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Abstract  

Ultrasound imaging presents many positive attributes, including safety, real-time imaging, 

universal accessibility, and cost. However, inherent difficulties in discrimination between soft 

tissues and tumors prompted development of stabilized microbubble contrast agents. This presents 

the opportunity to develop agents in which drug is entrapped in the microbubble shell.  We describe 

preparation and characterization of theranostic poly(lactide) (PLA) and pegylated PLA (PEG-

PLA) shelled microbubbles that entrap gemcitabine, a commonly used drug for pancreatic cancer 

(PDAC).  Entrapping 6 wt% gemcitabine did not significantly affect drug activity, microbubble 

morphology, or ultrasound contrast activity compared with unmodified microbubbles. In vitro 

microbubble concentrations yielding  500nM entrapped gemcitabine were needed for complete 

cell death in MiaPaCa-2 PDAC drug sensitivity assays, compared with 62.5 nM free gemcitabine.  

In vivo administration of gemcitabine-loaded microbubbles to xenograft MiaPaCa-2 PDAC tumors 

in athymic mice was well tolerated and provided substantial tumoral image enhancement before 

and after destructive ultrasound pulses. However, no significant differences in tumor growth were 

observed among treatment groups, in keeping with the in vitro observation that much higher doses 

of gemcitabine are required to mirror free gemcitabine activity.  

 

 

Keywords: polymer microbubbles, ultrasound, targeted drug delivery, pancreatic 

adenocarcinoma, gemcitabine 
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1. Introduction 1 

According to the American Cancer Society, pancreatic cancer remains one of the deadliest 2 

cancers, with predictions of close to 57,600 people (30,400 men and 27,200 women) being 3 

diagnosed in 2020, and about 45,050 deaths in the United States alone, representing roughly 3% 4 

of all cancers in the United States and about 7% of all cancer deaths.[1]  Pancreatic cancer is 5 

predicted to be the leading cause of cancer death by 2030, the most common type being pancreatic 6 

ductal adenocarcinoma (PDAC), which is characterized by a thick stroma surrounding the tumor, 7 

arising from pancreatic stellate cells that are activated to proliferate and produce collagens, 8 

laminin, and fibronectin.[2, 3] This dense stroma and hostile tumor microenvironment is 9 

implicated in tumor growth and metastasis, and plays a role in inhibiting access of drugs and 10 

imaging agents to tumor tissue.[4, 5] The resulting increased interstitial pressure leads to 11 

constriction of the blood vessels further restricting access of agents.[6] Even after surgical 12 

resection, the best therapeutic option, 5-year survival is only 5-35%.[7, 8] In addition, nearly 80% 13 

of all patients are diagnosed with unresectable disease, leading to systemic chemotherapy as the 14 

only currently clinically-available therapeutic option for the vast majority of PDAC patients.  15 

One of the most commonly used PDAC chemotherapy involves gemcitabine (GEM) - (2',2'-16 

difluorodeoxycytidine, Gemzar) either alone or in combination with other chemotherapeutics.[9] 17 

Relative to other chemotherapeutics, GEM is well tolerated, and shows modest survival (5-7 18 

months) as a monotherapy,[10, 11] which is slightly improved when combined with other adjuvant 19 

therapies such as cisplatin and nab-paclitaxel.[9, 11, 12] Despite its frequent use, studies have 20 

shown that GEM is associated with a marginal survival extension of approximately one month.[13] 21 

This low response rate is likely due to factors such as, a short plasma half-life (8-11 minutes) due 22 

to rapid deamination by cytidine deaminase, the inability of the drug to penetrate pancreatic stroma 23 



 4 

and/or the development of resistance and the advanced stage at which PDAC is generally 24 

diagnosed.[14, 15] There have also been many attempts to overcome barriers encountered with the 25 

tumor microenvironment through anti-stromal therapies.[16] However, the initial optimism has 26 

not been realized in clinical trials, not least due to the increasingly evident, highly complex 27 

relationship between tumor cells and the tumor microenvironment.[17-19] Other approaches to 28 

targeted delivery of GEM include conjugating the drug with targeting agents[20, 21] and RNA 29 

aptamers,[22, 23] and use of prodrugs such as 4-(N)-stearoyl GEM.[24] Many of these approaches 30 

still involve systemic administration of toxic chemotherapeutics, which remain susceptible to 31 

degradation in the plasma, whereas encapsulation of the drug in a particulate carrier shields both 32 

the drug from degradation and the healthy tissues from exposure.[25-30]  33 

Targeted drug delivery can help administer therapeutic concentrations of drug to the intended 34 

tumor cells, while reducing systemic exposure, limiting uptake by healthy cells, and improving the 35 

overall therapeutic index.[31-34] In ultrasound-based approaches, drugs can be infused 36 

simultaneously with empty microbubbles (MBs) or contrast agents, in an effort to take advantage 37 

of numerous mechanisms whereby MB-ultrasound interaction at a membrane causes enhanced 38 

drug entry into the cell, particularly when targeting the blood brain barrier.[35-41] The safety and 39 

toxicity of this approach have been investigated in clinical trials.[42]  40 

The delivery platform discussed here is a biodegradable polymeric MB that acts as an 41 

ultrasound contrast agent by virtue of the gas core. Previously, we have demonstrated enhanced-42 

doxorubicin delivery to a hepatocellular carcinoma model using MBs to enhance drug delivery 43 

when exposed to ultrasound focused at the tumor site.[43-47] We propose that if GEM remains 44 

viable through this approach, an added advantage would be protection from cytidine deaminase 45 
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degradation before being delivered directly to the tumor at the focus of an ultrasound beam (Figure 46 

1). 47 

 48 

Figure 1: Representation of ultrasound-triggered delivery of gemcitabine to pancreatic ductal 49 

adenocarcinoma stroma via drug-loaded ultrasound contrast microbubbles (not to scale). 50 

 51 

Controlled release of GEM encapsulated in a biodegradable polymer-shelled MB would also 52 

be an advantage for this cell cycle-dependent drug.[48] Our previous studies show that the 53 

ultrasound-generated, drug-carrying MB fragments (nano shards or nSh) can be forced through the 54 

leaky pores found in angiogenic tumor vessels (approximately 300-700 nm pore diameter).[44] 55 

