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macromer-free disulfide approaches, no significant difference is observed in
particle size distribution. Particles are observed to be stable and maintain sim-
ilar size distributions following 60 days (red traces) at 4°C when compared
to immediately following collection (black traces). b) ζ-potential measure-
ments of SPNPs stabilized through each of the crosslinking approaches show
slightly negative values with no significant differences. Data is presented as
mean values ± s.d. one-way ANOVA and Tukeys multiple comparison tests,
ns = p > 0.05. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

3.11 SATA conjugation to albumin. Reaction scheme for the conjugation of N-
Succinimidyl-S-acetylthioacetate (SATA) to human serum albumin and subse-
quent deprotection to yield a thiol-rich version of the protein. . . . . . . . . . 72

3.12 Thiol-rich SPNP particle size distribution. Albumin SPNPs synthesized
using the thiol-rich albumin in the absence of crosslinking macromer. Size
distribution following SEM image analysis. Scale bar = 2 µm. . . . . . . . . . 74

3.13 Gallic acid (GA) modification of albumin. General reaction scheme for the
H2O2 and ascorbic acid catalyzed reaction of gallic acid to human serum albu-
min to yield the HSA-GA conjugate. . . . . . . . . . . . . . . . . . . . . . . . 75

3.14 Non-spherical SPNPs. a) Jetting schematic of NHS-PEG macromer crosslinked
HSA-GA. b) SEM image of resulting HSA-GA SPNPs in their dry state show-
ing the spontaneously created non-spherical protein particles. Scale bar = 3 µm.
c) SEM image analysis of the resulting particles and distributions of both the
long and short axes. d) Following the completed collection process, HSA-
GA particles were deposited onto copper mesh grids and imaged via TEM to
confirm retention of non-spherical architecture. Scale bars = 100 nm. . . . . . 77

3.15 Small molecule-albumin conjugate SPNPs. Small molecules and SEM im-
ages of the resulting SPNPs following EHD jetting of the protein conjugates.
Scale bars, HSA-GA (3 µm, left), HSA-curcumin (2 µm, middle), and HSA-
dopamine (2 µm, right). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.16 Lung inflammation accumulation of HSA-GA SPNPs. Biodistributions of
crosslinked albumin nanoparticles indicating uptake of HSA-GA SPNPs in
LPS-injured, but not naı̈ve lungs. n = 3 biological replicates. Reprinted with
permission. Ref [10] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.17 High pressure homogenization towards an HSA-paclitaxel complex. (Top)
Experimental illustration of the high pressure homogenization process used
in accordance with previously developed and patented methods related to nab
technologies for the production of albumin-bound paclitaxel (Abraxane). (Bot-
tom) Step-wise pressure drop highlighted correlating with the passage of emul-
sified protein-drug through the device valve. . . . . . . . . . . . . . . . . . . 80

3.18 Release of paclitaxel from albumin SPNPs. Cumulative release of paclitaxel
from albumin SPNPs formed through EHD jetting. Release conducted in PBS
(pH 7.2) at 37°C. Paclitaxel release quantified via HPLC-MS. n = 3 biological
replicates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
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3.19 Bicompartmental Janus SPNPs via EHD co jetting. a) Jetting schematic
for albumin/transferrin bicompartmental Janus nanoparticles. b) SPNP size
distribution determined via SEM image analysis. (Inset) Representative SEM
image, scale bar 1 µm. c) Super resolution SIM microscopy images of indi-
vidual Janus SPNPs. Scale bar = 100 nm. . . . . . . . . . . . . . . . . . . . . 83

4.1 Surface conjugation of antibodies to SPNPs. Schematic detailing the two
evaluated synthetic pathways towards the production of antibody conjugated
protein nanoparticles (Ab-SPNPs) for antibody-mediated targeted delivery. . . 92

4.2 DBCO-Cy3 conjugation to SPNP surfaces. General schematics and qual-
itative characterization of surface conjugation reactions utilizing a DBCO-
Cy3 dye as a surrogate molecule for imaging via confocal microscopy. Scale
bars = 10 µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

4.3 Quantified ligand density. Particle size distribution along with SPNP and
DBCO-Cy3 fluorescence data applied to quantitatively determine the result-
ing ligand density, comparing the two developed SPNP surface conjugation
strategies. Individual replicate data points and the calculated mean displayed
(n = 5). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4.4 Ab-SPNP synthetic scheme. Optimized two-step synthetic pathway towards
the synthesis of antibody targeted SPNPs consisting of a preliminary azide
surface functionalization and subsequent DBCO-antibody, copper-free click
conjugation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.5 Ab-SPNP purification. a) Experimental schematic for the size exclusion col-
umn purification of Ab-SPNPs from the final antibody conjugation reaction
mixture, ultimately yielding a concentration suspension of Ab-SPNPs. b-d)
Relative fluorescent units plotted against column elution fractions. b) Elu-
tion of free antibody (150 kDa) in the absence of SPNPs. The bulk of the
antibody mass elutes centered about fraction 23, stretching from fractions 20
through 35. c) Purification of the final reaction mixture with a clear separation
of SPNPs (fractions 8-12) and unreacted free antibody(fractions 20-35), elu-
tion peaks centered about fractions 9 and 23 respectively. d) SPNP-containing
fractions combined and passed through the column a second time, zero resid-
ual free antibody is observed. . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.6 Ab-SPNP size characterization and stability. a) Size distribution of jetted
SPNPs in their dry state and representative SEM image (inset). Size distri-
bution quantified via image analysis of greater than 500 individual particles
with ImageJ software. Particles were found to have an average diameter of
109.6 ± 28.3 (PDI = 0.067) in their dry state. Scale bar = 2 µm. b) DLS
size distributions of fully hydrated SPNPs (black) and Ab-SPNPs (red) in PBS
before and after antibody conjugation and purification steps were performed.
Particles observed to have diameters of 155.8 ± 60.1 nm (PDI = 0.148) and
164.3 ± 42.1 nm (PDI = 0.066), respectively. . . . . . . . . . . . . . . . . . . 96
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4.7 Controlled Ab surface conjugation. a) Schematic for the conjugation of
125I labeled antibodies to SPNP surfaces to quantify antibody conjugation ef-
ficiency and overall reaction yield. b) Correlation of various stiochiometric
antibody:SPNP reaction ratios to the resulting surface-bound antibody SPNP
products comparing disulfide (grey) and NHS-PEG (black) crosslinked SPNPs. 97

4.8 Extended Ab surface conjugation quantification. Extending the evaluated
stiochiometric ratios of antibody:SPNPs to a maximum of 5000:1 comparing
the conjugation efficiencies of disulfide (grey) and NHS-PEG crosslinked SP-
NPs. Dashed linear regression lines are displayed to guide the eye and high-
light the linear relationships observed across all stiochiometric ratios tested. . . 98

4.9 Ab-SPNP comparison. Comparing particle types when a 250:1 antibody to
SPNP stiochiometric ratio is applied. In addition to the disulfide and NHS-
PEG crosslinked particles, control (in the absence of prior azide modification)
and amine-rich (with added PEI) particles were evaluated to identify non-
specific adsorption and lysine depletion effects, respectively. . . . . . . . . . 99

4.10 Antibody-directed cellular binding and uptake. a) Experimental scheme
to determine selective, antibody-directed binding, cellular uptake, and dose
dependence in REN-ICAM cells. b) Binding (REN-iCAM (green); REN-WT
(purple), 4°C) and internalization (REN-ICAM (blue); REN-WT(red), 37°C)
curves for YN1 (anti-ICAM) modified albumin nanoparticles. Flow cytometry
analysis of treated cells performed following 30 min incubation of SPNPs with
adherent cells (n = 3 biological replicates). . . . . . . . . . . . . . . . . . . . 101

4.11 Targeted delivery of eGFP siRNA and selective knockdown. a) Experimen-
tal scheme to determine selective, antibody-directed protein silencing in eGFP
expressing WT and ICAM expressing REN cells. b) Evaluated at 48 h post
particle administration, eGFP expression determined across treatment groups
via flow cytometry. Both REN-WT (blue) and REN-ICAM (red) groups re-
ceived equivalent 18.0 nM siRNA doses delivered via lipofectamine (Lipo),
untargeted SPNPs (-), or ICAM targeted YN1-SPNPs (+). A dose response
among the REN-ICAM cells treated with YN1-SPNPs was investigated further
with decreasing concentrations of siRNA. eGFP protein expression is com-
pared to untreated control cells (n = 3 biological replicates). . . . . . . . . . . 103

4.12 Time course untargeted SPNP biodistribution and clearance. a) Experi-
mental scheme for the 125I labeling of SPNPs in the absence of targeting via
antibody conjugation. b) Mice received 100 µL retro-orbital injections of 125I
labeled SPNPs. Collection of blood, urine, and organs were completed 1, 4,
and 24 h post particle administration to determine a baseline for SPNP biodis-
tribution and clearance. c) Evaluated at pre-determined time points following
systemic particle administration, 125I radioactive signal was measured via the
PerkinElmer Wizard2 instruments. Biodistribution across measured organs are
displayed as percent of injected dose per mass of organ (%ID/g) (n = 3 biolog-
ical replicates). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
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4.13 Targeted delivery of Ab-SPNPs to the lung. a) Experimental scheme for the
two-step antibody conjugation and 125I labeling of SPNPs. b) Mice received
100 µL retro-orbital injections of either unmodified (bare), untargeted IgG-,
or ICAM-targeted YN1- 125I labeled SPNPs. Collection of blood, urine, and
organs were completed 30 mins post particle administration. c) Evaluated at
30 mins following systemic particle administration, 125I radioactive signal was
measured via the PerkinElmer Wizard2 instruments. Biodistribution across
measured organs are displayed as percent of injected dose per mass of organ
(%ID/g) (n = 3 biological replicates). . . . . . . . . . . . . . . . . . . . . . . 106

5.1 Effects of STAT3 activation in glioblastoma. Activation of STAT3 via tyro-
sine phosphorylation triggers dimerization and ultimately translocation to the
nucleus. Activation of key genes follows, leading to inhibition of apoptosis,
increased proliferation and migration, and enhances stem-like properties. Im-
plications in STAT3 activation also include a developed resistance to radiation
and is associated with poor patient prognosis. . . . . . . . . . . . . . . . . . . 110

