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Abstract

The effect of size and release kinetics of doxorubicin-nanoparticles on anti-tumor efficacy was
evaluated in a panel of human cancer cell lines, including triple-negative breast cancer (TNBC)
cells that frequently demonstrate resistance to doxorubicin. Different nano-formulations of sol-gel-
based Doxorubicin containing nanoparticles were synthesized. Increased cell kill in
chemoreffactory triple-negative breast cancer cells was associated with the smallest size of
nanoparticles and the slowest release of Dox. Modeling of dose-response parameters in Dox-
sensitive versus Dox-resistant lines demonstrated increased Epsqx and area under the curve in Dox-
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resistant mesenchymal TNBC cells, implying potentially favorable activity in this molecular
subtype of breast cancer. Mesenchymal TNBC cells demonstrated a high rate of fluorescent bead
uptake suggestive of increased endocytosis, which may partially account for the enhanced efficacy
of Dox-np in this subtype. Thus, manipulation of size and release kinetics of this nanoparticle
platform is associated with enhanced dose-response metrics and tumor cell kill in therapeutically
recalcitrant TNBC cell models. This platform is easily customizable and warrants further
exploration.
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Purpose and Rationale

The purpose of this study was to synthesize and characterize a nanoparticle carrier for
doxorubicin (Dox) and evaluate its biologic activity against a range of human cancer cell
lines, focusing on TNBC in particular. Our goal was to investigate the pre-clinical anti-tumor
activity of Dox-np relative to the parent drug.

Introduction

Doxorubicin, is a well-known anthracycline used primarily in combination chemotherapy for
numerous malignancies, notably breast cancer, particularly triple-negative breast cancer
(TNBC). The majority of TNBC patients receive a combination of taxane, doxorubicin and
cyclophosphamide (TAC), as preoperative neoadjuvant chemotherapy, of which 25-45%
achieve pathologic complete response (pCR) and have excellent long-term prognosis (1).
Patients who fail TAC have poor prognosis with limited post-operative treatment options
available (2). Response to TAC is predominately influenced by the molecular subtype of
TNBC (3-5) of which mesenchymal (M) and BL2 tumors have the poorest response and
long-term survival due to metastatic biology (2, 4), highlighting an unmet clinical need.

Encapsulation of Dox in a biocompatible nanoparticle platform could expand its narrow
therapeutic index (6), enabling slow and sustained release of contents. This has the potential
to limit toxicity since the theoretical maximum amount of drug is never in circulation at one
time. The most well-known approach to nanoencapsulation of Dox is liposomal doxorubicin
(Doxil®), FDA-approved in 1995 for Kaposi’s sarcoma. Despite proven clinical superiority
and improved tolerability of liposomal doxorubicin, unigue adverse events emerged with use
(7). In an attempt to further refine Dox delivery, we utilized a sol-gel polymerization
technique to create silane composite nanoparticles (8, 9). The platform was modified from a
sol-gel-based protocol shown to successfully incorporate a range of therapeutic agents,
including amphotericin (10) and sildenafil (11). These particles are formed from amorphous
silicon oxide materials that polymerize into a highly structured porous lattice. The large
surface area allows for greater drug loading as compared to liposomes (12), and the pore size
distribution can be modified to alter the release rate of the encapsulated drug (13). Here we
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describe their synthesis and enhanced anti-cancer activity, relative to Dox, in cancer cell
lines.

Materials and Methods

Synthesis of Dox nanoparticles (Dox-np)

Results

Clinical grade doxorubicin hydrochloride solution (2 mg/mL) was obtained from Pfizer
(New York, NY). A hydrogel/glass composite incorporating Dox as the active component
was produced as follows: Tetramethyl orthosilicate (TMOS) was hydrolyzed by adding HCI,
followed by 20-minute sonication in an ice water bath. The mixture was refrigerated at 4°C
until monophasic. Subsequently, different ratios of Tris-buffered saline and methanol were
combined with chitosan, polyethylene glycol, doxorubicin (2 mg/mL), and TMOS-HCI to
induce sample polymerization overnight at 4°C (see Table 1 for quantities).