This is especially relevant when the pores in the vasculature are also enlarged by the interplay 56 

between the incident ultrasound beam and the MBs.[49, 50] Here we investigate the feasibility of 57 

entrapping GEM in polylactic acid (PLA)-stabilized ultrasound contrast agents, and test the 58 

retention of drug activity compared with free GEM. We further assess the effects of inclusion of 59 

polyethylene glycol-polylactic acid (PEG-PLA) within the shell, to facilitate intravenous injection 60 

and reduce the potential for immunogenicity.[47] Finally, we investigate the ability of the MBs to 61 

be visualized penetrating the stroma-dense environment of PDAC tumors in mice and compare the 62 

results with the in vitro cell studies. 63 

 64 

2. Materials & Methods 65 
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2.1 Preparation of drug-loaded microbubbles 66 

2.1.1. Microbubble fabrication 67 

GEM-loaded MBs were prepared by modifying the water/oil/water (w/o/w) double emulsion 68 

process that is well-established in our lab, using camphor and ammonium carbamate as 69 

porogens.[45-47] Briefly, for PLA MBs (no PEG), 0.5 g of PLA (100 DL 7E, 118 kDa, Evonik 70 

Biomaterials, Essen, Germany) shown to be the correct choice for combined drug encapsulation 71 

and acoustic properties,[43] and 0.05 g camphor (Sigma Aldrich, St. Louis, MO) were dissolved 72 

in 10mL methylene chloride (Sigma), with 3, 6, and 10 weight percent (wt%) gemcitabine 73 

hydrochloride (GEM, Abcam, Cambridge, MA) added during the organic phase.[45, 47] This 74 

counter intuitive addition of a water soluble drug to the organic phase was found to produce better 75 

results than addition to the water phase, and recapitulates previous findings using doxorubicin.[45] 76 

Then, 1 mL of 0.4 M ammonium carbamate solution was added to the organic phase and sonicated 77 

to form the first emulsion, which was then added to 50 mL of 5% w/v polyvinyl alcohol (PVA, 78 

PolySciences, Warrington, PA) solution and homogenized to create the second w/o/w emulsion. 79 

Resulting MBs were then washed with 2% v/v isopropanol (Sigma) and stirred to evaporate 80 

organic material. The MB solution was then centrifuged, washed with hexane, washed with DI 81 

water, and then flash frozen in liquid nitrogen and lyophilized (10-30 bar) for 48 hours (Virtis, 82 

Gardiner, NY), then exposed to room air which forms the gas core of the MBs.[46] For the 83 

inclusion of PEG into the MBs, the same procedure was followed except that the 0.5 g polymer 84 

used in the first emulsion was proportionally comprised of 5 wt% PEG-PLA (100 DL mPEG 5000 85 

6CE, 67 mol% PLA, 33 mol% PEG, 69 kDa, Evonik) and 95 wt% PLA (100 DL 7E). Of the 0.5 86 

g total polymer mass, the proportion of PEG to PLA is 8.25 mg (1.65%) PEG to 491.75 mg 87 

(98.35%) PLA.[47] 88 
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 89 

2.1.2. Encapsulation efficiency 90 

GEM loading was determined by dissolving loaded MBs in dimethyl sulfoxide (DMSO, 91 

Sigma) and though ultraviolet-visible spectrophotometry (UV-Vis) at 296nm (Tecan Life 92 

Sciences, Mannedorf, Switzerland) and comparing with a standard curve prepared in DMSO. 93 

Encapsulation efficiency (EE %) of GEM-MBs was defined as: 94 

𝐸𝐸 =  
𝑇𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛 𝑡ℎ𝑒 𝑀𝐵𝑠

𝑇𝑜𝑡𝑎𝑙 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑎𝑑𝑑𝑒𝑑 𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑙𝑦
 𝑥 100% 95 

 96 

2.2 Physical characterization 97 

Surface morphology was determined by using a Philips FEI XL30 environmental scanning 98 

electron microscopy (SEM), with acceleration voltage 5 kV and spot size 3, at 5000 x 99 

magnification. Microbubble diameter, polydispersity index (PDI), and zeta potential (ζ) were 100 

recorded using a Malvern Nano ZetaSizer (Worcestershire, United Kingdom), which uses dynamic 101 

light scattering (DLS). For size and PDI, 1 mg of MBs was suspended in 1 mL of phosphate 102 

buffered saline (PBS) at a pH of 7.4 and measured at room temperature in triplicate. Zeta potential 103 

was measured in triplicate at room temperature by suspending 1 mg of MB in 1 mL of deionized 104 

(DI) water and loading into a Malvern zeta capillary cuvette. Salts retained on the dried capsules 105 

supplied the minimum required level of conductivity so that an electric field could be applied. 106 

  107 

2.3. C3 complement activation evaluation 108 

In order to fabricate MBs which would elicit minimum immunological response when injected 109 

intravenously, PEG-PLA was added to the MB shell and C3 complement activation was 110 

determined ex vivo under sterile conditions for the GEM-MB by methods described previously for 111 
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unloaded MB.[47] Briefly, MBs were sterilized under ultraviolet (UV) irradiation for 30 minutes 112 

before a 3 mL MB suspension containing approximately 107 MBs/mL sterile PBS was mixed with 113 

2 mL human complement-preserved serum (pooled from several human donors, Valley 114 

Biomedical, Winchester, VA) and shaken at room temperature for 30 minutes. The solution was 115 

then centrifuged at 300 G for 3 min to separate the MBs, and the supernatant was collected and 116 

diluted 1:3 with 20 mM EDTA. The amount of activated C3a for MBs containing 3 wt% and 6 117 

wt% GEM was assayed using an ELISA kit purchased from BD Biosciences (Franklin Lakes, NJ, 118 

catalog #550499) following the manufacturer's instructions. 119 

 120 

2.4. Acoustic characterization 121 

In order to gain an understanding of the effects that the various MB shell manipulations had 122 

on acoustic behavior, in vitro acoustic characterization tests were performed. Testing was 123 

performed in a custom-built acoustic setup equipped with a 5 MHz, 12.7 mm, single element 124 

ultrasound transducer (Panametrics, Waltham, MA), with 6 dB bandwidth of 91% and focal length 125 

of 50.8 mm, held at 37oC in a gas-free water bath and focused through the acoustic window of a 126 