5.2 Therapeutic efficacy of CPA-7 in peripheral subcutaneous tumors and in-
tracranial brain tumors. a) Twenty thousand GL26 cells were implanted in
the striatum of C57BL/6J mice. Mice bearing brain tumors were treated 4 days
later with CPA-7 intravenously with no discernible therapeutic effect as seen
in the Kaplan-Meier curve (n = 4; 5 mg kg-1 every 3 days for 15 days). b)
C57BL/6J mice were injected with 1.0 x 106 GL26 cells in the hind flank to
generate subcutaneous tumors. Mice bearing flank tumors were treated with
CPA-7 (n = 5; 5 mg kg-1 every three days for 15 days) when tumors reached
an approximate volume of 3060 mm3. Plotted values represent the means of
tumor volumes ± S.E.M. (*p < 0.05). Adapted with permission. Ref [11] . . 111

5.3 Synthesis of STAT3i SPNPs. Electrohydrodynamic (EHD) jetting uses a di-
lute solution of all components to be incorporated into the ultimate protein
nanoparticle (here: HSA, OEG macromer, STA3i-PEI complex, and iRGD in
an aqueous system). Using controlled flow through a single capillary, the ap-
plication of an electric field distorts the droplet to form a stable Taylor Cone
from which a jet of charged droplets emanates. Once atomized, rapid evap-
oration of the solvent induces nearly instantaneous nanoprecipitation of all
non-volatile components to form solid protein nanoparticles. The bifunctional
OEG macromer covalently links the protein and PEI units through reactive
amine groups, resulting in a continuous network. The STAT3i is complexed to
the PEI through electrostatic interactions, while the iRGD is encapsulated. . . . 113

5.4 SPNP physical characterization. a) Particle size characterization and analy-
sis was performed using Scanning Electron Microscopy (SEM). Average par-
ticle diameter, 115± 23.4 nm. Scale bar = 1 µm. b) Particles undergo swelling
in their hydrated state. Average diameter as measured in PBS (pH = 7.4) with
DLS, 220 ± 26.1 nm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
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5.5 SPNPs remain stable in solution under relevant physiological conditions.
a) After a single day in PBS at 37°C, SPNPs show no significant change in
particle size as measured by dynamic light scattering. Particles appear to both
remain intact and do not aggregate under these conditions. *p < 0.05 b) No
change in particle shape or morphology is observed following the incubation
at physiological conditions as imaged by scanning electron microscopy. Scale
bars = 2 µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.6 iRGD transcytotic transport. The cyclic tumor-targeting, tissue penetrating
peptide, iRGD has been demonstrated to act in a three-step process promoting
transcytosis. i) RGD peptide sequence binding to αvβ3 and αvβ5 integrins; ii)
proteolytic cleavage exposing the CendR binding motif; and iii) transcytosis
transport initiated following CendR binding to NRP-1. . . . . . . . . . . . . . 119

5.7 SPNP cellular uptake and lysosome colocalization in GL26 glioma cells.
a) Representative confocal z-stack image of cells seeded in the presence of
SPNPs b) Local release of iRGD from SPNPs increases particle uptake in
GL26 glioma cells by greater than five-fold. c) Internalized SPNPs colocalize
with lysosomes to a lesser extent than untargeted particles. . . . . . . . . . . . 120

5.8 SPNPs loaded with Cy3-siRNA exhibit controlled siRNA release. a) Alexa
Fluor 488 (green) labeled SPNPs loaded with a fluorescently (Cy3, red) la-
beled, scrambled siRNA. Imaging was performed using super-resolution, Stim-
ulation Emission Depletion (STED) microscopy, which confirmed the local-
ization of siRNA within the particles. Scale bar = 1 µm. b) Loading and sub-
sequent release of Cy3-labeled scrambled siRNA demonstrates a controlled
and extended release of incorporated NP cargo. While 60% of the initially
encapsulated siRNA is released in the first 96 h at pH 7.4 and 37°C, continued
release is observed for up to 21 days. Complete release confirms a loading
efficiency of 96%. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

5.9 in vitro GFP siRNA-loaded SPNPs selectively reduce protein expression.
a-d) Representative Confocal Scanning Laser Microscopy (CSLM) images of
GL26-Cit cells incubated with SPNPs at 48 h time point. (a) Control group re-
ceiving no treatment. (b) Positive control group transfected with GFP siRNA
(GFPi) using Lipofectamine 2000. (c) Cells treated with GFPi loaded nanopar-
ticles at a concentration of 25 µg SPNPs mL−1. (d) Cells treated with empty
albumin nanoparticles. e) GFP expression plotted relative to untreated control
group over a period of five days. A significant and prolonged suppression of
target protein is observed in cells that received the siRNA-loaded nanoparti-
cles. A similar knockdown was observed in cells transfected with free siRNA
using Lipofectamine at early time points, but a rapid recovery was observed
after 48 h. Bars represent the mean relative to untreated control ± standard
error (n = 3). **** p < 0.0001, *** p < 0.0005, ** p < 0.005, * p < 0.05;
unpaired t-test. Scale bars = 50 µm. . . . . . . . . . . . . . . . . . . . . . . . 122

5.10 siRNA-loaded SPNPs exhibit similar size to control albumin SPNPs. The
addition of the siRNA/PEI complex to the jetting solution to create a) siRNA-
loaded SPNPs results in no significant change in particle size, shape or surface
morphology when compared to b) control (empty) SPNPs. Scale bars = 2 µm. . 123
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5.11 in vitro STAT3 knockdown. STAT3 siRNA-loaded SPNPs significantly re-
duce in vitro expression of target protein in GL26 glioma cells compared to
untreated and empty particle control groups. Bars represent mean ± standard
error, (**** p < 0.0001, *** p < 0.0005, ** p < 0.005, * p < 0.05, two-way
ANOVA test) (n ≥ 3 wells/treatment group). . . . . . . . . . . . . . . . . . . 123

5.12 STAT3 siRNA activity is non-toxic towards glioma cells. Evaluating toxic-
ity associated with free STAT3i, no toxicity was observed at relevant therapeu-
tic concentrations. Concentrations delivered via SPNPs showed a significant
silencing ability (6.5 x 10−4 µM), 6,000x less than the IC50 (3.85 µM) for sol-
uble siRNA delivered via traditional transfection methods. . . . . . . . . . . . 124

6.1 GBM integrin expression in surgically resected GBM samples. Quanti-
tative flow cytometry results of a) αvβ3 and b) αvβ5 integrin expression in
normal brain tissue and GL26 tumors. Data presented as mean values ± s.d.
(n = 5 biological replicates; two-tailed unpaired t-test; **** p < 0.0001). . . . 133

6.2 SPNP intracranial tumor transport. Following the implantation of m-Tomato
expressing GL26 tumors (red), C57BL/6 mice received 3 µL intracranial in-
jections of either 3.6 x 108 or 3.6 x 109 SPNPs (cyan) per mouse. Images
suggest that the particles actively and rapidly distribute throughout the tumor
mass. Scale bars = 150 µm (5x), 600 µm (20x). . . . . . . . . . . . . . . . . . 134

6.3 GL26 GBM tumor volume at 7 DPI. C57BL/6 mice were implanted with
20,000 GL26 cells orthotopically and brains were processed for Nissl staining
at 7 DPI. Staining and imaging was conducted as a single independent experi-
ment. Scale bar = 1 mm. Tumor volume = 9.61 mm3. Tumor area = 107 pixel
units. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

6.4 SPNP systemic delivery to GBM. a) Timeline for the tumor targeting study.
Mice were IV administrated a single dose of 2.0 x 1013 SPNPs or empty SPNPs
(no iRGD) via the tail vein seven days post GL26 tumor cells implantation.
Confocal imaging of sectioned brains was performed 4 and 24 h post particle
administration. b) Alexa Fluor 647 labeled SPNPs (cyan) colocalize (indicated
with yellow arrows) with macrophages (red) and tumor cells (green, mCitrine).
Notably less SPNPs are observed in the tumor microenvironment 4 h post
systemic delivery compared to 24 h. Representative images from a single
experiment consisting of three biological replicates per group are displayed.
Scale bars = 50 µm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

6.5 SPNP biodistribution following systemic administration. a) Timeline rep-
resentation of the biodistribution study. Mice were IV administered 2.0 x 1011

SPNPs or empty SPNPs 7, 10, and 13 days post tumor cell implantation or
saline injection. b) Fluorescence imaging of tumor-naive and tumor-bearing
mice organs sacrificed at 24 h post final SPNP delivery. c) Quantitative analy-
sis of SPNP biodistribution within the tumor and peripheral organs. Data are
presented as mean values± s.d. (n = 4 biological replicates, two way ANOVA;
*** p ± 0.0001). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
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6.6 STAT3i SPNP single dose. SPNPs in combination with radiotherapy (IR)
results in increased survival and primes an adaptive immune response. a)
Timeline of treatment for the combined SPNP + IR survival study. b) Kaplan-
Meier survival curve. Significant increase in median survival is observed in
all groups receiving IR. Mice (7/8) treated with STAT3i SPNPs + IR reach
long-term survival timepoint (100 DPI) with no signs of residual tumor. . . . . 138

6.7 STAT3i SPNP multidose survival. SPNPs in combination with radiotherapy
(IR) results in increased survival and primes an adaptive immune response. a)
Timeline of treatment for the combined SPNP + IR survival study. b) Kaplan-
Meier survival curve. Significant increase in median survival is observed in
all groups receiving IR. Mice (7/8) treated with STAT3i SPNPs + IR reach
long-term survival timepoint (100 DPI) with no signs of residual tumor. . . . . 139

6.8 STAT3i SPNP + IR survival. a) Timeline of treatment for the combined
SPNP + IR survival study. b) Kaplan-Meier survival curve. Significant in-
crease in median survival is observed in all groups receiving IR. Mice (7/8)
treated with STAT3i SPNPs + IR reach long-term survival timepoint (100 DPI)
with no signs of residual tumor. (Log-rank (Mantel-Cox) test; **** p< 0.0001,
*** p <0.001, ** p <0.01). . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

6.9 STAT3 and pSTAT3 in vivo expression. Quantified STAT3 expression for
resected brains from the survival study, brains were collected when mice dis-
played signs of neurological deficits. A significant reduction is STAT3 (black)
and pSTAT3 (red) expression was observed in the STAT3i SPNP cohort rel-
ative to untreated control. Both soluble STAT3i and empty SPNPs (with no
siRNA) did not have high total STAT3 expression but they had increased lev-
els of active phosphorylated STAT3 expression (pSTAT3). Data are presented
as mean values ± s.d. relative to untreated control (n = 2 biological replicates
for each group). Due to minimal biological samples available, three technical
replicates were performed on each sample to validate the experimental proto-
col and rule out measurement error. . . . . . . . . . . . . . . . . . . . . . . . 141