The percent concentration of methanol utilized in Dox-np synthesis was 0%, 40%, 60%, and
80% (represented as Dox-np A0, A40, A60, A80). The hydrogel was subsequently
lyophilized at ~200 mTorr for 48—72 hours and the resultant powder processed in a ball mill
for ten 30-minute cycles to achieve smaller size and more uniform distribution. Control
nanoparticles (control-np) were synthesized identically but without the incorporation of
Dox.

(See Supplemental Information for additional methods.)

Dox-np Diameter Characterization

Different variants of Dox-np were synthesized by changing the percent concentration of
methanol in the gel phase (Table 1). However, once lyophilized, methanol was removed
from the final product, abrogating potential cytotoxicity. The change in size of Dox-np as a
function of initial methanol content was determined using dynamic light scattering. Imaging
of Dox-np with a scanning electron microscope exhibited a distinct spherical structure with
an irregular surface morphology, as shown in Figure 1A. The most significant differences
were observed with the Dox-np (A0) and (A80), with an average diameter of 118.6 and
103.4 nm, respectively (Figure 1B).

Dox-np Release Profile

The amount of encapsulated Dox based on release in DMSO was calculated to be 14.5+0.35
ug/ml. The effect of temperature on the release profile of Dox-np was assessed by measuring
the spectrophotometric absorbance of a Dox-np solution over time at both 4 and 37°C.
Temperatures were selected to simulate storage and in vivo conditions, respectively.

At 4 °C, Dox-np (AO) immediately released 24.6% of encapsulated Dox in solution (t=0
hours) with no further release over 48 hours. In comparison, Dox-np (A80) initially released
11.9% with no further release over time (Figure 1C).

Precis Nanomed. Author manuscript; available in PMC 2019 April 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Krausz et al.

Page 4

Increasing the temperature to 37°C prompted the continuous release of Dox from the porous
matrix in a controlled manner (Figure 1D). The curve for both nano-formulations was
characterized by an initial accelerated release from t=0 until t=6 hours, followed by a
gradual increase until steady state was reached at 24 hours. Dox-np (A80) had a slower rate
of release compared to Dox-np (A0), with lower maximum release after 48 hours. At t=0
hours, Dox-np (AOQ) released 37.5%, increasing to 60% at 6 hours and reaching a steady state
by 24 hours of 68.3%. In comparison, at t=0 Dox-np (A80) released 17.2%, increasing to
31.7% at 6 hours and reaching a steady state by 24 hours of 44.1% release. Since, Dox-np
(A80) had a slower release curve compared to Dox-np (A60) and (A40 — not shown). Future
cell-based experiments focused mainly on A0 and A80.

Overall, the addition of methanol during Dox-np synthesis correlated with both decreased
particle size, and slower initial and maximal release of encapsulated Dox, relative to Dox-np
synthesized in the absence of methanol (A0)

Anti-Tumor Efficacy of Dox-np In Cells

We evaluated in-cell activity using multiparametric dose-response modeling in a panel of
genetically diverse cancer cell lines. This approach generates metrics to facilitate robust
comparison of Dox versus Dox-np using area under the curve (AUC), Epax and ECsg as
read outs of anti-cancer activity (14). Although ECsq is a commonly used metric of potency,
it usually reflects a dose that suppresses proliferation. Dose-response curves for all cell lines
indicated substantial variation between Dox, Dox-np (AQ) and Dox-np (A80), as shown in
Figure 2A.

High variation was observed for Dox such that curves dichotomized according to steep
versus shallow slope, demarcating sensitive (S) and resistant (R) cohorts, respectively. This
trend was also apparent for Dox-np (A0); however, Dox-np (A80) dose-response curves
were steeper in the resistant cohort specifically, generating a more uniform dose-response
relationship across all cell lines (Figure 2A). Dose-response parameters computed from
sigmoidal dose-response curves are summarized in Table 2. Median values across all cell
lines (black horizontal line) are depicted as box and whisker plots showing interquartile
range (boxes) and variance (bars extending to 1.5x the interquartile range (Figure 2B). This
analysis indicated increased AUC and Ep,ax for Dox-np (AO and A80) relative to Dox,
although only Epax reached statistical significance (£ < 0.05; Wilcoxon signed rank test,
Dox-np (A80) versus Dox). However, median ECg increased for Dox-np, consistent with
decreased sensitivity at doses associated with suppression of proliferation. Thus,
improvements in dose-response parameters occurred at the high concentration range.

