771 

susp SubQ: N. gonorrhoeae antigen in suspension administered subcutaneously (GC-susp 772 

SubQ); GC-susp MN: N. gonorrhoeae antigen in suspension administered transdermal via 773 

microneedle; GC-MP-MN: N. gonorrhoeae antigen loaded in nanoparticles administered 774 

transdermal via microneedles. 775 
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Figure 7: N. gonorrhoeae microparticle vaccine induced antigen specific CD4+ and CD8+ T-cells 781 

counts in the splenocytes at week 10 after immunization. Groups receiving the vaccine showed 782 

significantly higher CD4+ and CD8+ T cells than compared to the controls i.e. unvaccinated and 783 

blank microneedles (p<0.05). GC-susp SubQ: N. gonorrhoeae antigen in suspension 784 

administered subcutaneously; GC-susp MN: N. gonorrhoeae antigen in suspension administered 785 

transdermal via microneedle; GC-MP-MN: N. gonorrhoeae antigen loaded in microparticles 786 

administered transdermal via microneedles. 787 
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