6.10 GBM histology saline vs combined therapy. IHC staining for untreated con-
trol and STAT3i SPNP + IR long-term survivor. (Top) H&E staining shows
the fully formed tumor in the saline control group (28 DPI). When treated with
the combination of STAT3i SPNPs + IR, no tumor or signs of necrosis were
observed. (Bottom) MBP staining shows preserved brain structures with no
apparent changes in oligodendrocyte integrity in mice that received STAT3i
SPNPs + IR treatment compared to the saline control. Scale bars = 1 mm. . . . 143
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6.11 TME CD8+ population. CD8 staining shows no overt inflammation in mice
that received STAT3i SPNPs + IR treatment compared to the saline control. a)
Representative images from a single experiment consisting of three biological
replicates per group are displayed. Scale bars = 100 µm (inset, 20 µm). b)
Quantification of CD8 Expression in TME. Immunofluorescence staining of
tumors in either saline or STAT3i SPNP + IR treatment groups was quantified
using otsu threshold by ImageJ. Data represent total number of positive cells
for CD8 in saline (28 DPI) versus. STAT3i SPNPs + IR (90 DPI) long-term
survivor. Data are presented as mean ± s.d. (n = 3 biological replicates; two-
tailed unpaired t-test; **** p < 0.0001. . . . . . . . . . . . . . . . . . . . . . 144

6.12 TME immune cell population. a) Timeline of TME immune population by
flow cytometry. b) Flow cytometry analysis of CD8 cells in the TME. Repre-
sentative flow plots for each group are displayed. c) Quantitative analysis of
tumor-specific CD8+ T cells within the TME. GL26-OVA tumors were ana-
lyzed by staining for the SIINFEKL-Kb tetramer. Activation status of CD8+
T cells within the TME was analyzed by staining for granzyme B (GZB) and
IFN after stimulation with the tumor lysate. Data are presented as mean val-
ues ± s.d. (n = 5 biological replicates; one-way ANOVA and Tukeys multiple
comparison tests; **** p < 0.0001). . . . . . . . . . . . . . . . . . . . . . . . 145

6.13 Serum and liver effects of STAT3i + IR therapy. a) Timeline of treatment
to assess the effect of STAT3i SPNP + IR treatment. Blood and liver samples
were collected from GL26 GBM bearing mice treated with saline, STAT3i,
SPNP, STAT3i SPNP or STAT3i SPNP + IR at 23 DPI following complete
therapeutic regimen. b-i) For each treatment group, levels of (b) hemoglobin,
(c) hematocrit, (d) lymphocytes, (e) monocytes, (f) neutrophils, (g) platelet, (h)
red blood cell (RBC), and (i) white blood cell (WBC) counts were quantified.
Data are presented as mean values± s.d. (n = 3 biological replicates; one-way
ANOVA and Tukeys multiple comparison tests; ns = p > 0.05). . . . . . . . . 146

6.14 Liver Histology following combined therapy. a) Timeline for treatment.
b) Histology performed on resected livers following a complete treatment of
GMB tumor bearing mice find isolated regions of mild coagulative necrosis
deemed to be well-contained and therefore would not induce a biological ef-
fect on liver function. In all groups, with the exception of the saline treated
control, signs of hepatocellular necrosis were observed. This is attributed to
water or glycogen accumulation in hepatocytes associated with a change in en-
ergy balance rather than a degenerative change. Representative images from
a single experiment consisting of independent biological replicates are dis-
played. Scale bars = 100 µm (20x), 50 µm (40x). . . . . . . . . . . . . . . . . 147
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6.15 Evaluation of circulating antibodies against STAT3i SPNPs. a) A modified
ELISA protocol used to detect the presence of circulating antibodies against
SPNPs in serum of GL26 tumor bearing mice following complete STAT3i SP-
NPs + IR treatment. b) When formulating SPNPs with human serum albumin,
measurable serum HSA-specific antibody levels are observed. c) Alternatively,
when SPNPs are formulated with mouse serum albumin, circulating antibodies
were not observed in serum of GL26 tumor bearing mice. Data is presented as
mean values ± s.d. (n = 3 biological replicates; one-way ANOVA and Tukeys
multiple comparison tests; **** p < 0.0001). . . . . . . . . . . . . . . . . . . 148

6.16 TME infiltrating macrophage population. Flow analysis of tumor infil-
trating macrophage populations in the TME following SPNP + IR treatment
regimen. a) Representative flow plots for each group are displayed. Quan-
titative analysis of the immune cellular infiltrates b) M1 macrophages, and
c) M2 macrophages. Data are presented as mean values ± s.d. (n = 5 bi-
ological replicates; one-way ANOVA and Tukeys multiple comparison tests;
**** p < 0.0001, *** p < 0.001, * p (M2) = 0.028, 0.013. . . . . . . . . . . . 149

6.17 TME infiltrating dendritic cell population. Flow analysis of tumor infil-
trating conventional dendritic cell (cDCs) populations in the TME following
SPNP + IR treatment regimen. a) Representative flow plots for each experi-
mental group are displayed. b) Quantified flow results showing the combined
treatment of STAT3i SPNPs with IR displayed the highest number of cDCs
in the brain TME. Data are presented as mean values ± s.d. (n = 5 bio-
logical replicates; one-way ANOVA and Tukeys multiple comparison tests;
**** p < 0.0001, *** p < 0.001, * p(cDC) = 0.038, 0.011). . . . . . . . . . . 149

6.18 TME macrophage populations. a) Representative flow plots displayed. b)
Quantified flow data showing the treatment of GL26 tumor-bearing mice with
SPNPs produced a shift in macrophage populations within the tumor microen-
vironment. An increase in the M2 macrophages relative to saline treated con-
trol animals was observed. Data are presented as mean values ± s.d. (n = 3
biological replicates; two-way ANOVA; **** p < 0.0001) . . . . . . . . . . . 150

6.19 TME immune cell SPNP uptake. Flow cytometry analysis of immune cells
collected from the tumor microenvironment of SPNPs treated mice show sig-
nificant nanoparticle uptake by M2 macrophages and minimal uptake by all
other immune cell types. Data are presented as mean values ± s.d. (n = 3
biological replicates; two-way ANOVA; **** p < 0.0001). . . . . . . . . . . . 150

6.20 Dendritic cell MHC II expression. Activation status of DCs in the draining
lymph node of GBM bearing mice treated with STAT3i, empty SPNP, STAT3i
SPNP, and STAT3i SPNP + IR was assessed one day post the last day of treat-
ment (23 DPI). Representative histograms display MHC II expression level on
the DCs (purple = STAT3i, black = empty SPNP, red = STAT3i SPNP + IR,
green = STAT3i SPNP). Data is presented as mean values ± s.d. (n = 5 bio-
logical replicates; one way ANOVA; **** p < 0.0001, * p = 0.036). . . . . . . 151
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6.21 Tumor rechallenge of long-term survivors. Long-term survivors from orig-
inal survival study were rechallenged with a second tumor. a) Timeline for
rechallenging the long-term survivors from STAT3i SPNPs + IR survival study.
Following tumor implantation, no further treatment was provided. b) Kaplan-
Meier survival curve shows all rechallenged survivors reach a second long-
term survival timepoint of 90 DPI in the absence of any therapeutic interventions.151

6.22 GBM histology of rechallenged mice. IHC staining comparing the brains of
untreated and rechallenged long-term survivors. Representative images from
a single experiment consisting of three biological replicates per group are dis-
played. No overt signs of remaining tumor, necrosis, inflammation, or dis-
ruption of normal brain architecture was observed in rechallenged long-term
survivors from STAT3i SPNP + IR treatment group. Scale bars = 1 mm. . . . . 152

6.23 Rechallenge TME immune cell population. Quantification of CD8 Expres-
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ABSTRACT

Decades of research towards the development of nanomedicines have, to date, yielded min-

imal clinical impact. Focused particularly on the treatment of cancer, the relatively low

number of pursued technologies to reach the market can in part be attributed to the com-

plex biological barriers and clearance mechanisms nanomedicines must overcome to reach

their intended target. Together with a dynamic and heterogeneous disease landscape, the

development of more sophisticated and multifunctional delivery systems may be required.

Here, we leverage our ability to produce multifunctional nanoparticles through EHD co-

jetting to engineer novel drug delivery systems.

Collaborative work first identified synergistic combinations of lapatinib and paclitaxel in

HER2+ breast cancer. Findings yielded optimized synergistic drug ratios and revealed a

dependence upon the temporal delivery of the two agents. Utilizing EHD co-jetting and the

synthetic polymers PLGA and pH responsive acetalated dextran, a controlled and sched-

uled release of two compounds was achieved from a single particle architecture. Decoupled

release kinetics exhibited dependence upon bulk polymer properties, rather than chemical

structures of encapsulated materials. These properties were leveraged to engineer dual

drug-loaded Janus particles capable of sequentially releasing lapatinib and paclitaxel. Ul-

timately, we demonstrate an ability to achieve controlled delivery and similar synergistic

activities in HER2+ breast cancer cells, comparable to free-drug studies.

Inspired by nature, significant efforts were then directed at the development of synthetic

protein nanoparticles (SPNPs). In moving away from synthetic polymers, we sought to

develop more biocompatible particle systems capable of targeted delivery, rapid clearance

from off-target organs, and to efficiently deliver therapeutics while minimizing harmful im-
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mune responses. We began by developing an extensive protein particle platform, evaluating

a range of proteins and crosslinking macromers. The engineered particles were shown to be

monodisperse, stable, responsive to pH, and capable of encapsulating therapeutic molecules

with diverse physical properties. The result is a modular platform, designed to evolve, with

the capacity to optimize particle properties to meet disease-specific challenges. Extending

beyond the bulk properties of SPNPs, we demonstrate an ability to actively target particles

through cell-specific interactions and alter biodistribution. Compared to untargeted SPNPs,

YN1 (Anti-ICAM) SPNPs exhibit an 80-fold increase in lung targeting following systemic

delivery.

Finally, we leverage the active targeting and drug delivery capacity of SPNPs towards the

treatment of glioblastoma (GBM). An axis for tumor progression and immune response

in GBM, STAT3 serves as an attractive therapeutic target; however, inability to effectively

traverse the blood-brain barrier (BBB) has limited clinical translation. Challenged with the

task of accessing the CNS, we demonstrate an ability to successfully deliver therapeutic

doses of siRNA against STAT3 across the BBB. Combined with standard of care, ionized

radiation, the targeted protein particles result in 87.5% of mice reaching the long-term

survival point in a highly aggressive intracranial GBM model. In addition to increased

median survival, we observe a robust immune response characterized by increased tumor-

antigen specific CD8 T cells and decreased immune suppressive M2 macrophages within

the brain. When rechallenged, all previously cured mice are found to reach a second long-

term survival time point in the absence of further treatments, suggesting the development

of an anti-GBM immune response.