50 mL sample chamber.[45] The 50mL sample chamber is a custom-made, cylindrical, 1.5-inch 127 

inner diameter, acrylic tube with a 1-inch square portion of the tube wall removed and covered 128 

with clear polypropylene tape to create an acoustic window for measuring the performance of the 129 

microbubbles. Continuous stirring via a magnetic stirrer kept the sample suspended, and blank 130 

runs in the absence of MBs confirmed that no extraneous gas was entrained due to stirring. A 131 

pulser/receiver (5072 PR, Panametrics) connected to the transducer was used to generate an 132 

acoustic pulse with pulse repetition frequency (PRF) of 100 Hz, resulting in a peak positive 133 

pressure (PPP) amplitude of 0.69 MPa and a peak negative pressure (PNP) amplitude of 0.45 MPa 134 
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at the focus (equivalent to a mechanical index of 0.20), determined using a 0.5 mm polyvinylidene 135 

fluoride needle hydrophone (Precision Acoustics, Dorset, United Kingdom). Reflected signals 136 

were measured using the transducer and amplified 40 dB before being read by an oscilloscope 137 

(Lecroy 9350, Chestnut Ridge, NY). Data acquisition and processing were done using LabView 7 138 

Express (National Instruments, Austin, TX). These tests allow for rapid and straightforward 139 

comparison of acoustic performance as the MBs are developed, in a general representation of in 140 

vivo conditions (i.e., pH 7.4, PBS buffer, 37C, and constant movement through the acoustic 141 

beam). The choice of 5 MHz was dictated by previous studies which determined this to be the 142 

resonance frequency (optimal for MB destruction) under these conditions.[51]  143 

Dose response curves were generated by plotting backscattering enhancement (in dB) as a 144 

function of MB concentration. Microbubbles were suspended in a mixture of 3 mg of MBs in 800 145 

μL of PBS (pH 7.4, 37°C) and vortexed briefly. A baseline was recorded to establish the 146 

background signal of the PBS solution before acoustic testing. A cumulative dose response was 147 

constructed by adding ten 20 μL increments of MB suspension (one every 30 seconds) and 148 

recording the reflected signal after each addition. After each addition, MBs were mixed for 10 149 

seconds to ensure a homogenous media before measurement. Enhancement in relationship to a 150 

baseline reading was plotted for each dosage ranging from 0 to 15 μg/mL in 1.5 μg/mL (20 µL 151 

aliquots) increments.  152 

Comparison of microbubble stability in the ultrasound beam was measured by adding 4 mg/mL 153 

of MBs to the sample holder and continuously insonating with stirring, using the setup described 154 

above. Enhancement was measured over the course of 15 min and normalized with respect to the 155 

initial value to allow for inter sample comparison. 156 
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In order to generate the ultrasound-triggered MB fragments (nSh) for in vitro cytotoxicity 157 

studies, GEM-loaded MBs were exposed to ultrasound, but using deionized water in place of PBS 158 

to avoid problems with excess salt in subsequent administration to the PDAC cells. This solution 159 

was frozen at -20C overnight and then lyophilized for 48 hours using a Virtis Benchtop freeze 160 

drier (as described previously) to collect the nSh.  161 

 162 

2.5. Cell studies 163 

2.5.1 Drug sensitivity assays  164 

In vitro cell studies were conducted using the cell lines MIA PaCa-2 (ATCC® CRL-1420™) 165 

and Panc1 (ATCC® CRL-1469™), using UV-sterilized PLA MBs. This was a classic sensitivity 166 

study in which the cells were exposed to media that contained the intact MBs or nSh, and none of 167 

the cells were directly insonated. Roughly 1000 cells/well in 96-well plates (Corning Costar, 168 

Sigma) were plated and allowed to adhere overnight. A dose escalating amount of the samples 169 

(free GEM, unloaded MBs, ultrasound-treated unloaded MBs, GEM-loaded MBs, and ultrasound-170 

treated GEM-loaded MBs) were added to the plates (via media containing the relevant treatment), 171 

which were then incubated at 37oC for seven days, after which a PicoGreen assay (Quant-iT 172 

PicoGreen dsDNA Assay Kit, Thermo Fisher Scientific, Waltham, MA) was conducted. 173 

Concentrations between 0 and 1 µM GEM were prepared by serial dilution for all plates that were 174 

treated with free GEM. 175 

 176 

2.5.2 Cell viability studies 177 

To compare drug loaded MBs and free GEM cytotoxicity daily, UV-sterilized PEG-PLA MBs 178 

were used. Cells (MIA PaCa-2) were grown in a Corning™ 96-well black clear bottom plate 179 
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(Thermo Fischer Scientific, Waltham, MA) in DMEM with 10% fetal bovine serum (FBS) at 37ºC 180 

and 5% CO2. Seeding was performed with 1000 cells in 100 μL of media per well and allowed to 181 

adhere for 24 hours before being treated with 200 µL media or supplemented medium (unloaded 182 

MBs, ultrasound-treated unloaded MBs, GEM-loaded MBs, and ultrasound-treated GEM-loaded 183 

MBs). MBs of equal weight to the drug loading conditions were used (1.2 mg). Wells treated with 184 

drug were brought to a final GEM concentration of 750 nM, based on the drug sensitivity assay. 185 

Negative controls consisted of media alone or supplemented with UV-sterilized unloaded MBs or 186 

nSh. The effect of both empty MBs and nSh in the presence of free GEM was also investigated.  187 

For 7 consecutive days, cell growth was analyzed using a Quant-iT PicoGreen dsDNA Assay Kit 188 

as described above, according to the manufacturer’s protocol and measured using a Tecan 189 

fluorimeter. Data was reported as % cell viability normalized to the initial reading on Day 1. 190 

 191 

2.6 In vivo evaluation in xenograft mouse model 192 

Tolerance of intravenously injected MBs, and the ability to track penetration into the tumor 193 

using ultrasound, were tested in a xenograft MIA PaCa-2 PDAC murine model. All animal work 194 

was conducted in compliance with the IACUC and Animal Care Policies of Thomas Jefferson 195 