To facilitate a more nuanced evaluation of sensitive and resistant cohorts, dose-response
parameters were recomputed for these 2 groups and box plots redrawn (Figure 2C).
Resistant lines (SUM149PT, Hs578T and MDA-MB-157) were BL2 and mesenchymal (M)
subtypes of TNBC that represent types of disease with aggressive, metastatic tumor biology
(15). Dox-np (A80) had statistically significantly increased Eyay relative to Dox in the
resistant cohort (P < 0.001; Wilcoxon signed rank test) and slightly increased AUC and
decreased ECsg, consistent with improved anti-tumor activity overall. In the sensitive cohort,
Dox had comparable ECpjax as Dox-np, while AUC and ECsg values showed decreased
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effect of Dox-np relative to Dox. This lack of sensitization by Dox-np in sensitive cohorts is
also shown in dose-response curves for individual cell lines (Figure S1). Thus, Dox-np has
superior efficacy specifically in BL2 and M subtypes of TNBC in vitro.

Dox-np Has Superior Tumor Cell Kill in BL2 and M Subtypes of Breast Cancer

High-dose Dox-np (A80) caused enhanced tumor cell Kill in chemoresistant TNBC cell lines
(Figure 3). Dox was unable to elicit the same degree of tumor cell kill at equivalent
concentrations (800nM). At lower doses (100nM), the difference in survival between Dox
and Dox-np was not remarkable, consistent with other data indicating that the superiority of
Dox-np is limited to high concentrations.

Increased Endocytosis as a Mechanism for Superior Efficacy of Dox-np

Nanoparticles are thought to be taken into cells via endocytosis (16), although understanding
nanoparticle uptake remains a challenge in the field. To address differences in uptake
between TNBC subtypes, we used fluorescent beads as a surrogate to monitor Dox-np
uptake. Both M type cell lines (Hs578T and MDA-MB-157) incorporated significantly more
beads than BL1 and unclassified (UN) subtypes (Table 3 and Figure S2), implying increased
endocytosis in Dox-refractory M type TNBC cells. This associates with the superior Epax
and high rate of cell death by Dox-np in these cells and could offer mechanistic insight for
future studies.

Discussion and Conclusion

The need to develop and test therapies with superior therapeutic index is a driving force in
modern cancer drug development as we advance toward treating cancer as a chronic
condition. An exciting advance is the development of nanoparticle technology, exemplified
by the clinical success of Doxil and Abraxane. The enthusiasm surrounding nanotechnology
centers on the potential to modulate pharmacokinetics to enhance drug delivery and
pharmacodynamics, while reducing systemic toxicity. We synthesized a malleable
nanoparticle capable of releasing Dox in a time- and dose-regulated manner. A major benefit
of nanotechnology such as ours is the ability to customize various elements involved in
synthesis, in this case, manipulating initial methanol content, which significantly affected
performance parameters including size and release rate and correlated with improved in vitro
activity.

Tris-buffered saline possesses amines that block silanol interactions between nanoparticles
thereby inhibiting aggregation, which would otherwise impair the EPR effect and diminish
ability to accumulate in tumor tissue. Enhanced reduction of individual particle size was
achieved by choosing TMOS and methanol as the alkoxide and alcohol, respectively, as each
contributes independently to minimization of size (17). Polyethylene glycol (PEG) was
incorporated into the body of the nanoparticle as it has been demonstrated that PEG controls
the pore size in the sol-gel matrix of our platform and thus is the primary effector of release
characteristics (12, 18). As a steric stabilizer, PEG also contributes to maintaining small
individual particle size by interfering with inter-particle hydrogen bonding to decrease
nanoparticle aggregation (19).
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The cellular mechanism that results in improved anti-tumor efficacy of nanoparticle
formulations of cytotoxic drugs relative to free drug is multifactorial and includes
enhanced permeation and retention (EPR) effects highly dependent on tumor
microenvironment, increased uptake into cells via endocytosis, and circumvention of
drug transporter activation / recruitment, such as ABC family transporters including Pgp
(20, 21). The most impressive anti-tumor property of Dox-np is the potent cell-kill ability
in refractory TNBC cell lines representative of disease with unmet clinical need. Thus,
these are translationally significant findings that warrant future in vivo evaluation of Dox-

np.
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Figurel.