Moving forward, we aim to apply these fundamental understandings and design parameters

towards engineering more complex protein particle systems capable of delivering multiple

agents directed at diverse therapeutic targets through the use of our novel bicompartmental

particle architecture.
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CHAPTER 1

Introduction

This chapter contains portions of text originally published as:

“Emerging Methods in Therapeutics Using Multifunctional Nanoparticles.”

N Habibi*, D Quevedo*, JV Gregory*, and Joerg Lahann

Nanomedicine and Nanobiotechnology (2020)

*Shared co-first authorship.

1.1 Motivations Towards Drug Delivery Carriers

In December of 1959, Richard P. Feynman stood before a crowd at the American Physical
Society at CalTech to deliver his now famous lecture titled ”Plenty of Room at the Bottom”
which would later be considered a door opened to the world of nanotechnology. Since that
December night in California, advances in science and medicine have gained momentum
and progressed at a more rapid pace than any other equivalent period of time to date. Just
a few years earlier the polio vaccine had been developed. Since that time, we have seen
numerous other vaccines largely eradicate diseases, the first heart and liver transplants,
synthetically produced insulin, and development of molecular therapeutics aimed to treat
the most devastating diseases we have known. All in total, the advances made have added
years of life expectancy and vastly improved life quality for millions. Despite these grand
advances, work remains to be done.

As science and medicine has progressed, so too has our understanding of human physiology
and the conditions and diseases that affect every subset of our population. This knowledge
has been leveraged to develop a number of therapies, many for diseases that would have
otherwise be considered untreatable. Today, cancers are routinely treated with novel small
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molecule drugs and biologics. A diagnosis of HIV no longer carries with it the death sen-
tence it once did, but instead, can be managed as a chronic condition. Genetic material
can be used to encode for the synthesis of proteins designed to activate our immune system
to guard against future infections or novel diseases. Yet, while recently developed ther-
apeutics have shown promise, their dosing and administration are often limited by rapid
clearance and degradation, non-specific biodistribution, and off-target side effects.

The ability to deliver a drug to an organ or tissue of interest and alter the compound’s
natural biodistribution has become a focus in recent decades running parallel to the de-
velopment of novel pharmaceutical compounds. Of particular interest for the treatment
of various cancers is the technology of antibody drug conjugates (ADCs) consisting of a
monoclonal antibody with highly selective binding, a cytotoxic drug, and a linker to join
the two. With dozens of ADCs currently in various stages of clinical trials, these modalities
offer the promise of reduced toxicity and tumor selectively based on the antibody discrim-
inating binding activity. In spite of their potential, examples of low efficacy compared to
traditional chemotherapy and toxicity in healthy cells have meant that in some cases, they
have failed to live up to their promised potential. A similar targeted approach with nanopar-
ticles, and the added benefit of encapsulated and controlled release of cargo, may have the
capacity of realizing comparable selectivity while minimizing off target effects observed in
ADCs.

1.2 Nanotechnology: Current Medical Applications

Notably among the medical advances resulting from the development of nanotechnology is
that of nanoparticles. Specifically, nanoparticles have been developed from an imaging and
drug delivery perspective. Defined as having at least one dimension in the nanoscale, thera-
peutic and diagnostic nanoparticles have garnered increased attention in recent decades for
their seemingly limitless potential applications. Major challenges when evaluating current
therapeutic approaches, particularly for systemically administered drugs via intravenous
injection, include i) non-targeted biodistribution and pharmacokinetic profiles; ii) dosing
limited by off-target toxicities; iii) a need for repeated doses to maintain therapeutic rele-
vant physiological concentrations; and iv) short circulation times as a result of rapid degra-
dation or clearance from the body. Advances made in the drug delivery field attempt to
address these limitations by providing a means of protecting therapeutic cargo, taking a
targeted delivery approach, and creating a controlled release of encapsulated drugs or bio-
logics. Despite this, few have successfully been commercially developed and managed to

2



make a meaningful clinical impact.

Attempts to develop nanoparticle technologies and their proposed use in a variety of medi-
cal applications have grown exponentially in recent decades. The scope of their properties,
modes of preparation, compositions, and architectures vary vastly (Figure 1.1). Their me-
chanical, [12] [13] magnetic, [14] and optical [15] properties can be highly dependent upon
their size and shape and therefore often vary dramatically from the equivalent properties
of the material in their bulk form. As a result of these size and shape dependent proper-
ties, together with the extensive types of materials that can be brought into this scale, their
unique properties have been applied to a vast number of emerging and advancing technolo-
gies.

Figure 1.1: Biophysiochemical properties of nanoparticle systems. Nanoparticles de-
veloped for drug delivery and imaging applications include variations in particle size and
shape, base material, and surface functionalities. Together, these parameters lead to an
array of possible particle architectures. Reprinted with permission. Ref [1]

Researchers have leveraged nanotechnology potential to develop an array of innovations. In
today’s developed society, technological advances related to nanotechnology in fields such
as computing, energy, imaging and medicine will undoubtedly impact a person’s life on
a daily basis. From a medical perspective, incredible efforts in research and development
have been aimed at combating disease, improving patient health, have implications on how
we detect disease conditions earlier, and the applied therapies available to treat the same.
Potential impacts in a variety of biomedical applications including drug delivery, tissue
engineering, and diagnostics have resulted.

3



As early as the 1960’s, reports of synthetically produced nanoparticle systems loaded with
drugs began to emerge. Beginning with the synthesis of liposomes, [16] focus evolved to-
wards the loading and release of molecules, [17] extending circulation, [18] and creating
targeted approachs (Figure 1.3). [19] In the following decades, the targeting of liposomes
and increased circulation achieved through surface modification, or PEGylation, added a
dimension where, combined with controlled release, offered promise in achieving truly
targeted sustained drug delivery. By the turn of the century clinical studies of targeted
particles were underway. [20] Despite this rapid progression and the tremendous research
efforts in both industrial and academic settings, in many ways the translation of the tech-
nology towards FDA approved nano-based technologies is disappointing. To date, there are
only approximately two dozen FDA approved such modalities for use in the clinic, though
the number of active clinical trials continues to climb rapidly each year. [21]

Figure 1.2: Timeline for the development of nanoparticle drug delivery systems. Be-
ginning with drug delivery from liposomes nearly 60 years ago, nanoparticle systems have
evolved towards more sophisticated approaches including targeted delivery. Reprinted with
permission. Ref [2]

Among the limited number of therapies that have been approved and are today used in the
clinic, this landscape is dominated by the delivery of small molecule drugs and the use of
liposomes as a carrier system. Notable exceptions include the FDA approval of Abraxane
in 2006 and recent approvals delivering biologics such as siRNA (e.g. ONPATTRO, 2018).
At this time, multiple COVID vaccines delivering mRNA are currently approved for emer-
gency use with full FDA approval expected in the near future (Figure 1.3). The breadth of
FDA approved nanotechnologies used to treat or detect diseases include imaging modali-
ties, anesthetics, fungal treatments, vaccines, treatment of chronic conditions, and cancer
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therapy; the latter, makes up a significant portion of the ongoing clinical trials. It should be
noted, that among these numbers include trials involving already approved nanomedicines.
Abraxane for example, is being extensively evaluated for its use in additional cancers or
being combined with additional chemotherapeutics for combination therapies.

Figure 1.3: Progression of FDA approval for nanomedicines. Following early ap-
provals in the late 1980’s and Doxil (liposomal doxorubicin) in 1995, FDA approved
nanomedicines have been limited; however, recent years have seen a steady increase. Dom-
inated by the delivery of small molecule drugs and liposome formulations, notably out-
liers include Abraxane (albumin-bound paclitaxel, 2006), ONPATTRO (first FDA approved
siRNA nanomedicine, 2018), and multiple mRNA vaccines receiving emergency use au-
thorization for COVID-19 (Pfizer BioNTech, Moderna, and Johnson & Johnson, 2020).

1.3 Barriers in Targeted Drug Delivery

Nanoparticle-based drug delivery systems offer the promise of improved therapeutic out-
comes through an ability to encapsulate, protect, and control the release of small molecule
and biologics. Further, the potential to target these systems to organs, tissues, or specific
cells of interest have motivated research into developing them in numerous therapeutic
applications. Most notably among these is the development of cancer therapies in which
the molecules being delivered often have severe side-effects and toxicities associated with
them. Goals of encapsulation and targeted tissue accumulation therefore, drive the current
science of drug delivery. While delivery systems have shown promise, the barriers which
they must overcome create a multi-step process which has proved to be difficult to navigate.
This is particularly true for systemic (intravenous) delivery, which require both extracellu-
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lar and intracellular transport. Biological barriers responsible for the challenges in effective
drug or gene delivery to the intended diseased tissue and their sequential order following
systemic injection are discussed (Figure 1.4).

Figure 1.4: Barriers to nanoparicle delivery. Following systemic (intravenous) admin-
istration, injected nanoparticles encounter several sequential obstacles limiting efficacious,
site-specific delivery to tumors. Reprinted with permission. Ref [3]

RES clearance

The reticuloendothelial system (RES) or mononucular phagocyte system (MPS) consists
mainly of monocyte derived macrophages. Predominately found in the liver, but also in
circulation, these cells are responsible for the clearance of foreign matter including circu-
lating particles through phagocytosis. [22] Upon injection, opsonins will typically adsorb
and bind to nanoparticle surfaces marking them as foreign and initiating their clearance by
phagocytes. While designed to protect the body from foreign and potentially harmful ma-
terials that enter the blood stream, this acts as the initial barrier drug delivery vehicles must
overcome to reach their intended target. As a result, RES clearance severely limits circu-
lation times. To combat this, strategies to limit clearance have been implemented. a com-
mon and extensively studied approach is the coating of particle surfaces with non-fouling
materials (e.g. polyethylene glycol, PEG) to inhibit the adsorption of opsonins. [23, 24]
Alternatively, the addition of CD47 (Cluster of Differentiation 47) has been shown to limit
this clearance. [25] Acting as a ”don’t eat me” signal, this transmembrane protein has been
shown to be overexpressed on cancer cells which use a similar approach to avoid immune
clearance. Another promising approach that has been explored, but to a far lesser extent,
is the coating of particles with cellular membranes, wherein the particles present native
cellular membrane proteins while in circulation. [26]
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Nonspecific biodistribution

Clearance from circulation attributed to the RES results in a disproportionate fraction of
the particles to accumulate within the liver and spleen. [27] Particles that manage to avoid
clearance from the RES are thereby greatly reduced in concentration compared to the orig-
inally injected dose. Without some external force to influence their biodistribution, their
probability of selective accumulation within one organ or tissue over another is minimal.
Residence time of particles within specific tissues as they flow through the circulatory sys-
tem are low and for the most part, essentially equal among the remaining organs. Simply
increasing relative doses in order to increase those remaining in circulation have the con-
sequence of also increasing the accumulation with the liver and spleen. Depending on the
drug or gene delivered, this can have significant implications related to toxicity, particularly
if the particles are not readily cleared from the body.