University. Tumor models were generated by injection of 106 MIA PaCa-2 cells subcutaneously 196 

into the right hind limb of aythmic 42-49 day old mice (Charles River, Horsham, PA) split evenly 197 

by gender. Tumor growth was monitored until reaching volumes of 50-70 mm3 (approximately 3 198 

weeks post injection), before being randomized to imaging arms. 199 

UV-sterilized, GEM-loaded PEG-PLA MBs, free GEM, unloaded (blank) PEG-PLA MBs, and 200 

sterile saline were administered to 60 nude, athymic mice (12 mice per treatment group split evenly 201 

by gender). Flash/replenishment sequences were performed with an S3000 Helx Evolution scanner 202 
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using a 9L4 probe (Siemens Healthineers, Mountain View, CA). Ultrasound imaging was 203 

performed at 4 MHz in cadence pulse sequencing mode at a frame rate of 33 frames per second 204 

and 100% acoustic output power and a focal depth of 1 cm during retro-orbital bolus injection of 205 

0.1 mL of the appropriate treatment solution. For drug-loaded samples, the 0.1 mL injection 206 

consisted of 0.12 mg MBs resulting in 2.2 µg GEM per injection. Quantities were based on 207 

reasonable tolerated dose of MBs/mouse. 208 

Flash/replenishment sequences consisting of a series of 4 second destructive pulses at a 209 

mechanical index of 1.35 were generated to cavitate and rupture the MBs within the visualized 210 

tumor region, followed by 10 seconds of nonlinear imaging at lower intensity (mechanical index 211 

= 0.06) to allow for MB reperfusion. The imaging plane was maintained at the tumor midline for 212 

the flash/replenishment sequences over a period of up to 10 minutes until contrast was no longer 213 

visible, to maximize MB activation and delivery potential. Treatments were repeated 4 times over 214 

2 weeks, with attempts to image different tumor planes with each treatment to treat the largest 215 

volume of tumor tissue possible. Tumor size was measured twice per week with calipers until 216 

sacrifice. Animals were monitored for disease progression and sacrificed as required by our 217 

protocol (i.e., tumor size exceeded allowable limit (> 20mm in largest dimension), signs of distress, 218 

etc.).  219 

 220 

2.7 Statistical Analysis 221 

Statistical analysis was performed with GraphPad Prism 7 (GraphPad Software, La Jolla, CA), 222 

using a one-way ANOVA analysis to determine significance across multiple groups (for  < 0.05), 223 

while Student’s t tests with Bonferroni correction for multiple comparisons were used for 224 

individual comparisons within groups. For the acoustic and physical characterization, 225 
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immunological assay, and cytotoxicity assays, data are presented as mean  standard error about 226 

the mean (SEAM).  227 

 228 

3. Results and Discussion  229 

Conventional systemic treatments for PDAC using GEM have proven ineffective in 230 

penetrating the excessive desmoplastic connective tissue surrounding the tumor to reach the target 231 

tumor, and in protecting drugs from enzymatic degradation.[4, 52] We investigated ultrasound 232 

insonation combined with drug-loaded polymer MBs as a potential means to circumvent these 233 

issues through ultrasound-triggered delivery of GEM, while also protecting the GEM from 234 

degradation in the plasma. Once at the site, the MB shells are shattered by the ultrasound and the 235 

fragments (nSh) hydrolyze to lactic acid over time, creating a sustained localized release of GEM 236 

to tumor tissue. The length of time needed for this hydrolysis depends on the size and thickness of 237 

the MB shell but can be tuned to provide sustained release over time as opposed to bolus release 238 

and systemic exposure. This preliminary study explores the feasibility of encapsulating GEM 239 

within the shell of polymer MBs without affecting the morphology and the efficacy in vitro in 240 

MIA PaCa-2 cell cultures. Since the end application involves intravenous injection, the possibility 241 

of adding PEG to the shell to decrease immune response is also investigated, together with the 242 

effects these modifications have on acoustic and drug release properties. Finally, we study the 243 

ability to visualize these MBs penetrating the tumor microenvironment in a xenograft pancreatic 244 

cancer mouse model. 245 

 246 

3.1. Drug loading  247 

3.1.1. Morphology 248 
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Scanning electron microscopy (SEM) was used to establish the effect of incorporating GEM 249 

via the w/o/w emulsion method used to produce the MBs on morphology. Representative SEMs 250 

of unloaded MBs, and 3 wt%, 6 wt% and 10 wt% GEM-loaded PLA MBs are shown in Figure 2. 251 

At 10 wt% GEM (Fig. 2D), the images show many broken and misshapen MBs. However, GEM 252 

encapsulation up to 6 wt% does not significantly affect MB morphology. 253 

 254 

 255 

Figure 2: Scanning electron micrographs showing effect of increasing GEM loading on PLA MBs. 256 

A) Unloaded MBs, b) 3 wt % loading C) 6 wt % loading D) 10 wt % loading. (Size bar = 5 µm). 257 

 258 

3.1.2. Drug-loading encapsulation efficiency 259 

Based on our experience with various chemotherapeutics, including doxorubicin and 260 

paclitaxel, we anticipated encapsulation efficiency between 14 - 80%, depending on the starting 261 

concentration and individual drug properties.[43, 45] We also expect the GEM to be encapsulated 262 

within the polymeric shell, given our experience with doxorubicin and its visualization within the 263 

shell via confocal microscopy.[45] Gemcitabine-loaded PLA MBs were used to investigate 264 

loading by the w/o/w emulsion method (Table 1). Encapsulation efficiency ranged from between 265 

8-15%, representing 4.3 – 11.7 µg GEM/mg MB. As observed previously, encapsulation efficiency 266 
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drops off considerably at higher initial loadings, with little advantage in the final loading amount 267 

between 6 and 10 wt% loading of drug.[45] Based on these results, 6 wt% loading was considered 268 

to represent the best compromise between loading and encapsulation efficiency, and 10 wt% 269 

loading was not considered further. 270 

 271 

 272 

3.1.3. Drug sensitivity studies 273 

Having determined the loading at which incorporation of GEM gave the optimal encapsulation 274 

efficiency without compromising MB integrity (6 wt%), a drug sensitivity assay was performed to 275 

verify that microencapsulation by the w/o/w method did not inactivate the GEM, to determine an 276 

optimal MB concentration compared to free GEM, and to investigate the cytotoxicity of products 277 

of GEM-MB insonation to MIA PaCa-2 cells. As expected, due to the need for PLA hydrolysis 278 

for GEM release from the MBs, the profiles for free GEM and PLA-encapsulated GEM differ in 279 

the concentration required to achieve zero cell survival at the completion of the 7 day assay (62.5 280 

nM vs. 500 nM, Figure 3). This is further exacerbated by the presence of cytidine deaminase, both 281 

in the culture medium and intracellularly,[53] which will start to deactivate the GEM by 282 

deamination. We will investigate this possible deactivation mechanism in future studies with this 283 

platform. Unloaded MBs had no significant effect on 7 day survival, including when added at 284 

