
Introduction 
Ovarian cancer affects hundreds of thousands of women 

worldwide. Unfortunately, systemic chemotherapy for 

treatment of ovarian cancer necessitates one-time super 

dosing, leading to the onset of severe side effects, and 

like radiation therapy,  causes  the  destruction of  neigh- 

Engineering Goal 
The aim of this project is to design and test a drug delivery system 

that is capable of efficiently delivering a chemotherapy drug to an 

ovarian malignancy, over an extended period of time. The delivery 

system will involve microscopic, vortex ring-derived hydrogel 

nanoparticles of a toroidal (or “donut”) shape. When loaded with a 

chemotherapy agent, these nanoparticles (referred to commonly in 

this poster as “VRH” or “hydrogel donuts”) can be used for 

targeted cancer therapy to treat ovarian cancer, without affecting 

other neighboring, healthy cells. Each stable VRH will be 

composed of sodium alginate (a natural polymer), though a variety 

of materials may be used, and loaded with approximately 2.5μg of 

paclitaxel, a chemotherapy drug used for treatment of ovarian 

cancer. 

Methodology 

I. Fabrication of the Paclitaxel-Loaded Vortex Ring Hydrogels: 

(A) 
Using a 21G syringe needle, a 2% sodium alginate solution was squeezed 

into an aqueous buffer of 5mM CaCl2 and 95mM MgCl2. When a droplet 

impacts the free surface of a miscible liquid at a sufficient speed, the 

droplet starts to curl back in order to dissipate the energy. As the edges 

continue to curl, the center of the droplet becomes thinner and thinner. 

Eventually, when the center is too thin to withstand the surface tension, it 

breaks and a donut shape is formed. Note that the shape can be controlled 

by adjusting the viscosity of the liquid. 

Figures 2a-c: (a, left): Schematic for the creation of vortex ring 

hydrogel donuts (VRHs) from 2% sodium alginate solution; (b): 

~1mm newly formed VRH donuts are made visible by inclusion of 

red food dye; (c-d): 60x light microscope images of newly-formed, 

non-loaded VRH donuts.  

To create paclitaxel-loaded, vortex 

ring hydrogels (PL-VRH), 750µg of 

paclitaxel was ultrasonic-mixed in 1 

ml of 2% sodium alginate solution. 

To create a single PL-VRH, a 10µl 

droplet was injected into an aqueous 

buffer of 5mM CaCl2 and 95mM 

MgCl2, resulting in a pink, drug-

loaded hydrogel vortex ring of 

~1mm in outer diameter. 

Figures 3a-b: 60x light microscope images of paclitaxel-

loaded vortex round hydrogels (PL-VRH); coloration 

demonstrates the retention at the paclitaxel anticancer agent. 

II. Proposed Mechanism for PL-VRH Treatment of Ovarian Cancer: 

Figure 4. Proposed 

mechanism for  ovarian 

cancer treatment with 

PL-VRH donuts. (Image 

of female reproductive 

system courtesy of 

cancer.gov) 

d. The new PL-VRH delivery system will allow for pointed treatment of 

aggressive ovarian cancer, leaving neighboring, healthy cells unharmed; 

injection of PL-VRHs can occur more frequently, without onset of 

severe, adverse side effects associated with abdominal IP super-dosing. 

c. Full paclitaxel load is locally 

delivered to the tumor over 20 hours; 

the remaining VRHs degrade into 

biocompatible waste products that 

are naturally flushed away by the 

human body. 

a. Paclitaxel-

loaded VRHs 

(PL-VRHs) 

are locally 

injected atop 

the ovarian 

malignancy. 

For dissolution studies of 

paclitaxel from the hydrogel 

donuts, the Attenuated Total 

Reflectance (ATR) FTIR spectra 

were collected for both an 

unloaded hydrogel, as well as the 

paclitaxel anticancer agent.   

Figures 5a-b. (a, left): ATR-

FTIR spectrum of the vortex 

ring hydrogel (VRH) rinsed 

in water and dried. 

Spectrum highlights spectral 

bands that are indicative of 

both water and polymeric 

content; (b, right) ATR-FTIR 

spectrum of neat paclitaxel 

powder highlights numerous 

spectral bands from 705-

1703 cm-1. 