Vasculature extravasation

The aforementioned short residence times particles experience in any one organ while re-
maining in the circulatory system translates to minimal time to engage with the endothelium
of blood vessels. Under normal flow conditions, hemodynamics tend towards localizing
particulates in the center of the laminar flow; thus preventing particles from interacting
with vessel walls. Regions where interactions with vessel endothelium are more likely
include the microcapillaries, where vessel diameter is greatly reduced. Following intra-
venous injection, the first capillary bed particles will encounter, is that of the lung prior to
being pumped through the atrial system. Mitragotri and coworkers have shown that parti-
cle shape can alter this behavior resulting in particles more readily migrating to the lower
velocity flow field adjacent to the vessel walls. [28] Meanwhile, Eniola-Adefeso and co-
workers were able to demonstrate that particle density alters how particles partition within
the vessel cross section and may be an effective means to enhance extravasation from the
vasculature. [29] Alternatively, cellular hitchhiking, the act of selective and transient bind-
ing of nanoparticles to circulating cells (e.g. red blood cells (RBCs) or lymphocytes),
has been shown to increase both circulation times and increase particle-endothelium inter-
actions. [30, 31] Recent cell-mediated delivery of nanoparticles bound to red blood cells
show 40-times higher particle accumulation in the lung following intravenous adminis-
tration and approximately 10-times higher accumulation in the brain compared to affinity
targeted nanoparticles when injected via the intra-carotid artery. [30] In each case, the cap-
illary beds of the target organ are the first encountered by the particles downstream of the
respective injection sites.
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Intratumural pressure

The rapid proliferation and growth of cancer cells requires an increased flux of supportive
nutrients. As a result, new blood vessel formation via angiogenesis occurs at an abnor-
mally high physiological level. The rapid tumor growth and exceptional vessel formation
contributes to what has been termed, ”leaky” vasculature. Together, with poor lymphatic
drainage, these observed physiological traits serves as the basis for the theorized Enhanced
Permeability and Retention (EPR) effect (Figure 1.5). [32] Though first proposed nearly
forty years ago, the EPR transport phenomenon is still highly debated among those in the
field. At its core, is the postulation that endothelial dysfunction leads to the formation
of vessel fenestrations, through which particles and compounds can more easily pass and
accumulate within the underlying tissue. It has been shown that the extent to which this oc-
curs is dependent upon the type of cancer, its stage, as well as the cellular and extracellular
matrix (ECM). [33] These parameters will influence the tumor microenviroments (TME),
importantly, increasing the intratumoral pressure. Hydrostatic and osmotic pressure gradi-
ents therefore, may be insufficient to allow for the EPR effect to impact particle transport
and result in passive targeting. [34] Various attempts to circumvent this conflicting phe-
nomenon have shown promise. One such approach evaluated the use of an antifibrotic
compound, thereby inhibiting collagen production. [35] This strategy was found to be ef-
fective in reducing the intratumoral pressures associated with dense ECM and resulted in
higher accumulation of drug-loaded liposomes.

Cellular uptake

If able to avoid clearance mechanisms and undergo extravasation from circulation, access-
ing underlying tissue, nanoparticles must then successfully enter the cells of interest. Parti-
cles measuring in the nanometer size range must do so through active uptake mechanisms.
This mainly occurs through endocytosis where nanoparticle interactions with the cellular
membrane is followed by migration across the membrane and into the interior of the cell.
This process does not result in the direct release into the cytoplasm; instead particles are
sequestered within endosomal vesicles. There are five primary mechanisms of endocy-
tosis and the pathway through which a particle may enter the cell is both cell- and size-
dependent. Additionally, surface charge has been shown to influence cellular uptake rates
and pathways with increased rates of cellular uptake associated with positively charged par-
ticles. [36] The lower pH values often found in the TME could then possibly be leveraged
to induce a change in particle zeta potential through the protonation of surface functional
groups. Phagocytosis has been previously mentioned when discussing RES clearance as
this primarily occurs in phagocytes. [27] The remaining mechanisms include macropinocy-
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Figure 1.5: Schematic representation nanocarriers transport drugs to tumors. Passive
tissue targeting is achieved by extravasation of nanoparticles through increased permeabil-
ity of the tumour vasculature and ineffective lymphatic drainage (EPR effect). Active tar-
geting (Inset) can be achieved by functionalizing the surface of nanoparticles with ligands
that promote cell-specific recognition and binding. Reprinted with permission. Ref [4]

tosis, clathrin- and caveolin-mediated endocytosis, and clathrin/caveolae-independent en-
docytosis. [37] Particle fate following endocytosis can include degradation within the lyso-
some, recycling back to the cell surface via exocytosis or transcytosis, or under certain cir-
cumstances, endosomal rupture followed by the release of contents into the cytosol.

Endosomal escape

Once cellular entry has been achieved and particles find themselves within the endosome,
it becomes imperative to escape and access the cytosol and in case of nuclear therapeutic
targets, penetrate to the nuclear envelope. In instances were the particles are not recycled
back to the cellular surface through exo- or transcytosis pathways, endosomes will eventu-
ally fuse with lysosomes. [38] The environment within these vesicles are harsh due to low
pH and the presence of degradative enzymes. One means by which a particle can rupture
and escape endosomal vesicles is through the incorporation of amine-containing polymers
such as polyethylenimine (PEI). Branched PEI in particular, rich in secondary and tertiary
amines, can induce swelling as an influx of water occurs referred to as the ”proton sponge
effect.” [39] Alternatively, avoidance of the lysosome entrapment can be achieved through
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controlling the endocytosis pathway through which the particles are taken up by the cells.
A proposed pathway of cellular uptake for Abraxane (albumin-bound paclitaxel) is through
caveolae-mediated uptake following the binding of albumin to the glycoprotein, gp60. [40]
Caveolae-mediated uptake bypasses endosomes and instead results in particles localized
within caveosomes; the conditions within which are typically less harsh and tend towards
neutral pH. [41, 42] One could postulate that the coating of particles with albumin, or even
the fabrication of nanoparticles entirely of this protein may lead to greater intracellular
stability by altering the pathway through which they access the cytosol.

Multidrug resistance

Efflux pumps such as P-glycoprotein and breast cancer resistance protein (BCRP), are
present within the cellular membrane and often overexpressed in various cancers. [43, 44]
Primarily functioning to remove toxins from organs, their high levels in cancer cells is yet
another example of how the disease manages to hijack evolutionary systems designed to
protect the body and use it to its advantage. In instances when nanoparticles have man-
aged to surmount the previously described physiological hurdles and effectively deliver
their cargo to the cytosol of cancer cells, mechanisms to bind and transport hydrophobic
compounds back across the cellular membrane exist. These mechanisms are not compound
specific and as a result are effective at reducing the intracellular concentration of numer-
ous drugs. [45] Moreover, the excretion of compounds out of the target cells, inherently
increase the exposure of surrounding healthy cells to the cytotoxic compounds. Inhibition
of these multidrug resistance (MDR) efflux pumps through small molecule inhibitors, [46]
siRNA, [47] and pluronics, [48] co-delivered have shown promise in reducing the phe-
nomenon.

Additional Biological Barriers

In addition to the previously described general barriers that nanomedicines must overcome
to effectively achieve targeted and intracellular delivery of their therapeutic cargo, bio-
logical barriers specific to the route of administration and tissue of interest must also be
considered. For example, in the context of oral delivery, in addition to the stability of the
system at extremely low pH (1.0-2.5) [49] and the presence of digestive enzymes encoun-
tered in the stomach, transport across the mucosa and epithelial layers at more neutral pH
values must be achieved. [50] The epithelium and mucosa layers also pose significant chal-
lenges when delivering via intranasal or pulmonary routes. [51] Considered perhaps the
most challenging task of drug delivery is achieving therapeutic relevant doses to the brain
and central nervous system (CNS) due to the highly selective blood-brain barrier (BBB)
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(Figure 1.6). [52] Evolutionarily designed to inhibit the passage of potentially toxic solutes
into the cerebrospinal fluid while selectively allowing the transport of important metabolic
products, glucose, hormones, and amino acids critical to normal brain development and
function, the BBB serves as a formidable barrier to the intravenous delivery of drugs to
treat conditions including cancer, Alzheimer’s, epilepsy, Parkinson’s, and multiple sclero-
sis.

Figure 1.6: Transport mechanisms of the Blood-brain Barrier (BBB). The main routes
for molecular traffic across the BBB (and example compounds associated with each) are
shown. a) Paracellular (low MW, water-soluble agents), b) Transcellular (lipid-soluble
agents) c) Protein-mediated transport (glucose, amino acids, nucleosides, choline) d)
Receptor-mediated transcytosis (insulin and transferrin) e) Adsorptive transcytosis (select
plasma proteins). Reprinted with permission. Ref [5]

The advent of nanotechnology and its application into the medical, specifically the can-
cer therapy field, came with a hope of revolutionizing the way we approached therapies.
Beginning with the simple loading and release of molecules from liposomes, the field has
advanced to create an array of particle types with unique bulk and surface properties. First
proposed nearly forty years ago, the EPR effect promised a means to increase the accumu-
lation of nanoparticle drug delivery systems in cancers; yet it has been shown that this is not
a universally applicable means to do so. As a result, it has become clear that a passive tar-
geting approach may not be sufficient in most cases. The biological barriers encountered,
both from a systemic and cellular perspective, create a complex passage, often requiring
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conflicting physical attributes for efficient transport. As we examine the biological land-
scape and the barriers imposed, it becomes clear that adaptive and multifunctional particle
systems may be required to successfully navigate the complex path towards clinically im-
pactful technologies.