Table 1: GEM encapsulation based on initial loading (Average ± standard 

error) 

Initial Loading 
GEM Encapsulation 

(µg GEM/mg MB) 

Encapsulation 

Efficiency (%) 

3 wt % 4.3 ± 0.3 10.3 

6 wt % 12.4 ± 0.2 14.8 

10 wt% 11.7 ± 0.1 8.4 



 16 

concentration greater than the equivalent weight of GEM-MBs that resulted in 0% cell survival 285 

(500 nM).  286 

 287 

 288 

Figure 3: Effect of method of presentation of GEM to MIA PaCa-2 cells on cell viability. -X- Free 289 

GEM, -●- Unloaded PLA MBs, -○- US-treated unloaded PLA MBs, -◼︎- GEM-loaded PLA MBs, 290 

-☐- US-treated GEM-loaded PLA MBs (n = 6). 291 

 292 

Both intact GEM-MBs and GEM-MBs previously subjected to ultrasound (nSh) cause 100% 293 

cell death at a GEM concentration 8 fold higher than free GEM (500 nM compared with 62.5 nM, 294 

Figure 3). This raises several possibilities. Firstly, the process of embedding GEM into the 295 

polymers could have compromised GEM function in some way. However, if that is the case, the 296 

GEM is not completely compromised by the encapsulation process in either the intact MBs or US-297 

GEM-MBs, both of which still induce cell death, albeit at a higher concentration. The higher dose 298 

required to achieve 0% cell survival is more likely due to the fact that the GEM-MBs and 299 

ultrasound-treated GEM-MBs are delivering GEM in a controlled fashion, due to the slow process 300 

of polymer hydrolysis, and hence a higher dose is required to eventually achieve the lethal dose in 301 

the culture medium. We might have expected the ultrasound-treated MBs to hydrolyze more 302 
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rapidly, but this was not evident. An alternative explanation could also be that the amount of GEM 303 

in the free GEM (direct weighing of GEM) and the MB samples (derived by MB dissolution and 304 

spectroscopic analysis) are not identical. As mentioned above, there may also be some deactivation 305 

of the GEM being released from the polymer due to the presence of cytidine deaminase in the cell 306 

culture medium. An unexpected result came from the observation that unloaded ultrasound-treated 307 

MBs (Fig. 3, hollow -○-) track along with the profile of empty MBs up to equivalent polymer 308 

weight of the “500 nM” samples, then cause a massive decline in cell survival at increasingly 309 

higher doses, approaching 1000 nM equivalent weight. The robustness of this result was reinforced 310 

by the fact that identical results were obtained when repeating the study with Panc1 cells (Figure 311 

S1).  312 

 At these very high particle concentrations, the empty MB fragments may be undergoing 313 

endocytosis by the cells at concentrations that cause cell death. One possible scenario, suggested 314 

by others in the literature, is that endocytosed polymeric nanoparticles escape rapidly from the 315 

endo-lysosomal compartment by selective reversal of the surface charge from anionic to cationic 316 

in the acidic environment, causing the nanoparticles to escape into the cytosol and become 317 

cytotoxic.[54] We have previously observed that doxorubicin-loaded, ultrasound-generated MB 318 

fragments are endocytosed.[43] These toxic effects seen in the nSh, while intriguing and 319 

warranting further investigation, do not appear until very high concentrations of the polymeric 320 

fragments are reached. These concentrations are considerably higher than would be achievable in 321 

a preclinical or clinical setting. It is also important to note that the cells were not directly insonated 322 

in these cytotoxicity tests, but that the MBs were previously treated with ultrasound and the 323 

resulting lyophilized fragments were then exposed to the cells under static conditions.  324 

 325 
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3.2. Incorporation of PEG into the polymeric shell 326 

3.2.1. Effect of PEG-PLA on MB physical characteristics 327 

 Quantified physical characteristics of the PEGylated MBs are summarized in Table 2, 328 

comparing unloaded and loaded PLA MBs and the effect of incorporating PEG-PLA into the shell. 329 

All MB formulations satisfied the criteria for parenteral injection. The unloaded and GEM-loaded 330 

MBs had an average diameter between 1-3 µm, all well below the 8 m diameter accepted as the 331 

upper limit to allow free passage throughout the vasculature, as well as a polydispersity indices 332 

(PDI) below 0.4 (between 0.3 and 0.2), indicating a relatively uniform size distribution. For the 333 

PLA MBs, both 3 wt% (1.3  0.1 m) and 6 wt% GEM MBs (1.4  0.1 m) were significantly 334 

smaller than unloaded MBs (2.2  0.1 m, p < 0.034) as well as from the 10 wt% GEM MBs (2.5 335 

 0.3 m, p< 0.001, not shown). These larger 10% loaded MBs were not significantly different 336 

from the unloaded MBs (p > 0.99). We believe that this lack of size change in the 10 wt% GEM 337 

MBs compared to the unloaded MBs is due to the gross morphological changes that were shown 338 

in the SEM images (cf., Figure 2), which is why these MBs were not pursued further in this study.  339 

 340 

 341 

Table 2: Effect of PEG incorporation on physical characteristics of microbubbles 

(Average ± standard error) 

 Unloaded 

PLA 

PLA with 3 

wt% GEM 

PLA with 6 

wt% GEM 

Unloaded 5% 

PEG-PLA 

5% PEG-

PLA with 3 

wt% GEM 

5% PEG-

PLA with 6 

wt% GEM 
 

Average 

Diameter (µm) 

and 

Polydispersity 

2.2 ± 0.1 1.3 ± 0.1 1.4 ± 0.1 1.9 ± 0.1 2.2 ± 0.1 2.5 ± 0.1  

PDI PDI PDI PDI PDI PDI  

0.2 ± 0.0 0.3 ± 0.0 0.2 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.1 ± 0.0  

Average Zeta 

Potential (mV) 
-23.2 ± 1.1 -34.0 ± 0.8 -34.1 ± 1.2 -32.7 ± 0.3 -22.0 ± 0.9 -17.7 ± 1.1 
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There were no significant differences in PDI for any level of GEM loading (range: 0.2  0.0 to 342 

0.3  0.0, p > 0.57). Incorporating PEG-PLA into the MBs resulted in 6 wt% GEM loading 343 

becoming significantly larger in diameter (2.5  0.1 m) than 3 wt% GEM loading (2.2  0.1 m, 344 

p = 0.008) and unloaded MBs (1.9  0.1 m, p < 0.0001). There was no difference in size between 345 

unloaded PEG-PLA MBs and 3 wt% GEM PEG-PLA MBs (p = 0.07). The unloaded PEG-PLA 346 

MBs had a less uniform distribution than unloaded PLA MBs (p = 0.012), but there was no 347 

difference in PDI between the two formulations for 3 wt% and 6 wt% GEM loading (p > 0.09). 348 

All MBs, irrespective of shell, maintained a negative zeta potential of between -34.1 ± 1.2 and 349 

-17.7 ± 1.1 mV, which will inhibit aggregation upon suspension (Table 2). However, comparison 350 

of data for unloaded MBs indicates that incorporation of PEG into the shell had significant 351 

influence on the zeta potential, moving it from -23.2  1.1 mV to -32.7  0.3 mV (p < 0.0001).  352 

The PLA MBs demonstrated more negative zeta potential upon loading with 3 wt% (-34.0  0.8 353 

mV) and 6 wt% GEM (-34.1  1.2 mV) compared to unloaded MBs (p < 0.002), but there was no 354 

statistical difference between unloaded MBs and 10 wt% GEM MBs (-30.8  0.6 mV, p > 0.99, 355 

not shown). The PEG-PLA MBs loaded with 3 wt% GEM exhibited a less negative zeta potential 356 

than unloaded MBs (-22.0  0.9 mV vs. -32.7  0.3 mV, p < 0.0001). Furthermore, the MBs loaded 357 

with 6 wt% GEM (-17.7  1.1 mV) had a less negative zeta potential than those loaded with 3 wt% 358 

GEM (p = 0.004). However, when compared with their first generation counterparts, both 3 wt% 359 

and 6 wt% GEM resulted in a less negative zeta potential (p < 0.0001). It has been reported that 360 

PLA/PEG co-polymers possess greater hydrophilicity and lower glass transition temperature than 361 

PLA homopolymer,[55] and this in turn also affects the resulting shell properties of our 362 

microbubbles. This undoubtedly also affects the interactions between any incorporated drug and 363 

the polymer, which in turn will affect the zeta potential.  364 
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 365 

3.2.2. Acoustic characteristics 366 

In vitro tank testing of the MBs is a convenient tool to rapidly assess the effect that varying 367 

parameters, such as shell composition and drug loading, have on the acoustic performance. While 368 

not all in vivo conditions are reproduced in this setup, we previously showed that in vitro dose 369 

response curves closely mirror those obtained with the same contrast agent in vivo.[56] 370 

Additionally, we have shown that acoustic backscatter measured in vitro down to 15 dB can give 371 

a readily detectable contrast-enhanced image in vivo.[44] 372 

As with the physical characteristics, addition of PEG to the shell had an effect on acoustic 373 

response, but all values were within our acceptable limits (Table 3).  Adding PEG to the MB shell 374 

reduced the enhancement measured for the initial dose, indicating that fewer echogenic MBs were 375 

present in the sample. 376 

 377 

Table 3:  Summary of acoustic characteristics for PLA and PEG-PLA MBs  

                 (Average ± standard error) 

 Unloaded 

PLA 

PLA with 3 

wt% GEM 

PLA with 6 

wt% GEM 

Unloaded 

5% PEG-

PLA 

5% PEG-

PLA with 3 

wt% GEM 

5% PEG-

PLA with 6 

wt% GEM 
 

Initial 

Enhancement 

(dB) 

15.6 ± 0.7 14.4 ± 0.9 10.5 ± 0.9 13.2 ± 0.7 11.2 ± 0.7 13.7 ± 0.7 

 

 

 

Maximum 

Enhancement 

(dB) 

19.4 ± 0.3 16.6 ± 0.3 14.5 ± 0.7 19.4 ± 0.5 17.6 ± 0.7 15.7 ± 0.5 

 

 

 
In vitro 

Acoustic 

Half-life >15 >15 >15 >15 >15 >15 

 

(Min)  

 378 
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Loading of GEM also influenced echogenicity, being reduced but acceptable compared to 379 

unloaded controls (p=0.0004; Figure 4).[44] The average echogenicity measured at the first MB 380 

dose decreased from 13.2 ± 0.7 dB for unloaded PEG-PLA MBs to 11.2 ± 0.7 for 3 wt% GEM-381 

loaded PEG-PLA MBs, but then rebounded to 13.7 ±  0.7 dB with the 6 wt% PEG-PLA sample. 382 

The maximum achievable response decreased from unloaded through 3 wt% to 6 wt%, being 19.4 383 

± 0.5 dB at a dose of 15 g/mL unloaded MBs, to 17.6 ± 0.7 dB at a dose of 13.5 g/mL for 3 384 

wt% loading, to 15.7 ± 0.5 dB at the 7.5 g/mL dose for 6 wt% loaded samples.   385 

 386 

 387 

Figure 4: Effect of drug loading on in vitro acoustic enhancement with cumulative increasing 388 

dose of PEG-PLA MBs.  -●- Unloaded MBs, -   - 3% GEM, -▲- 6% GEM. (**p = 0.004). 389 

 390 

The individual profiles reflect both intrinsic echogenicity and microbubble populations.  391 

Adding 6 wt% GEM to the shell appears to increase the echogenicity achieved at the first dose, 392 

and shadowing begins to be detectable at ~7.5 µg/mL. Both observations suggest a greater 393 

population of echogenic bubbles, possibly due to production of a larger proportion of intact 394 

bubbles.  395 

In terms of long-term stability within an ultrasound beam (Figure S2), slight loss of 396 

echogenicity was seen at low PNP (approximately 0.45 MPa, mechanical index = 0.15) for all 397 
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MBs, giving an in vitro acoustic half-life (defined as time at which normalized echogenicity 398 

decreases to 0.5) of greater than 15 minutes (Table 3). The stability trends were similar between 399 

PLA and PEG-PLA MBs (data not shown). It is interesting to note that incorporation of GEM was 400 

the major driver in reducing echogenicity for both PLA and PEG-PLA MBs. However, 401 

incorporation of PEG into the MB shell has little effect on the stability in the ultrasound beam. 402 

 403 

3.3. Immunological assay 404 

An assay of C3a activation was conducted to measure the extent to which the immunological 405 

impact of GEM-loaded MBs could be reduced by adding a PEGylated surface. These results are 406 

summarized in Figure 5 and are consistent with our prior findings in unloaded MBs.[47] 407 

The negative controls of PBS, serum, and a mixture of the two registered less than 0.5 ng/mL 408 

activation. Unmodified, unloaded PLA MBs registered the highest C3a activation at 5.5 ng/mL, 409 

but this was reduced to 1.6 ng/mL by addition of 5 wt% PEG into the shell. When GEM was 410 

encapsulated within PEG-PLA MBs at 3 wt%, the activation was not statistically different, but 411 

increasing the GEM in the preparation to 6 wt% produced a value of 3.0 ng/mL (p < 0.0001). Free 412 

GEM, on the other hand, generated around 2.5 ng/mL activation, greater than the 3 wt% GEM 413 

loading but less than the 6 wt% (p = 0.003).  414 

 415 



 23 

 416 

Figure 5: C3a compliment activation assay (n = 3, ***p < 0.0001). 417 

 418 

While very low activation is the goal,[57] even the high loading MBs initiated around 50% 419 

less activation than empty, unmodified PLA MBs. Most PLA micro- and nano-capsules are subject 420 

to these restrictions, and it is thought that an interaction between the PLA carboxylic acid end 421 

groups on the MB surface and the unstable thioester bond in the C3 protein facilitates binding of 422 

the C3 protein to the MB surface, activating the immune response, which may be proportional to 423 

the number of exposed reactive groups.[57-59]  424 

 425 

3.4. Viability studies with PEG-PLA MBs 426 

Monitoring the daily effect of GEM and GEM-MBs on MIA PaCa-2 cells in vitro (Figure 6), 427 

we found that distinguishing effects on cell survival began between day 2 and day 3. Blank MB 428 

have no detrimental effect on cell growth, as expected, where cells continue to proliferate at a rate 429 

equal to or greater than the control (p > 0.99). Blank nSh delayed cell growth for 6 days (p = 0.0002 430 

compared to control), and then cell growth rebounded. The GEM-nSh and blank nSh with 431 

accompanying free GEM had somewhat reduced rates of growth compared to controls (p > 0.36), 432 
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but still did not reduce or halt tumor cell growth. Importantly, by day 3, free GEM, free GEM plus 433 

blank MB, and GEM-loaded MB had all dropped to an average of about 40% survival, dropping 434 

to total loss of viability by day 5 (p < 0.0198). These results suggest that GEM-loaded PEG-PLA 435 

MBs are a viable drug delivery vehicle. Furthermore, this method of assessing in vitro drug release 436 

profiles has advantages over the traditional static release into PBS, since it simultaneously shows 437 

both release and active drug effect.  438 

 439 

 440 

 441 

Figure 6. Effect of method of presentation of GEM to MIA PaCa2 cells on cell viability. -△- 442 

control (no intervention), -●- Unloaded PLA MBs, -○- US-treated unloaded PLA nSh, -X- Free 443 

GEM, - ⧫- Free GEM + Blank MBs, -◊- Free GEM + Blank nSh, -◼︎- GEM-loaded PLA MBs, -444 

☐- US-treated GEM-loaded PLA MBs (n = 6).  445 

 446 

Interestingly, the GEM-MBs treated with ultrasound (nSh) prior to addition to the culture 447 

display a somewhat different effect compared to the GEM-loaded PEG-PLA MBs in the sensitivity 448 
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assay. This may be due to the pre-treated MBs losing encapsulated GEM during the insonation 449 

and lyophilization process, used to create fragments in vitro. The ultrasound-treated unloaded nSh 450 

again display unexpected toxicity, as was observed in the drug sensitivity assays using PLA MBs, 451 

but as with the GEM-loaded ultrasound-treated MBs, the effect was less, and shorter lived than 452 

with the PLA MBs. The difference in the degree of effect could be related to the higher (less 453 

negative) zeta potential displayed by the PEG-MBs used here compared with the PLA MBs used 454 

in the drug sensitivity assays, or the presence of PEG itself, both of which have been shown to 455 

reduce the rate of endocytosis and cytotoxicity.[60]  456 

It is also important to note that in this assay, the free GEM is exposed directly to the MIA 457 

PaCa-2 cells, without having to penetrate a stroma surrounding a tumor nor being subject to 458 

systemic uptake or enzymatic breakdown. Additionally, we were surprised to find that the free 459 

GEM was not as effective in the presence of the blank nSh. We hypothesize that this is due to the 460 

increased surface area of PEG-PLA compared to the intact MBs, which could lead to increased 461 

GEM adsorption into the polymer and away from the cells or formation of a protective polymeric 462 

barrier between the free GEM in the medium and the cells. More research is needed to elucidate 463 

the mechanism behind these results. However, this assay does demonstrate that GEM-loaded MBs 464 

are capable of sustained GEM release and cytotoxicity to MIA PaCa-2 cells in an in vitro 465 

environment.  466 

 467 

3.5. In vivo evaluation 468 

In vivo, administration of PEGylated GEM-MBs was well tolerated and provided substantial 469 

tumoral contrast enhancement (Figure 7). This is clearly visible in Fig. 7B, where the tumor is 470 

delineated and differentiated from the surrounding tissue when infused with GEM-MBs, compared 471 



 26 

to prior to injection (Fig. 7A). Destruction of MBs within the tumor was confirmed by evaluating 472 

differences in enhancement before (B) and after (C) destructive pulses, and MB reperfusion was 473 

observed within tumor tissue for repeated destruction/reperfusion sequences up to approximately 474 

10 minutes following injection, up to the point where contrast was no longer visible to maximize 475 

MB activation and delivery potential. This process causes the burst of the MBs to allow for 476 

extravascular escape of the nSh and their subsequent deposition within the surrounding tumor 477 

tissue to allow for sustained, targeted GEM delivery well beyond the imaging session. Any nSh 478 

not directed into the tumor will continue to circulate and are available for regular nanoparticle 479 

uptake mechanisms such as the enhanced permeability and retention (EPR) effect.  480 

 481 

 482 

Figure 7: Dual ultrasound of a contrast enhanced (left) and B-mode (right) human PDAC xenograft 483 

in a mouse model, MIA PaCa-2. A) GEM-MB are visualized within the tumor (arrow). B) A 4 484 

second, 1.35 mechanical index destructive pulse was delivered to the tumor. C)  Post destructive 485 

pulse displaying an absence of microbubbles within the tumor. Scale bar: 5mm. 486 

 487 
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Monitoring of tumor growth indicated no observable reduction in tumor growth across any of 488 

the treatment groups (Figure 8), indicating insufficient amounts of GEM were able to reach the 489 

tumor tissue.  490 

 491 

 492 

Figure 8: Normalized tumor volume over time in xenograft MIA PaCa-2 mouse model. -△- 493 

Control saline, -●- Unloaded PEG PLA MBs, -◼- GEM-loaded PEG PLA MBs, -☐- US-treated 494 

GEM-loaded PEG PLA MBs, -X- Free GEM (n = 12 mice per group). 495 

 496 

This is expected for the free GEM treatment, given the difficulty in penetrating the surrounding 497 

stroma with free drug. In the case of the GEM MBs, the encapsulated payload was also not 498 

sufficiently high to result in any significant reduction in tumor volume during the observation 499 

period. While tolerability and the ability to locally deliver GEM are encouraging, these findings 500 

point to the need for improved drug loading to achieve in vivo tumor control. We are currently 501 

exploring increasing the drug load by methods other than direct incorporation into the shell, since 502 

we show here that 10 wt% GEM loading results in unacceptable microbubble formation (cf., 503 

Figure 2). To date, we have shown that nanoparticles, such as gold and iron, can be incorporated 504 

into the polymeric shell, and the next step is to pre-coat these nanoparticles with drug.[61]  505 
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 506 

4. Conclusion  507 

Encapsulation of GEM within the shell of polymer MBs resulted in a promising, new design 508 

and methodology involving ultrasound triggering of a drug delivery platform for PDAC, with the 509 

potential to become a viable method of neoadjuvant chemotherapy to treat the population with 510 

pancreatic cancer deemed ineligible for surgical resection. The study showed that these agents 511 

retained acceptable echogenic/acoustic, morphological, and physical properties, when compared 512 

to unloaded MB, and displayed inertial cavitation disruption upon exposure to clinical ultrasound, 513 

while the encapsulated GEM retained its cytotoxicity to MIA PaCa-2 cells in culture. Evidence 514 

from drug sensitivity curves highlighted the requirement for polymer hydrolysis to release the 515 

encapsulated GEM resulting in the need for a high GEM concentration when encapsulated. 516 

Ongoing efforts are in progress to increase GEM loading within the MBs by co-encapsulation of 517 

drug-loaded nanoparticles or therapeutic gases for improved treatment efficacy at the tumor site.  518 

Overall, these functionalized agents represent a first step towards an innovative approach to 519 

overcoming the multiple challenges associated with pancreatic cancer treatment, including the 520 

ability to shield healthy tissues from systemic administration, to effectively deliver therapy to the 521 

tumor tissue using an innovative, dual-functioning platform to create a truly “theranostic” 522 

modality.  523 
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Figure and Table Legends 534 

Figure 1: Representation of ultrasound-triggered delivery of gemcitabine to pancreatic ductal 535 

adenocarcinoma stroma via drug-loaded ultrasound contrast microbubbles (not to scale). 536 

 537 

Figure 2: Scanning electron micrographs showing the effect of increasing GEM loading on PLA 538 

MBs. A) Unloaded MBs, b) 3 wt % loading C) 6 wt % loading D) 10 wt % loading. (Size bar = 5 539 

µm). 540 

 541 

Figure 3: Effect of method of presentation of GEM to MIA PaCa-2 cells on cell viability. -X- Free 542 

GEM, -●- Unloaded PLA MBs, -○- US-treated unloaded PLA MBs, -◼︎- GEM-loaded PLA MBs, 543 

-☐- US-treated GEM-loaded PLA MBs (n = 6). 544 

 545 

Figure 4: Effect of drug loading on in vitro acoustic enhancement with cumulative increasing 546 

dose of PEG-PLA MBs.  -●- Unloaded MBs, -   - 3% GEM, -▲- 6% GEM. (**p = 0.004). 547 

  548 

Figure 5: C3a compliment activation assay (n = 3, ***p < 0.0001). 549 

 550 

Figure 6. Effect of method of presentation of GEM to MIA PaCa2 cells on cell viability. -△- 551 

control (no intervention), -●- Unloaded PLA MBs, -○- US-treated unloaded PLA nSh, -X- Free 552 

GEM, - ⧫- Free GEM + Blank MBs, -◊- Free GEM + Blank nSh, -◼︎- GEM-loaded PLA MBs, -553 

☐- US-treated GEM-loaded PLA MBs (n = 6).  554 

 555 
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Figure 7: Figure 7: Dual ultrasound of a contrast enhanced (left) and B-mode (right) human PDAC 556 

xenograft in a mouse model, MIA PaCa-2. A) GEM-MB are visualized within the tumor (arrow). 557 

B) A 4 second, 1.35 mechanical index destructive pulse was delivered to the tumor. C)  Post 558 

destructive pulse displaying an absence of microbubbles within the tumor. Scale bar: 5mm. 559 

 560 

Figure 8: Normalized tumor volume over time in xenograft MIA PaCa-2 mouse model. -△- 561 

Control saline, -●- Unloaded PEG PLA MBs, -◼- GEM-loaded PEG PLA MBs, -☐- US-treated 562 

GEM-loaded PEG PLA MBs, -X- Free GEM (n = 12 mice per group). 563 

 564 

Table 1: GEM encapsulation based on initial loading (Average ± standard error) 565 

 566 

Table 2: Effect of PEG incorporation on physical characteristics of microbubbles (Average ± 567 

standard error) 568 

 569 

Table 3: Summary of acoustic characteristics for PLA and PEG-PLA MBs (Average ± standard 570 

error) 571 

 572 

  573 
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