Characterization of Dox-np Size and Effect of Temperature on Doxorubicin Release. (A)
Representative scanning electron microscopy images of Dox-np particles. (B)
Hydrodynamic diameter of nanoparticles assessed via dynamic light scattering revealed
decreasing nanoparticle size with increasing methanol content. Scale bar = 200 nm, n=2. (C)
At 4°C, minimal Dox was released in an initial burst at t = 0 hours with no further release
over 48 hours. (D) At 37°C, Dox was released from the nanoparticle matrix with an
acceleration from t=0-6 hours, followed by a gradual increase until steady state at 24 hours.
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Dox-np (A80) had a slower rate of release compared to Dox-np (A0), with lower maximum
release after 48 hours. As depicted, theoretical maximum release was never achieved. Error
bars denote x * sem. n=2.
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Breast Cancer (TNBC). (A) Dose-response curves representing different variation in dose-
response relationships. Patterns of dose-response are shown for Dox, Dox-np (A0) and Dox-
np (A80). Each curve represents a dataset for one cell line. High variation was observed for

doxorubicin and curves separate into 2 cohorts representing sensitive (S) and resistant (R)

lines. This separation was also evident for Dox-np (A0). Dox-np (A80) gave a more uniform
distribution. (B) Distribution of dose-response parameters AUC, Epq and ECsp for Dox-np
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(A80) relative to Dox, or Dox-np (A0) across 6 cancer cell lines. Values were computed
from sigmoidal dose-response simulations and drawn as box and whisker plots showing
median value (black horizontal line) with interquartile range (boxes). Bars extending to 1.5x
the interquartile range indicate variance. Among all cell lines, Epx is most improved
relative to Dox. (C) Distribution of dose-response parameters segregated according to Dox
resistance or sensitivity. Resistant lines were mesenchymal TNBC’s (BL2 and M subtype).
Dox-np (A80) had statistically significantly superior Ey relative to Dox in the resistant
cohort (P < 0.0001,; Wilcoxon signed rank test) with slightly increased AUC (P=NS) and
statistically significantly decreased ECsp(P < 0.005; Wilcoxon signed rank test), consistent
with improved anticancer activity overall. Outliers are shown as non-connected data points
in the plots.
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Asynchronous

Figure 3.
Emax Doses of Dox-np Cause Enhanced Cell Death Relative to Doxorubicin in

Chemorefractory Triple-Negative Breast Cancer (TNBC). Surviving TNBC cells in (A)
SUM149PT, (B) Hs578T, and (C) MDA-MB-157 following incubation with either Dox-np
(A80) or Dox. Representative images were obtained from SRB-stained plates, as described
in Materials and Methods (10x magnification).

Precis Nanomed. Author manuscript; available in PMC 2019 April 25.



Page 14

Krausz et al.

“|1e3ap [euonippe 104 spoyrow 8as “AjaAnoadsal ((00TVY) pue (08Y)
‘(09v) ‘(0vV) ‘(0W) du-xoQ 03 puodsaliod JUaIU0I [OURYISW %00T PUB %08 ‘%09 ‘%01 ‘%0 "Sa|dwes Jualajlip UsaMiag pasealdul Sem [OUBLIaW JO UOITeIuUadu0d Juadlad ay) ‘aseyd uonezuawAjod ayy uj

(INWT) 1OH TW 90

IOH W90

(WWT) [OH TW 90

(WWT) [OH TW 90

SONLTWE

SONLTWE

SONLTWE

(WWT) [OH TW 90

SONLTWeE

(qw/bwiz) urpAwenpe Jw z

(w/Bwgz) upAwerpe Jw g

(w/Bwyg) upAwerpe Jw g

SONLTWE

(Jw/Bwz) uroAwrenpe Jw z

007 ©93d W S'T

007 93d MW S'T

007 93d W S'T

(Jw/Bwz) uroAwenpe Jw z

007 93d W §'T

UBSONYO [W G'T

UBSONYO |W §'T

UBSONYO |W G'T

007 93d W S'T

UesONYO W G'T

[ouBLIBW TW Z'6T

JouByIaW W ¥'¥T

JouByIBW W 9'6

(Jw/Big) uesonyd W G'T

[ouBLIaW TW ¥Z

(INwG) su1 w gz

(WwQS) suL w92

(INWOG) su1 W 2T

(Wwps) su1 Wi zg

sapo1redouveu HO® N %00T

sa[o1redouveu HOB N %08

so[o11sedoueu HOBIN %09

so[o11sedoueu HOB N %0V

sooiisedoueu HO®IN %0

Author Manuscript

‘T al1qeL

Author Manuscript

JoueyIaW JO suonenuaduod Bulkiea yum pazisayiuAs du-xoQq

Author Manuscript

Author Manuscript

Precis Nanomed. Author manuscript; available in PMC 2019 April 25.