1.4 Multifunctional Drug Delivery Systems

Tasked with the challenge to navigate, alter, or interact with complex biological, physio-
logical, or pathological processes, nanoparticle designs and architectures have evolved, in
an attempt to address these challenges. However, while one class of particle or material
may address a single barrier, it is unlikely to address them all. For example, in the case of
drug delivery for cancer therapy, the bulk and surface properties best suited for this multi-
step process including systemic transport, tumor localization, cellular uptake and effective
drug release are conflicting. One approach to address this conundrum is the development
of multifunctional particles (Figure 1.7). [6] Recent advances in the development of such
particles, their potential applications with a particular focus on drug delivery, and persisting
challenges follow.

Multifunctional Nanoparticles

Multifunctional particles can be defined as any particle system with two or more inherent
properties. While one can classify them in numerous ways, here they are broadly cate-
gorized in one of two classes (i) those with surface anisotropy and, (ii) those with bulk
anisotropy. In the case of surface anisotropic particles, the bulk composition is often uni-
form and controlled, post-fabrication surface modifications are used to create non-uniform
surface features that diverge from their bulk properties. Conversely, bulk anisotropic parti-
cles contain multiple, distinct volumes within a single particle, often comprised of different
materials, and as a result have dissimilar bulk properties. Within each class, a variety of fab-
rication methods have been developed, each with their own advantages. (Figure 1.8)

Surface Anisotropy

Isotropic particles synthesized through various methods can be made to have anisotropic
surface properties through the application of post-modification techniques. These often
include the utilization of masks, or templates to controllably restrict the regions of parti-
cles to be modified. The templates include the use of interfaces (liquid-liquid, [53] liquid-
solid, [54] air-liquid, [55] and air-solid [56]) where particles are either mechanically placed
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Figure 1.7: Optimizing nanoparticle properties for systemic delivery. Common ap-
proaches towards surface functionalization and nanoparticle properties (e.g. PEGylation,
cationization, and conjugation of targeting ligands) can enhance particle transport for some
processes while acting as inhibiting factors for others. This highlights the conflicting ideal
properties for the multi-step process. Reprinted with permission. Ref [6]

or spontaneously accumulate to stabilize the interface. In other instances, the close packing
of particles during the process, as in glancing angle deposition, self-imposes restraints on
the surface areas of particles available for modification due to screening by neighboring
particles. [57] Here, it is through the control of the deposition angle that dictates the sur-
face area and pattern achieved. Processes such as physical deposition include etching, [58]
chemical vapor deposition, [59, 60] or lithography [61] are used to selectively modify the
exposed surfaces. In all cases, the result is a particle with regions of their surface with var-
ied chemical, electrical, or amphiphilic properties distinct from their bulk properties.

One of the more popular approaches for biological applications is the attachment of bio-
molecules to inorganic particles such as gold, or mesoporous silica that would otherwise
have no targeting properties and lack biocompatibility. López et al., make use of asymmet-
rically decorated mesoporous silica particles with controlled pore sizes to effectively target
cancer cells through folate membrane receptors and then bind to mitochondria before deliv-
ering the encapsulated drug, topotecan. [62] By selectively controlling ligand placement,
specific ligand density in each region is optimally maximized. Here, it is with a proper
selection of ligand that aims to specifically interact with the cells of interest, namely folic
acid, that facilitates increased tumor targeting.
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Figure 1.8: Techniques for the synthesis of multifunctional nanoparticles. a) Vapor-
assisted deposition of macromolecules to select areas of nanoparticles through Matrix As-
sisted Pulsed Laser Evaporation (MAPLE). Scale bar = 200 nm. b) Layer-by-layer fabrica-
tion of polymer-coated, hollow silica nanoparticles for temporally controlled release of en-
capsulated drugs. Scale bar = 100 nm. c) Anisotropic, multifunctional patchy nanoparticles
formed through the use of glancing angle deposition (GLAD). Scale bar = 2 µm. d) Tan-
dem nanoprecipitation and internal phase separation employed to create surface-reactive,
patchy nanoparticles prepared through the use of block copolymers (BCPs) and tuning
of preparation conditions. Scale bar = 100 nm. e) Surface-reactive, multicompartmental
particles fabricated using electrohydrodynamic (EHD) cojetting through the spatially con-
trolled addition of chemically orthogonal surface functional groups. f) Continuous and
high-throughput synthesis of multicompartmental nanoparticles through the formation of
compound droplets in flow and subsequent UV initiated crosslinking. Scale bar = 100 nm.
Reprinted with permission. Ref [7]
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Alternatively, surface modifications can increase cellular interactions and uptake through
a more general approach of controlling surface chemistry and thereby affecting surface
charge density. Paula Hammond’s group at MIT recently demonstrated this by controllably
PEGylating cationic dendrimers for the treatment of cartilage cells to treat osteoarthri-
tis. [63] Here, Geiger et al., take advantage of the highly controllable size and reactive
surface amine groups to optimize surface charge through the subsequent attachment of
polyethylene glycol. Together, with the attachment of insulin-like growth factor-1 (IGF-1),
these particles show increased uptake in cartilage cells, minimized toxicity, and signifi-
cantly reduced disease symptoms.

Bulk Anisotropy

In contrast to the post-modification routes that are used to create multifunctional nanoparti-
cles with surface anisotropy, bulk anisotropic particles typically are formed with a bottom-
up approach. Here, the compositions of the bulk materials and their relative orientation is
controlled throughout the fabrication process. Controlled self-assembly processes can be
achieved through careful selection of polymers and the solvent mixture, [64,65] on a larger
scale, the selective surface functionalization of smaller building block particles. [66, 67]
The formation of liposomes [68, 69] or disk shaped particles [70, 71] made of amphiphilic
molecules such as lipids can also be formed through self-assembly process. In contrast,
various flow processes, including microfluidics [72, 73] and electrohydrodynamic (EHD)
co-jetting, [74–77] that utilize the controlled flow of polymer solutions in specific orienta-
tions to one another in combination with a method of solidifying the individual particles
to form stable colloids. Lastly, by taking a layer-by-layer (LBL) approach, nanoparticles
can be assembled in a stepwise fashion, resulting in radially anisotropic particles. [78–81]
In each case, the bulk anisotropy of the resulting particles often directly translates to a
surface anisotropy, which in some cases can be further modified for application specific
properties.

Hwang et al., utilized dissimilar pH responsive polymers and the EHD co-jetting process to
produce biphasic particles capable of the controlled and decoupled release of two distinct
macromolecules in response to environmental conditions. [82] Building upon this work,
the development of a biphasic particle system for the controlled and decoupled release of
two therapeutics within the cochlear was achieved. [83] Here, the therapeutics consisted of
the small molecule, piribedil and a protein, glial cell-derived neurotrophic factor (GDNF),
demonstrating that the method of preparation would accommodate the loading and release
of drastically different chemical moieties from individual compartments of a single particle
system.
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In addition to the encapsulation and release of therapeutics, the ability to track particles in

vivo and determine intracellular particle fate can prove valuable. This could be the addi-
tion of fluorescent dye molecules, nuclear imaging agents for PET/CT (Positron Emission
Tomography Computed Tomography) and SPECT (Single Photon Emission Computed To-
mography), or encapsulated inorganic nanoparticles for SERS (Surface-Enhanced Raman
Spectroscopy) [84] imaging. The idea of delivering multiple therapeutics can be expanded
to include imaging techniques. Most notably of these is the concept of combining the deliv-
ery and release of therapeutics while also providing a method of monitoring biodistribution
and intracellular fate, termed theranostics. Misra et al., demonstrated the ability to cre-
ate biphasic compartments comprising of a PLGA compartment loaded with an imaging
agent alongside a second pH-sensing, siRNA-loaded compartment. [85] The synthesized
particles demonstrated not only the ability to serve the dual function of particle tracking
and therapeutic release, but also made use of significant swelling of a single hemisphere to
facilitate endosomal escape.

Creating particles that are anisotropic within the bulk lends itself to using the inherent
surface anisotropy towards selectively modifying the surface without the use of templates
or masks. Rahmani et al., demonstrated this through the synthesis and subsequent surface
modification of three compartment particles. [9] Here, a similar poly(lactide-co-glycolide)
(PLGA) base was used in combination with dopants of functional PLA polymers. It was
shown that by incorporating small amounts of a functional polymer within the bulk of an
otherwise isotropic particle system, controlled surface functionalization through orthogonal
click chemistry reactions could be used to selectively decorate the particle surface. This
approach would allow for the covalent attachment of specific targeting or stealth moieties
with control over density, placement, and relative orientation of individual ligands relative
to one another. Furthermore, the adaptability of the process suggests that the number of
compartments and attached ligands is limited only by the number of orthogonal chemistries
that can be performed on the resulting particle.

While the highlighted methods of multifunctional nanoparticles aim towards overcoming
biological barriers in the field of drug delivery, a great deal of progress remains to be made.
Of particular importance is the ability to translate optimal cell penetrating and drug delivery
achieved within in vitro systems to clinical relevance. The most daunting of challenges in-
volves maintaining favorable particle attributes for cellular uptake while minimizing in vivo

clearance from circulation to maximize targeting capabilities. For years, the gold standard
of surface modification, PEGylation promised to be a means to add a stealth-like qual-
ity to nano-sized colloids in the bloodstream. However, to date, the fractions of injected
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particles remaining in circulation over extended periods of time remain disappointing us-
ing this method. [86] More concerning is the recent observation of circulating antibodies
against PEG as an innate immune response. [87, 88] Together, these results motivate cur-
rent research to identify alternative means to extend particle circulation, reduce their rapid
clearance, increase local targeting, and effectively penetrate biological barriers such as the
BBB.

1.5 Electrohydrodynamic Co-Jetting

Recent work in the Lahann Lab at the University of Michigan has focused on the develop-
ment of EHD jetting as a method of producing multifunctinal particles. [8, 89–92] Based
on the more common known techniques of electrospraying or electrospinning, EHD jet-
ting uses the flow of dilute solutions coupled with an applied electrical potential acting as
a driving force to produces fibers or particles with characteristic diameters in the micro-
or nanoscale. Incorporating multiple and distinct inlets into the system results in what
has been termed, EHD co-jetting, and an ability to create multiple compartments within a
single particle or fiber architecture. [74, 75, 82, 83, 85, 93–99]

EHD co-jetting utilizes the laminar flow of two or more polymer solutions, in specific
geometric arrangements, to produce bicompartmental particles with anisotropic bulk and
surface properties (Figure 1.9). First described in detail by Sir G.I. Taylor, [100] the appli-
cation of an electric field to the compound droplet results in the formation of a Taylor cone
and electrified polymer jet. Acceleration of the viscoelastic jet in the electric field leads to
the reduction in thread diameter by several orders of magnitude facilitating rapid solvent
evaporation and solidification of non-volatile components. In the absence of convective
mixing at the stable droplet interface as a result of the laminar flow regime, the resulting
particle geometry is reflective of the original droplet orientation. [74, 75, 93, 99, 101] Ca-
pable of incorporating a wide range of materials, the EHD co-jetting process permits the
synthesis of particles with several substantially dissimilar and decoupled compartments,
including the encapsulation of imaging or therapeutics modalities. [83–85, 96, 99]

Variations in jetting parameters can significantly influence jet stability and ultimately the
resulting shape, size, composition, and morphology (Figure 1.10). [8, 102] Solution pa-
rameters including polymer molecular weight and concentration, solvent composition, and
additives (e.g. surfactants or small molecules) all affect solution viscosity, surface tension,
and the dielectric constant which in turn influences jetting stability. Increased concentra-
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Figure 1.9: Electrohydrodynamic (EHD) co-jetting. The introduction of multiple inlets
into the jetting system facilitates the creation of multicompartmental particles. (Left) A
schematic of the EHD co-jetting system composed to two independent polymer materials.
(Right) Confocal images of fluorescently labeled microparticles fabricated via EHD co-
jetting. Resulting particles maintain the side-by-side orientation of the jetting capillaries,
yielding bicompartmental Janus particles. Chosen images represent the first personally
produced Janus particles synthesized after joining the lab. Scale bar = 2 µm.

tions and molecular weights of polymers will typically lead to more viscous solutions and
stable continuous jets. When combined with low flow rates, these conditions tend towards
fibers rather than particles. [92, 101, 103] Conversely, lower molecular weight bulk poly-
mers and reduced solution concentrations will yield particles in the micro and sub-micron
regime. Processing parameters including flow rate, applied electrical potential, needle ge-
ometry and needle to collector distance each can be optimized to further control the re-
sulting particle architectures. Additionally, environmental conditions such as humidity and
temperature play important roles and often must be controlled.

The EHD process has evolved to incorporate an array of bulk materials. Preliminary work
to develop EHD co-jetting began with the use of water-soluble polymers poly(ethylene
glycol) (PEG) or polyacrylic acid (PAA). [74, 82, 89] As a result of the material’s water-
soluble nature, these early particles required the use of further modifications following their
fabrication to ensure stability in aqueous environments. Work quickly moved to the use of
biodegradable synthetic polymers, notably poly(lactic-co-glycolic acid) (PLGA). [8,91,96]
Transitioning to organic-soluble polymers eliminated the need for post-fabrication modifi-
cations to be completed as the resulting particles were instead stabilized through polymer
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Figure 1.10: Imparting control of particle shape and size. Variations in process param-
eters including polymer concentration, carrier solvent composition, solution additives, and
environmental conditions can lead to control of shape and size for the resulting particles.
Particle sizes ranging from several microns to tens of nanometers are accessible. In ad-
dition to spherical particles, elongated rods, flat disks, and even more complex (e.g. red
blood cell mimicking) shapes can be attained through changes in these same solution or
processing parameters. Reprinted with permission. Ref [8]

chain entanglement and poor water solubility of the bulk material. Through the addition of
functional PLGA molecules into distinct compartments, bulk anisotropy could be extended
to the surface using orthogonal surface chemistries. [9] Chemical structures and represen-
tative confocal images following the selective conjugation of fluorescent surrogates are
shown in Figure 1.11.

More recent work, presented here, is the development of a protein-based nanoparticle plat-
form. Stabilized through chemical crosslinking, Synthetic Protein Nanoparticles (SPNPs)
are predominately composed of proteins on a mass basis. [104–106] The vast choices of
proteins, with varied inherent biological functions make this choice of material incredibly
attractive from a particle engineering perspective. Owing to the diverse set of functional
groups of the natural amino acid side chain groups, chemical modifications (both pre- and
post-jetting) through well established conjugation chemistries are possible. These are typ-
ically completed under mild reaction conditions, are highly efficient, and involve straight-
forward purification steps to isolate modified proteins/particles from the unreacted starting
materials. As a result of proteins amphiphilic nature, published and ongoing work show
SPNPs are capable of effectively encapsulating a wide range of cargo including functional
proteins, [105] enzymes, peptides, nucleic acids [104] and even small molecule drugs (both
hydrophilic and hydrophobic).
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Figure 1.11: Controlled surface functionalization. Extending bulk anisotropy through
selective surface modifications yields patchy particle surfaces. Shown here, functional
PLA molecules can be doped into individual PLGA compartments. Subsequent surface
chemistries are used to selectively conjugate molecules to the particle surfaces. As a proof
of concept, fluorescent surrogates were used in place of active biologically relevant surface
modifications. Reprinted with permission. Ref [9]

1.6 Objectives

The major objective of the work presented in this dissertation focuses on the development
and validation of multifunctional drug carriers. Work includes the expansion of current
materials to produce protein-based carrier systems, their effective targeting, and their ap-
plication in delivering biological therapeutic cargo to the brain. Specifically, the following
aims motivate the work presented.

Aim 1: Develop carriers with selective pH-responsive release of drug combinations
Here, we identify drug combinations and evaluate the role that their molar ratios and sched-
uled delivery play in achieving synergistic effects. Applying previous work to develop
multicompartmental particles via EHD co-jetting, we produce Janus nanoparticles capa-
ble of encapsulating and releasing these same synergistic drug combinations in response
to biologically relevant stimuli. The effects of controlling drug ratios and their sequential
scheduled delivery from a particle system are demonstrated.
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Aim 2: Extend the EHD Cojetting technology to produce protein nanoparticles
Previous work in developing EHD Cojetting technology focused on the use of biocom-
patible synthetic polymers, namely PLGA. Here, we expand the process capabilities and
develop a robust platform to produce Synthetic Protein Nanoparticles (SPNPs). The use
of various proteins, distinct crosslinking approaches, controlled chemical modifications,
and their effects on particle architecture are demonstrated. Further, the ability to produce
SPNPs with multiple compartments is validated.

Aim 3: To develop and validate antibody-mediated targeting of SPNPs
Given the demonstrated need for active targeting of systemically administered nanoparti-
cle carrier systems to achieve favorable biodistribution, here we develop a robust method
of conjugating molecules to SPNP surfaces. Through the addition of targeting antibodies,
we demonstrate an ability to affect binding and uptake in an in vitro setting. Evaluat-
ing these same antibody-targeted particles following systemic administration, we demon-
strate an ability to selectively alter biodistribution and accumulation of the particles in the
lung.

Aim 4: To develop SPNPs capable of delivering biological cargo to glioblastoma
The effective delivery of therapeutic agents to the brain has the potential of making sig-
nificant impact in patients diagnosed with glioblastoma multiforme (GBM). Despite re-
cent advances, the inability to systemically deliver drugs, capable of crossing the blood-
brain barrier (BBB), translates to minimal impacts in extending median survival. Here,
we demonstrate the delivery of siRNA using SPNPs, their accumulation within the GBM
tumor microenvironment (TME), and therapeutic effects when combined with standard of
care.
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CHAPTER 2

Programmable Synergistic Dual Drug Delivery

This chapter contains portions of text originally published as:

Programmable Delivery of Synergistic Cancer Drug Combinations
Using Bicompartmental Nanoparticles
JV Gregory*, DR Vogus*, A Barajas, MA Cadena, S Mitragotri, and J Lahann
Advanced Healthcare Materials (2020)

*Shared co-first authorship.

Individual contributions to this shared publication include the synthesis of a pH-responsive
modified dextran and the subsequent engineering of multicompartmental Janus nanoparti-
cles. Additional work included the characterization the synthesized polymer and resulting
nanoparticles. Finally, methods to capture and quantify the complimentary dual release was
developed and applied to characterize the controlled release from the particle system.

2.1 Motivation

Cancer therapeutics are most effective when administered in combination with one an-
other due in part to tumor heterogeneity and acquired resistance mechanisms. Combina-
tion therapy, an approach of administering two or more therapeutic agents or treatment
modalities is thus increasingly applied in cancer therapy. [107] In contrast to single drugs,
the administration of multiple therapeutics has the advantage that several pathways con-
tributing to cell survival and proliferation, apoptosis, and metastatic behavior can be tar-
geted simultaneously. The approach of targeting orthogonal pathways offers the benefit of
achieving greater therapeutic effects, while also reducing the individually required doses
and associated off-target side effects, blocking of pro-survival pathways, and minimiz-
ing the occurrence of drug resistance often observed in patients. [107–110] As a result,
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extensive research has been conducted to identify and optimize synergistic drug combina-
tions. [111–115] Critical challenges include the effective delivery of identified combina-
tions, largely due to ineffective means to control the biodistribution and pharmacokinetics
of the individual agents. Additionally, it has been observed in some cases that optimal syn-
ergistic effects are dependent not only on the precise control over the molar ratios delivered,
but also on the sequence in which the two drugs are administered. [116]

A wide range of polymer nanoparticles have been extensively developed for the use as
drug carriers. [117–119] Previous work has demonstrated electrohydrodynamic (EHD) co-
jetting as a versatile and highly scalable means to synthesize multicompartmental micro-
and nanoparticles. [92, 120] Bicompartmental nanoparticles have previously been engi-
neered to carry small molecule drugs, [83, 96] siRNA, [85, 104] and imaging agents [84]
for various therapeutic applications. In addition, bicompartmental particles can be syn-
thesized at sizes less than 200 nm and selectively surface modified with functional lig-
ands. [83, 86, 91] Downstream processing, including surface PEGylation, [86] CD-47 pre-
sentation, [25, 121] and RBC hitchhiking, [30] are each possible alone or in combination
using these nanoparticles and can be leveraged to alter biodistribution of particles. Contrary
to other nanoparticle fabrication methods, bicompartmental nanoparticles formed via EHD
co-jetting allow for individual drugs to be loaded into distinct compartments, comprising
of unique materials, capable of degrading at different rates, and thereby resulting in distinct
and controlled release kinetics. [82, 90]

This research aims to develop a single nanoparticle platform, from which the controlled re-
lease of two distinct therapeutics can be achieved, independent of their chemical/biological
properties. In particular, we seek to engineer programmable nanoparticles with tunable
drug ratios and decoupled release kinetics (Figure 2.1).