Unless otherwise noted, all data and images were created by the student researcher. 
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Controlled-Release Delivery of Ovarian 
Anticancer Paclitaxel via Vortex Ring, Donut-

Shaped Hydrogels 

Dissolution of Paclitaxel from PL-VRH via ATR-FTIR 
For dissolution studies of the PL-VRH, one hydrogel was placed into a sterile test tube 

containing 5ml of an aqueous, buffered medium that mimics the temperature conditions 

of the ovarian cavity (37°C). At 30-60 minute increments, 15µl of the supernatant was 

drawn, and the Attenuated Total Reflectance (ATR) FTIR spectrum collected using a 

PerkinElmer Spectrum One FTIR spectrometer fitted with an ATR accessory to 

determine whether the hydrogel’s water and paclitaxel load are released into the 

medium. This would infer that the PL-VRH would similarly release its water content, 

and paclitaxel load, to the cancerous cells within the ovarian cavity. 

Figure 6b. Expansion of 700-1700 cm-1 spectral region of the 0-4hour time-points.  

Close examination of the ATR-FTIR spectrum of “PL-VRH in water” time-

points (Fig. 6a) highlights measurable increase in the peaks at 3237 and 1615 

cm-1 over 4 hours, indicating significant release of water from the PL-VRH, 

along with paclitaxel drug load. Absence of the significant VRH peak at 1009 

cm-1 at 4 hours in Fig. 6a highlights minimal degradation of the polymeric 

properties that enable the vortex hydrogel rings to stick to the ovarian tumor. 

This is important, as it highlights VRH integrity and “stick-ability” after 4 

hours. Presence of small peaks at 4 hours in the 700-1700 cm-1 region (Fig. 

6b) can instead be attributed to release of paclitaxel from the PL-VRH into 

solution. Unfortunately, overlap of spectral bands of VRH and paclitaxel from 

700-1700 cm-1 makes it difficult to isolate and quantify paclitaxel using FTIR. 

Consequently, a luminescent study was conducted, and is described below. 

Calibration of Paclitaxel Luminescence for Time-Release from PL-VRH 
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It was first necessary to calibrate the 

PerkinElmer LS50B luminescent 

spectrometer response for the anticancer 

agent, taking advantage of the molecule’s 

inherent fluorescent properties. It was 

discovered that the maximum excitation 

and emission wavelengths were 385 & 

552 nm, respectively, using a 10 µg/ml 

dilution of paclitaxel in water. Similar 

measure of the emission spectra serial 

dilutions of this 10 µg/ml standard at 

excitation/emission slits of 6.7 and 20 nm 

(Figure 7a) led to the construction of the 

calibration plot in Figure 7b. The linear 

relation of y=18.54x will be used in 

future studies, to quantitate paclitaxel that 

is released from the PL-VRH. 
Figures 7a-b.  Fluorescence emission spectra (left) and calibration plot at 552 nm (right) for 1-10 μg/ml serial dilutions of paclitaxel in water. The 

intensity at 552 nm is correlated to paclitaxel concentration via y=18.54x, with a correlation coefficient of 0.992. 

To measure the amount of paclitaxel that is released from the VRH, a single, paclitaxel-loaded VRH (containing 7.5µg of drug) was inserted 

into a luminescent cuvette cell of 2.5ml di-water heated/maintained at 37oC. The luminescence at 552 nm was then monitored as a function of 

time in samples of the solution that were collected at certain time intervals, to determine drug release into an aqueous medium at body 

temperature. Figure 8 below highlights the increase in luminescence in the solution, from release of paclitaxel by the VRH. A similar 

experiment was performed for a non-drug loaded VRH in 2.5ml of water at 37oC (control variable), to verify that the luminescent intensities 

measured at 552nm were not affected by dissolution of the hydrogel matrix. In that way, subsequent increase in intensity at 552nm over time 

can be attributed to release of the paclitaxel, from the PL-VRH, into solution. 

Luminescent Measure of Paclitaxel from PL-VRH 

Table 1.  Increase in luminescent intensity at 552nm over time for 

the PL-VRH and VRH dissolution studies. In the last column, each 

PL-VRH at 552nm intensity is background-corrected by removal of 

the VRH intensity. 

Time 
(hours) 

Non-Loaded 
VRH Int 552nm  

PL-VRH Int 
552nm 

PL-VRH Int 552nm 
Corrected  

(PL-VRH - NL-VRH) 

0.5 9.5 13.4 3.9 

1.0 9.4 17.5 8.1 

1.5 9.7 18.9 9.2 

2.0 9.6 23.9 14.3 

2.5 9.4 24.1 14.7 

3.0 9.5 30.8 21.3 

3.5 9.6 33.7 24.1 

4.0 9.6 37.5 27.9 

5.0 9.5 37.9 28.4 

6.0 9.4 38.9 29.5 

7.0 9.6 44.6 35.0 

20.0 9.5 49.4 39.9 

Figure 9. Increase in luminescent intensity at 552 nm over 20 hours for 

an aqueous solution containing a single PL-VRH (shown in purple). In a 

similar experiment, for a single, non-loaded vortex ring hydrogel donut, 

the emission intensity at 552nm remains constant over 20 hours at ~9.5 

(shown in red). 

Figure 8. Fluorescence emission spectra of samples obtained from a 2.5ml 

aqueous solution at 37oC, containing 1 PL-VRH donut. (Emission spectra 

collected with an excitation wavelength of 385nm, and exc/em slits of 6.7 & 20 

nm, respectively). Spectra of typical VRH elution (light green) produced a 

consistent ~ 9.5 maximum intensity. 
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A close look at fluorescent intensity at 552 nm for the 2.5ml solution containing a single PL-VRH, as well as a single VRH is highlighted in 

Table 1 and Figures 8 & 9. For the PL-VRH study, the Int552nm increases linearly until ~4 hours, and maximizes over the remaining 20 hour 

measurement period, while that for a similar VRH study remains constant at ~9.5. To determine Int522nm that is directly attributed to release of 

paclitaxel from the hydrogel donut, each time-point PL-VRH Int552nm is “background-corrected” using the average Int552nm of 9.5 for the non-

loaded VRH study. 

Corrected PL-VRH Int552nm are then 

converted to corresponding paclitaxel 

concentration (in µg/ml) using the 

previous calibration relation of 

y=18.54x. Total amount of paclitaxel 

released into the 2.5ml solution (in µg), 

as well as the % of initial (7.5μg) 

paclitaxel load, is calculated in Table 2., 

and illustrated in Fig. 10. Fig. 10 

highlights predictable, linear release of 

paclitaxel for the first 4 hours. At 4 hours 

post-placement, ~50% of the original 

7.5µg load, or 3.76µg, is released; after 

20 hours, 72%, (5.38µg) is released.  

Time
PL-VRH Int 552nm 

Corrected 

PL-VRH Conc 

PAC 

PL-VRH 

Paclitaxel 

Released in 

2.5ml

Release Efficiency

(hours)  (PL-VRH - NL-VRH)  (μg/ml)  (μg) (% of 7.5µg load)

0.5 3.9 0.21 0.53 7%

1.0 8.1 0.44 1.09 15%

1.5 9.2 0.50 1.24 17%

2.0 14.3 0.77 1.93 26%

2.5 14.7 0.79 1.98 26%

3.0 21.3 1.15 2.87 38%

3.5 24.1 1.30 3.25 43%

4.0 27.9 1.50 3.76 50%

5.0 28.4 1.53 3.83 51%

6.0 29.5 1.59 3.98 53%

7.0 35 1.89 4.72 63%

20.0 39.9 2.15 5.38 72%

Table 2. Paclitaxel Release from the PL-VRH Donut. 

Figure 10. Amount of paclitaxel released from a single PL-VRH, over 20 hours. 

Simulation of PL-VRH 

Placement and Drug Release 
To simulate the innovative properties of the PL-VRH (i.e. the 

pinpoint application of the drug-loaded donuts on an ovarian 

tumor, the donut’s ability to adhere to the membrane of cancerous 

cells under those conditions, and the donut’s ability to time-release 

paclitaxel), a simulated experiment was devised using porcine 

intestine as a membrane model (schematic is shown Fig. 11).  

Light microscopy of the porcine intestine membrane, following 

water rinse that simulates ovarian conditions, provides evidence 

that the PL-VRH donuts remain attached (Fig. 16), which is highly 

desirable when applied to the ovarian cavity. Following manual 

removal of those same PL-VRH donuts, fluorescent microscopy of 

the same region shows that paclitaxel has been released by the 

targeted delivery system, evident by the ring-shaped (552nm) 

luminescence of the delivered anticancer agent.   

Future Research 
 Conduct in vivo studies on actively-growing (ovarian) tumors. 

 Investigate the attachment of ligands to the surface of the 

 hydrogel donuts. 

Conclusion 
Systemic chemotherapy is limited in its success due to the nature 

of delivery; the indirect interaction of the drug with the ovarian 

tumor and subsequent loss in potency necessitates one-time super-

dosing, often resulting in dramatic side effects. Under the PL-VRH 

system, the anticancer agent is delivered incrementally over time 

as it passes through the protective hydrogel carrier, and so the 

adverse effects associated with “all-at-once” abdominal dosing 

should be minimized. Furthermore, as the therapy is delivered in 

only 20 hours, the new PL-VRH delivery system could allow for 

more pointed treatment of aggressive ovarian cancer and thus 

more frequent injections without onset of severe, adverse side 

effects; the 3 weeks wait time needed for repeat of abdominal IP 

therapy would thus be circumvented. Finally, because the PL-VRH 

are directly injected where they are needed in the ovary and time-

release therapeutic concentrations of paclitaxel, neighboring, 

healthy cells will not be harmed, minimizing side effects 

associated with traditional chemo and radiation therapies. 

Simulation of pointed placement of the PL-VRH donuts, their 

adherence to the membrane of a cancerous cell in the ovary, and 

subsequent release of the paclitaxel to the targeted region, was 

carried out using a porcine intestine membrane model. As 

anticipated, PL-VRH donuts adhered to the membrane, resisted 

movement due to aqueous ovarian conditions, and time-released 

paclitaxel to the underlying region, as evidenced by visual 

observation, and light/luminescent microscopies. 

Figure 6a. ATR-FTIR spectra modeling the PL-VRH dissolution in an 

aqueous medium. Time-points are at 60 minute intervals from 0–4 hours. 

ATR-FTIR of VRH & Paclitaxel 

Advantages of PL-VRH System 

Discussion and Applications 

To create a meaningful treatment for an adult female, using the 

newly-designed PL-VRH therapy, the worst circumstance is 

considered, and compared to paclitaxel abdominal IP dosage of 60 

mg/m2, which is administered over 3 hours, every 3 weeks. Under 

conditions of aggressive tumor growth, in which the average adult 

female ovary (with an area of ~0.0057m2) is fully covered with 

cancer cells and treated using the new PL-VRH therapy where a 

total of 5.48µg of paclitaxel is released over a period of 20 hours, 

as many as 62 PL-VRH’s could be directly implanted (via 600µl 

injection) onto the cancerous region in minutes.  

• Hydrogel nanoparticles have gained attention in recent years as 

one of the most promising drug delivery systems due to their 

hydrophilicity and extremely high water content. However, it is 

important to note that the shape and surface chemistry of 

nanoparticles also impact efficacy of treatment. The PL-

VRH system maximizes efficacy. 

• Compared to the common spherical shape, donut hydrogels 

have a larger surface area per volume ratio, a shorter pathway 

for diffusion within, and usually better deformability. 

• Alginate is a naturally-occurring polymer typically  

 obtained from seaweed and has several biomedical advantages, 

including gelation ability, biocompatibility, low toxicity, and 

relatively low cost. Alginate gels are also typically nanoporous, 

leading to rapid diffusion of small molecules through the gel. 

• The ability of the PL-VRH to adhere to the cell membrane is 

significant because conventional nanoparticles are often cleared 

from the target region too quickly to allow for full diffusion of 

their drug load.  

• This system can be applied to many different localized cancers. 

boring, healthy cells. Alternatively, anti-cancer drugs can be 

injected into the cancerous region via abdominal intravenous port 

injection (IP), however location and conditions within the ovarian 

cavity limit the accurate coverage of the tumor, and prolonged 

effectiveness of the drug, as the drug-tumor interaction time is 

shortened by moisture dilution. A method where chemotherapy is 

temporarily implanted at the cancer and subsequently time-

released would be preferred, to adhere the drug to the tumor, and 

minimize side effects associated with immediate overdosing. 

In addition to localized placement of PL-

VRH’s, the donut-shaped drug delivery system 

can be made specific towards cancer cells with 

the attachment of ligands on the hydrogel 

surface. Folic acid is a useful ligand for targeted 

cancer therapies because it binds to a tumor-

associated antigen known as the folate receptor. 

Folate receptors are over-expressed on the 

surface of ovarian cancer cells, as well as other 

types of cancer cells. By conjugating folic acid 

on the surface of the PL-VRH, these 

engineered, drug-loaded polymers can identify 

which cells to target for disease therapy and 

penetrate into the cell via receptor-mediated 

endocytosis. Once inside the cells, the hydrogel 

donuts will release the anti-cancer drug and 

locally cause them to undergo apoptosis. 

Figure 18. Shows ligands on 

the surface of a PL-VRH 

binding to receptors expressed 

on the surface of a tumor cell.  

b. PL-VRHs adhere to the 

tumor and expand under 

aqueous ovarian conditions. 

Paclitaxel immediately 

diffuses from the hydrogels. 

• Electrospraying (not employed 

in this project) allows for mass 

production and control of the 

VRH dimensions, ranging from 

millimeters down to hundreds of 

microns. 

Figure 1.  Creation of 

VRP’s via the 

electrospray technique. 