Page 15

Krausz et al.

"BLUOUI24BD BuN| [130 [[ews-UON — DTOSN ‘[RWAYOUSSaIN — I ‘2 aI|-Jesed — Z19 T a1-Jeseg — 719 ‘190ues 1seaiq aanefau ajdul — DGNL

"X0Q 0} dAIFe[al ‘Saul] |99 8y} Ul
XBINIg Joiiadns Ajjeairewelp payesisuowap (08Y) du-xoQ ‘[eAIAINS |[eIaA0 Jood aAey pue d1jeIseIsw aJe ey DGN.L J0 sadAigns Jejndsjow ale pue 1oyod Juesisal ayl wasaldal Aa16 ul pawybiybiy saul| 190
‘(Aouayod Jo aunseaw e) 0503 pue (sAInd asuodsal-asop ayl Japun eale) DNV ‘(Aoediys Jo ainseaw e) XBWZ Buipnjoul ‘saul| 1189 19oued 9 SS0JIR SIL1aW Jo uoleindwod pajqeus Buljapow asuodsay-asoq

ar'g 1€V ag'e 1A% €60 180 ATH _ ueLrerO
vEY e v0'S 9z's S6°0 060 6YSY _ O710SN
€T'S 68°€ €ey 10'S G6°0 68°0 | 89r-9N-VAW _ 178-08NL
26'9 €9'6 20 26T 080 050 | ZST-9N-VAW _ N-OENL
99°, a8 112 10T 88°0 89°0 18/GSH _ N-OENL
9g’L €6'S e 66'T 88°0 250 Ld6|wns 2718-08NL

(08v) du-xo@g | xoa | (08v) du-xoa | xo@ | (08v)du-xo@ | xoQ auI 1pD adA L Jowny
(%6o7) %503 ony *eng

SaulIT (18D J99ueD JO [aued € ul du-Xo( SNSIaA Xoq 10} Sialdweled asuodsay-asoq

‘¢ 9|qeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Precis Nanomed. Author manuscript; available in PMC 2019 April 25.



Page 16

Krausz et al.

Author Manuscript

"palyIsse|oun = NN ‘1aoued 1sealq aAiebau-a|dil = DGNL {[eWAyduUasaW = | ‘T aI|-Jeseq = T1g ‘sasayiualed ul pajedlpul aJe ||32 Jad siods Jo
abuel ay ‘(aseyd Ag paunod) s|189 40 Jaquinu [e103 8y} Jo uoiiodold e Se 80UadS3I0N|4 Pal YIM §]189 40 Jaquinu a1p Buluiwialap pue uoneayiubew xQf 1e spjal 9 bununod Aq paiiiuenb sem axeidn peag
*

(9-T) %ev LST-AN-VAN N
(ST-T) %06 18/GsH N
(1) %s'T 0z-19 NN
(e-m)g¢ 89v-aN-VAN 119
(®bue. - |jpo Jod speaq Jo sequnN)
aulT |pD adAigns / ABojoisIH

9xe1dn peag 1Wsdseon|H %
¥

DENLL [eseq SNSIsA [eWAYIUSSaIA Ul 3xeldn peag 1u3dsaion|- Pasealou]

‘€ 9|qeL

Author Manuscript

Author Manuscript

Author Manuscript

Precis Nanomed. Author manuscript; available in PMC 2019 April 25.



	Abstract
	Purpose and Rationale
	Introduction
	Materials and Methods
	Synthesis of Dox nanoparticles (Dox-np)

	Results
	Dox-np Diameter Characterization
	Dox-np Release Profile
	Anti-Tumor Efficacy of Dox-np In Cells
	Dox-np Has Superior Tumor Cell Kill in BL2 and M Subtypes of Breast Cancer
	Increased Endocytosis as a Mechanism for Superior Efficacy of Dox-np

	Discussion and Conclusion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Table 1:
	Table 2:
	Table 3:

