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Abstract

Background—Sarcoma accounts for 20% of solid tumors in children. Surgery has significant
morbidity. We hypothesized that delivering chemotherapy directly into tumors through sustained
release silk systems could slow tumor growth.

Methods—Human Ewing sarcoma cells A673 were cultured with vincristine and doxorubicin to
determine half maximal inhibitory concentration (1Csg). Cells were injected into mouse hind leg to
create orthotopic tumors. Tumor volumes were measured using ultrasound. When volume reached
>250mm?3: interventions included: implantation of drug-free silk foam (Control-F), doxorubicin
400ug foam (Dox400-F), vincristine 50g foam (Vin50-F), drug-free silk gel (Control-G),
vincristine 50ug gel (Vin50-G), or single dose intravenous vincristine 50ug (Vin50-1V). End-point
was volume >1,000mm3. Kaplan Meier and ANOVA were used.

Results—ICsg for vincristine and doxorubicin were 0.5ng/mL and 200ng/mL, respectively.
There was no difference between Dox400-F [6+1 days to end point (DTEP)] and Control-F (5+1.3
DTEP). Vin50-F (12.4+3.5 DTEP) had slower growth compared to Control-F (p<0.001), and no
difference between Vin50-F and Vin50-1V (14+0 DTEP). Growth was slowest with Vin50-G,
28+10.3 DTEP compared to all other treatment groups (p<0.05).
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Conclusion—Sustained delivery of vincristine inside the sarcoma tumor with silk gel decreased
tumor growth. Applying this intra-tumoral treatment strategy may potentially decrease the extent
of surgical excision.
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INTRODUCTION

Bone and soft tissue sarcomas comprise about 20% of all extracranial solid tumors in the
pediatric population [1]. There are a number of histologic subtypes of sarcoma, including
rhabdomyosarcoma, the most common soft tissue sarcoma, and Ewing’s Sarcoma and
osteosarcoma, which are the most common malignant bone tumors [2]. A recent review of
the Surveillance Epidemiology and End Results Database (SEER) found that on average 26—
28% have metastatic disease at the time of diagnosis [3]. While overall survival rates have
improved over the past decades, 10-year survival of primary Ewing’s sarcoma is 63% and
only 32% for metastatic disease [3].

Current sarcoma treatment utilizes a multimodal approach and consists of local and systemic
treatment. Local treatment includes surgical resection with adjuvant radiation for tumors
with positive margins or aggressive histologic subtypes [4-7]. In order to achieve a complete
tumor excision for cure, many of the surgical resections are extremely morbid, including hip
disarticulations and amputations [8]. Patient that have undergone limb sparing surgery when
compared to amputation have shown to have better daily competence and were less likely to
need a walking aid [9]. A local treatment method that can decrease the tumor size to
minimize the extent of the surgical resection would significantly improve the quality of life
for these patients.

Sarcoma tumor cells have been responsive to many systemic chemotherapy agents such as
vincristine, doxorubicin, cyclophosphamide or etoposide [10]. Despite being effective,
delivering these chemotherapeutic agents systemically can result in short term complications
such as neuropathies and respiratory insufficiency and long-term complications such as
cardiac dysfunction, limb length discrepancies, and secondary malignancies [11-14].

Responding to the need for decreasing the tumor size while minimizing the side effects of
systemic chemotherapy, many investigators have utilized the local drug delivery approach.
For example, Gliadel®, an FDA approved carmustine wafer is implanted directly over the
tumor resection bed of patients with malignant gliomas [15]. Local delivery of
chemotherapy using a doxorubicin-loaded silk film applied to neuroblastoma has also shown
promise in decreasing tumor growth in animal models [16, 17]. These studies demonstrated
that tumor growth could be slowed by directly delivering chemotherapy to the tumor
resection bed or around the tumor body. Given the success of this treatment strategy, we
hypothesized that delivering chemotherapy directly into an orthotopic sarcoma tumor using
sustained release silk platforms could slow tumor growth.
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2. MATERIALS AND METHODS
2.1 Cell culture

Human Ewing Sarcoma cell line, A673 (ATCC, Manassas, VA), was cultured in Dulbecco’s
Modified Eagle’s Medium supplemented with 10% fetal bovine serum, 100 1U/ml penicillin,
and 100-pg/ml streptomycin. All cells were maintained in a 5% CO5, atmosphere at 37°C
and trypsin-passaged at 80% confluence.

2.2 In vitro cytotoxicity

A673 cells were plated in 96-well plates at 10,000 cells per well and allowed to attach and
adhere overnight. Cells were then exposed to varying concentrations of doxorubicin or
vincristine for two days. AlamarBlue® assay (Invitrogen, Carlsbad, CA) was used to
evaluate cell viability following the manufacturer’s protocol.

2.3 Silk fibroin extraction

Silk fibroin from Bombyx mori cocoons was isolated as previously described [18]. Briefly,
cocoons were cut into approximately 1 cm? pieces and boiled in 0.02 M NaCOj5 for 30 or 60
minutes to remove the sericin protein. Silk fibroin fibers were rinse in deionized water and
allowed to air dry. Silk fibroin fibers were dissolved in 9.3 M LiBr at 60°C for 4-hours
followed by dialysis (Pierce 3.4 kDa MWCO dialysis cassette; Fisher Scientific, Pittsburg,
PA\) for 2 days against deionized water (PicoPure® water purification system; Hydro Service
and Supplies, Durham, NC). The aqueous silk fibroin (hereafter referred to as silk) solution
was stored at 4°C until use.

2.4 Vincristine-loaded silk gels

A 6% (w/v) and 8% (w/v) solution of 60 minutes and 30 minutes extracted silk was filter
sterilized. Silk solutions were handled aseptically for the remaining sample preparation
steps. The silk solutions were sonicated using a Branson Digital Sonifier 450 (Branson
Ultrasonics, Danbury, CT, USA) following previously published protocols [19]. After
sonication, the silk solutions were placed on ice to slow gelation. Twenty microliters of the
60 minutes extract pre-gel was aspirated into a 0.5 mL insulin syringe and allowed to gel at
60°C. Vincristine (5 mg/mL in deionized water) was added to the 30 minutes extracted pre-
gel to a final concentration of 312.5 pg/mL and 625 pg/mL. The final silk concentration was
brought to 6% (w/v) using sterile deionized water. Eighty microliters of the vincristine-
loaded pre-gel was aspirated into the previously prepared syringes and allowed to
completely gel at room temperature overnight. The final vincristine amount was 25 ug
(Vin25-G) or 50 pg (Vin50-G) per syringe.

2.5 Doxorubicin-loaded silk foams

A 6% (w/v) solution of 30 minutes extracted silk was prepared. One hundred and fifty
microliters of the silk solution was pipetted into wells of a 96-well plate, frozen at —-80°C
and lyophilized. The lyophilized silk foams were autoclaved to render the silk foams
insoluble and sterile. Under aseptic conditions, silk foams were immersed in an aqueous
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solution of 400 pg/mL doxorubicin hydrochloride. Doxorubicin was allowed to bind to the
silk foam for one week [20, 21].

2.6 Animal model

All mouse procedures were performed in accordance with University of Illinois’
recommendations for the care and use of animals and were maintained and handled under
protocols approved by the Institutional Animal Care and Use Committee. All procedures
were performed with female NCr nude mice (Harlan, Indianapolis, IN) at 7 weeks of age.
Procedures and ultrasound measurements were performed under general anesthesia using
isoflurane inhalation.

108 human Ewing sarcoma A673 cells were concentrated in 2uL of phosphate buffered
saline (PBS). These cells were then injected into the right hind leg muscle of the mouse
using a 30G needle. Tumor formation was followed by non-invasive ultrasound
measurements, and the animals were euthanized when the tumor volume exceeded 1,000
mm?3. The tumors and organs were removed and processed as detailed below.

2.7 Implantation of silk foam into sarcoma tumor

Implantation of all silk foams was the same for foams loaded with doxorubicin 400 ug
(Dox400-F), vincristine 50 pg (Vin50-F), or drug free, control (Control-F). There were
between five to eight animals per group. When the tumor volume reached 300 mm3, animals
were randomly selected for foam implantation. General anesthesia was induced with
xylazine and ketamine, and an incision was made over the tumor of the mouse right hind leg.
Dissection was carried down to the tumor capsule. Using electrocautery, the tumor capsule
was incised, and a pocket just large enough to fit the foam was created within the tumor. The
foam was then placed within the tumor, and the tumor capsule was closed using vicryl
suture. The fascia and skin were closed in two layers.

2.8 Injection of silk gel into sarcoma tumor

Once tumor volume reached 300mms3 based on ultrasound measurements, animals were
randomly selected for injection of silk gels loaded with either no drug (Control-G) or 50ug
vincristine (Vin50-G). There were seven and eight mice in each group, respectively. With
ultrasound visualization, a 29-gauge needle was inserted into the middle of the tumor and a
gel load was injected. Each injected load had 20 pL of drug free silk gel to act as a cap at the
end of the injection to prevent leakage of drug-loaded gel.

2.9 Intravenous chemotherapy administration

To serve as a control group, five animals received intravenous administration of a single
equivalent dose of vincristine. When tumor volumes reached 300mms3, 50 pg of vincristine
was injected via the tail vein.

2.10 High frequency ultrasound

After securing the mouse in a prone position, a VisualSonics Vevo 2100 sonographic probe
(Toronto, Ontario, Canada) was applied to the right hind leg to locate the tumor. Serial cross-
sectional images (0.076 mm between images) were taken. The tumor volume was measured
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using the 3-D reconstruction tool (Vevo Software v1.6.0, Toronto, Ontario, Canada). Tumor
volume was measured weekly until end-points were met.

2.11 Histologic evaluation

When the animals met their end points, the tumors were excised and fixed in formalin. These
were then serially dehydrated and embedded in paraffin. Five-micron slices were made and
placed on glass slides. Hematoxylin and eosin (H&E) staining was performed and the slides
were examined under light microscopy.

2.12 Statistical analysis

Data analysis was performed using Graph Pad Prism 4 (La Jolla, CA). Kaplan Meier
survival curves were used to analyze survival differences among the various treatment
groups. Additionally, ANOVA with Tukey’s Multiple Comparison test was used to analyze
difference among days for tumor volume to reach greater than 1000mm?3. A p value of <0.05
was considered significant.

3 RESULTS

3.1 In vitro cytotoxicity of vincristine and doxorubicin

Ewing sarcoma A673 cells were exposed to varying doses of vincristine and doxorubicin for
two days to determine the drug cytotoxicity. The half maximal inhibitory concentration
(ICsp), or the amount of drug needed to kill 50% of the cells, for vincristine and doxorubicin
was 0.5 ng/mL and 200 ng/mL, respectively (Figure 1). Based on these findings and our
previous drug delivery studies with a neuroblastoma model, 400 pg of doxorubicin and 50
ug of vincristine were loaded into the silk delivery systems [16].

3.2 In vivo tumor growth

Tumors were successfully established in all but one animal injected with A673 cells.
Ultrasound was able to detect tumors prior to being visible on physical examination (Figure
2a). On ultrasound, tumors were well circumscribed and embedded within the normal
muscle. The tumor did not appear to be invading the surrounding structures (Figure 2b). On
average, tumors were identified 11.5 + 1.7 days post injection, and the tumors took 22.6

+ 1.9 days to reach >1000mm?3 without any intervention. At the time of necropsy no animal
had evidence of gross metastatic disease.

3.3 Tumor response to silk foam treatment

The silk foam was readily identifiable within the tumors (Figure 2e). Tumors implanted with
Control-F took 5 + 1.3 days to reach >1,000 mm3. Tumors implanted with Dox400-F took 6
+ 1 day for tumor volume to reach >1,000 mm3, which was no different than Control-F (p =
0.13). Tumors implanted with Vin50-F took 12.4 + 3.5 days to reach >1,000 mm3,
significantly slower than Control-F treated tumors (p = 0.01). Vin50-1V treated tumors took
14 + 0 days to reach >1,000 mm?3, which was not significantly different compared to those
treated with Vin50-F (p > 0.05) (Figure 3a). The tumor size of each treatment group was
plotted against days after treatment (Figure 3b).
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3.4 Tumor response to silk gel treatment

Given that Vin50-F had successfully slowed tumor grow, we next aimed to improve the
delivery procedure and eliminate the open procedure associated with foam implantation.
Under ultrasound guidance, silk gel was percutaneously injected into the center of the tumor
(Figure 2f and 2g). Tumors treated with Control-G reach >1,000 mm? 7.8 + 1.4 days post
injection, not significantly different than Control-F treated tumors. Tumors treated with
Vin50-G took 28 + 10.3 days to reach 1,000 mm3. This was significantly longer than that of
Control-G (p<0.001), Control-F (p<0.001), Vin50-1V (p<0.01), and Vin50-F (p<0.001)
(Figure 3a). Vin100-G was evaluated; however, within the first week post administration, the
mice lost an average of 26.5% of their initial weight. This treatment was considered too
toxic and experiments were not continued (data not shown).

3.5 Survival among all treatment groups

The overall survival of all animals was analyzed. We found that treatment with Vin50-G
produced significantly longer survival compared to all other groups (p<0.001). (Figure 3a)

3.6 Histology

H&E staining of untreated tumors demonstrated the classic small round blue cell features
seen with Ewing Sarcoma. This morphology was maintained in tumors treated with Control-
G (Figure 4c). The gel was identifiable within the tumor. The tumor abutting the control gel
was still viable. Vin50-G treated tumors also demonstrated the small round blue cells. The
gel could be identified within the tumor, with macrophages forming around the gel.
Additionally, the necrosis rate in this tumor was 5-10%. There were no clear mitotic figures
identified within the vincristine-treated tumor samples (Figure 4d).

4 DISCUSSION

We have demonstrated that development of a mouse orthotopic model of Ewing sarcoma
using cell line A673. Ultrasound monitoring was a reliable method to track tumor growth,
with detection prior to being appreciable on gross examination. While doxorubicin foam did
not alter tumor growth, we found that 50 pg of vincristine in either silk foam or gel systems
decreased tumor growth compared to control. The gel delivery of vincristine achieved the
slowest tumor growth.

We found that treatment with doxorubicin-loaded foam was not effective in decreasing
tumor growth. A possible explanation could be due to the high ICgy concentration of
doxorubicin and insufficient amount of free-drug being delivered for tumor kill.
Additionally, since doxorubicin is a frequent drug of choice for patients with sarcoma, this
A673 cell lines may have previously been treated with doxorubicin prior to being cultured.

Barriers to delivering chemotherapy to solid tumors include the robust extracellular matrix
architecture of the tumor as well as the variable distance of the vessels throughout the tumor
[22]. Waite et al. described that higher concentrations of systemic chemotherapy to achieve
appropriate intratumoral levels were needed due to the dense extracellular matrix
surrounding solid tumors[22]. Additionally, the vascular bed becomes less evenly distributed
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as tumor cells proliferate [23]. The use of intratumoral drug delivery overcomes the
extracellular matrix and fibrous capsule by directly penetrating into the tumor. Given the
challenges with drug permeability to solid tumors, local delivery can be used in many
different aspects of the treatment, such as during control of the primary disease. When
feasible, primary resection has been shown to have superior outcomes compared to tumors
treated solely with radiation for local control [24]. Another drawback to surgical resection is
the potential limb morbidity resulting in the need for limb amputation. While, there have
been many advances in prosthetics and grafting, long term risks of infection and graft failure
still remain [7, 25]. Treatment of the tumor, initially or post-resection, with local drug
therapy could decrease the surgical burden, sparing the need for extensive high dosing
radiation therapy and potentially reducing the prevalence of limb amputation.

The most frequent site of metastatic disease in sarcoma is the lungs. It has been well
demonstrated that pulmonary metastasectomy is associated with improved overall survival
for patients with sarcoma [26]. However, metastasectomy often requires a thoracotomy,
which is associated with significant perioperative pain, and induce long-term chronic pain
among some patients [27]. Long term follow up after bilateral pulmonary metastasectomy
has demonstrated that there is also impaired pulmonary function, with a reduction as high as
40% in forced vital capacity and forced expiratory volume at one minute [28]. Application
of local drug delivery to these lesions with intra-tumoral sustained release gel is another
potential treatment option that could limit the need for thoracotomy. Image guidance would
allow for a significantly less invasive approach and reduce the morbidity of a thoracotomy.
The ability to use percutaneous administration of gel could also minimize general
anesthetics needed, which has been shown in young children to be associated with moderate
risk of neurodevelopmental disorders [29].

Local drug delivery in sarcoma has been previously reported. Monterrubio et al. described
implanting a matrix loaded with SN-38 after subtotal sarcoma tumor resection in a mouse
xenograft model and achieved significantly delayed tumor growth [30]. SN-38 was loaded
into a nano-fiber matrix and delivered to the resection bed of sarcomas. The matrix released
almost the entire concentration of SN-38 over the first 24 hours. This was contrasted with
our model where the drug delivery was maintained over a longer period of time, resulting in
sustained tumor Kill. Ren et al also treated sarcoma tumors by delivering 5-FU using a
biodegradable micro-device made out of poly-(lactic-co-glycolic) acid with some success
[31]. While these studies and our current report employ different delivery systems, all have
shown that intra-tumoral delivery of chemotherapy can successfully decrease tumor growth,
demonstrating that this is a viable treatment strategy.

Treatment with local therapy will not eliminate the need for systemic chemotherapy. The
ideal combination of local and systemic therapy needs to be investigated for optimal
therapeutic benefit. The possibility of reducing the overall systemic dose needed could
minimize system toxicity and lifelong morbidity associated with chemotherapy.

In conclusion, we found that delivering vincristine-loaded sustained release silk materials
into the center of a sarcoma tumor slowed tumor growth. Loading target cancer therapeutics
or a combination of drugs into the silk delivery system could be a new mode of treatment for
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patients diagnosed with sarcoma. Studies on the pharmacokinetics of the drug delivered
locally using the silk delivery system will be needed to validate this approach for clinical
use.
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Figure 1. In vitro cellular cytotoxicity induced by vincristine and doxorubicin treatment
A673 cells were exposed to increasing concentrations of (A) vincristine and (B) doxorubicin

for two days.
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Figure 2. Implantation of silk platforms
A. Gross appearance of right hind leg tumor B. Representative ultrasound image showing a

well circumscribe tumor with normal surrounding muscle. C. A pocket was created within
the tumor prior to foam implantation. D. The foam was inserted into the pocket. E. After
foam implantation, the foam (*) was detected within the tumor using ultrasound. F.
Ultrasound guided injection of silk gel, with arrow demonstrating the needle within the
tumor. G. After injection, the gel [denoted with (#)] was identified within the tumor.
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Figure 3. Tumor growth analysis
A. Days for tumor to reach >1000mm? was slowest with animals treated with Vin50-G. B.

The tumor size of different treatment groups over time was plotted. Tumors treated with
Vin50-G had the slowest tumor growth compared to all other treatment groups.
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Figure 4. Histology
A. Untreated sarcoma tumor that demonstrated small round blue cells, with some areas of

necrosis within the tumor. B. Sarcoma treated with foam (#), demonstrating some necrosis
adjacent to the foam. C. Pleomorphic tumor cells adjacent to control gel (*). D. Vin50-G (*)
with inflammatory infiltration and tumor beyond gel.
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