Figure 2.1: Decoupled dual-release kinetics from Janus NPs. Fabrication of Janus
nanoparticles comprising of unique bulk materials enables the controlled release of multi-
ple encapsulated agents with distinct release profiles.
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2.2 Experimental Methods

2.2.1 Materials

Cells: MDA-MB-231 and BT-474 cells were purchased from ATCC.
Media: MEGM kit, fetal bovine serum (FBS), and penicillin streptomycin (PS) were pur-
chased from Thermo Fisher, USA.
Drugs: Lapatinib Free Base and Paclitaxel were purchased from LC Laboratories
Reagents: Sodium chloride, dimethylsulfoxide(DMSO), ethyl acetate, poly(lactide-co-
glycolide)(PLGA) 85:15, chloroform, dextran from leuconostoc mesenteroides (64-76 kDa),
chloroform, dimethylformamide (DMF), 2-methoxypropene, anhydrous DMSO, pyridinium
p-toluenesulfonate, methanol, acetonitrile, hexadecyltrimethylammonium bromide (CTAB),
Tween 20, deuterated chloroform, phosphate buffered saline (PBS), Coumarin 314, Rho-
damine B, N-(3-Dimethylaminopropyl)-N-ehtylcarbodiimide hydrochloride (EDC), triethy-
lamine (TEA), and XTT assay were purchased from Sigma-Aldrich, USA. Sodium nitrite,
dichloromethane, sodium carbonate, Optimal Cutting Temperature (OCT) compound, and
N-(hydroxysulfosuccinimide) (Sulfo-NHS) were purchased from Fisher Scientific, USA.
Albumin from Bovine Serum (BSA), was purchased from Life Technologies-Invitrogen,
USA. PLGA 5004a was purchased from Corbion. Deuterated Water (D2O) was purchased
from TCI America. MTT assay was purchased from Abcam.

2.2.2 Methods

Cell growth

All cells were grown in a humidified incubator at 37°C and 5% CO2. BT-474 cells were
grown in Hybricare media supplemented with 10% FBS and 1% PS. MDA-MB-231 cells
were grown in supplemented mammary epithelial cell growth medium (MEGM) media.

Activity assays

BT-474 and MDA-MB-231 cell suspensions (100 µL) were seeded in 96 well plates at
concentrations of 1.1 x 104 and 1.0 x 104 cells per well, respectively. Cells were al-
lowed to adhere overnight, and the media was replaced with drug or particle suspensions
in media the following day. Pure drug solutions were prepared from DMSO stocks of the
drugs 1 mg mL−1 paclitaxel (PTX) and 1 mg mL−1 lapatinib (LAP). Particle formulations
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were prepared by suspending the lyophilized particles in phosphate buffered saline (PBS)
( 0.1 mg mL−1) with 0.01% Tween 20 and then dispersed with ultrasonication.

After cells were incubated with drugs for 72 h, unless specified otherwise, the drug formula-
tions were replaced with MTT reagent (0.5 mg mL−1 in media). Following 4 h incubation,
the MTT solution was aspirated and DMSO was added to each of the wells. The plates
were shaken for 30 min, and the absorbance of each well was read at 570 nm (Tecan Plate
Reader). Dose response curves were calculated similarly to previous reports. Synergy be-
tween combination treatments were calculated using the combination index first published
by Chou and Talalay. [122]

Synthesis of acetylated dextran

Acetylated dextran was synthesized according to a modified version of the protocol devel-
oped by Fréchet for the acetalation of low molecular weight dextrans. [123] Briefly, 1.0 g
of dextran (64-76 kDa) was dissolved in 50 mL of anhydrous DMSO. Once, completely
dissolved, 25 mg of pyridinium p-toluenesulfonate was introduced, followed by 5.0 mL
of 2-methoxypropene, added dropwise. The reaction vessel was purged with dry N2 and
stirred for three hours under positive pressure at room temperature. Acetylated dextran was
precipitated out of solution by combining the reaction mixture with 200 mL of distilled
H2O (+ 1.0 v/v% TEA). The product was washed several times with DI water via alternat-
ing centrifugation and resuspension cycles. The final product was lyophilized to remove
any water, yielding a dry, white powder.

Polymer characterization

Synthesized acetylated dextran was characterized via proton NMR spectroscopy to confirm
polymer structure and characterize acyclic vs. cyclic hydroxyl protection. To determine the
degree of protection, protected dextran was hydrolyzed in D2O with a small addition of DCl
to acidify the solution. Proton NMR spectra was collected using a Varian 400 MHz (UM,
Chemistry NMR Core) instrument. The resulting 1H NMR spectra, with a basis of 100
glucose units per polymer chain, was used to calculate the fraction of hydroxyl groups pro-
tected through the reaction and estimate the ratio of acyclic vs. cyclic acetal protecting
groups using Equations (2.1) and (2.2), respectively.

Degree of Protection =

[
MeOH

3

]
+
[

Acetone−(2)(MeOH)
3

]
300

(2.1)
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Acyclic:Cyclic Protection = MeOH : Acetone− (2)(MeOH) (2.2)

Particle degradation

Validation of the protected acetylated dextran and its degradation in acidic conditions
was validated through the controlled degradation of synthesized particles. Bicompart-
mental nanoparticles consisting of two compartments, one PLGA only, and a second, a
PLGA/AcDex blend, were synthesized via EHD co-jetting. The particles were dried un-
der vacuum to remove any residual solvent and suspended in either neutral pH conditions
(PBS + 0.1% Tween 20, pH 7.4) or acidic buffer (sodium acetate-acetic acid buffered so-
lution + 0.1% Tween 20, pH 5.0). Particles were incubated at 37°C for predetermined
periods of time. At the end of the incubation period, nanoparticles were washed three
times with PBS followed by five ultrapure water washes to remove any residual salts. Fi-
nal nanoparticle solutions were spin-coated onto silicon wafers and imaged via scanning
electron microscopy.

Particle synthesis

All carrier formulations were fabricated using electrohydrodyamic (EHD) co-jetting as pre-
viously described. [8, 90, 96] Briefly, PLGA compartments consisted of a 7.0 w/v% PLGA
in a 70:30 v/v CHCl3:DMF solution. AcDex/PLGA compartments consisted of a 2.5 w/v%
PLGA and 4.5 w/v% acetylated dextran in a 70:30 v/v CHCl3:DMF solution. In each case,
a small addition (2 w/v%) of hexadecyltrimethylammonium bromide (CTAB) was added
to act as a surfactant to control for final particle size. When encapsulating chemotherapeu-
tic drug into the particle system, drugs were first dissolved in DMSO at concentrations of
100 mg mL−1 and then diluted to target concentrations, relative to base polymer in CHCl3.
Bicompartmental particles were fabricated by flowing solutions for each of the two com-
partments in a side-by-side arrangement and co-jetted at a total flow rate of 0.2 mL h−1,
30 cm needle to collector distance, and 9.5-11.0 kV applied electrical potential. All co-
jetted particles were dried under vacuum for three weeks to ensure residual solvent was
completely removed before their further use in future experiments.

Particle characterization

Particles were characterized in both their dry and hydrated states to determine size, par-
ticle morphology and structure, and drug loading efficiencies. Particles were collected on
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small silicon wafers placed on the collection platform, dried under vacuum, and sputter
coated with a thin (<10 nm) layer of conductive gold prior to imaging according to previ-
ously developed methods. Scanning Electron Microscopy (SEM) imaging was completed
with a FEI NOVA 200 Nanolab SEM-FIB instrument (UM, (MC)2 Imaging Core). Particle
size distribution was determined by manually measuring particle diameter using ImageJ
software (n ≥ 300). Particles with dyes loaded into each compartment, were collected
on glass cover slides, dried under vacuum and mounted in ProLong Diamond Antifade
Mountant, and imaged using superresolution Structured Illumination Microscopy (SIM)
with a Ziess ELYRA microscope (UM, Biointerfaces Optical Imagine and Analysis Lab).
All samples were imaged following a standard Zeiss developed, channel alignment pro-
tocol to eliminate alignment artifacts when investigating bicompartmental particle archi-
tecture. Dynamic Light Scattering (DLS) was performed using a Malvern Zetasizer Nano
ZSP (UM, Biointerfaces Nanotechnicum), following particle collection and purification in
PBS.

Particle loading and release

To determine total loading and loading efficiency, particles were fabricated incorporat-
ing Coumarin 314 into the PLGA compartment and Rhodamine B into the AcDex/PLGA
compartment. Known particle masses were collected and dissolved in chloroform. The
resulting solutions were examined using a Horiba FluoroMax-3 Fluorometer with excita-
tion/emission wavelengths of 436/485 and 543/576 nm, respectively. Results were com-
pared to previously generated calibration curves to determine total dye loading.

A similar approach was used to determine drug loading for all drug-loaded particle vari-
ations. Particles were dried under vacuum as previously described and then dissolved in
chloroform. Resulting solutions were analyzed for drug concentrations using an Agilent
Q-TOF HPLC-MS instrument (UM, Chemistry Mass Spec Lab). Previously generated cal-
ibration curves were used to determine total drug loading, loading efficiency, and relative
molar ratios in particles that encapsulated both compounds.

Release kinetics were determined via dialysis. In both dye and drug release experiments,
known particle masses were collected and suspended in 5 mL of release media. PBS was
used as neutral release media, while a sodium acetate-acetic acid buffered solution, adjusted
to pH 5.0, was used for acidic release conditions. Particle solutions were placed within a
Float-a-Lyzer device (100 kDa MWCO, Spectrum Labs) and submerged in an additional
40 mL of equivalent release media in 50 mL conical vials. The vials were incubated at
37°C. At pre-determined times, the dialysis device was transferred to a new conical vial
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filled with pre-warmed, fresh release media.

Samples from preliminary dye release experiments were measured as described above us-
ing the Horiba FluoroMax-3 Fluorometer. Samples from drug release experiments were
measured as described above using the Agilent Q-TOF HPLC-MS instrument. In each, case
a previously generated calibration curve was used to quantify cumulative release.

Statistical analysis

All values are expressed as mean ± standard deviation (n ≥ 3 biological replicates). Frac-
tional cell inhibition and dose response curves were fit using non-linear fits and display
error bars of 95% confidence intervals. Statistical analysis and non-linear median effect
model fits were performed using GraphPad Prism 7. For normally distributed data sets,
two-way ANOVA testing followed by Sidak post-hoc tests were used to test statistical dif-
ference between measurements; p-values less than 0.05 were considered significant.
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2.3 Results and Discussion

2.3.1 Janus NP Synthesis and Characterization

Taking advantage of the biological difference in pH, typical of TME and endocytotic cellu-
lar compartments (i.e., endosomes and lysosomes), we aimed to engineer bicompartmental
nanoparticles that would preferentially degrade in acidic conditions. Previous work by
Fréchet et al. resulted in the synthesis of an acetal-modified dextran (AcDex) by reacting
hydroxyl groups with 2-methoxypropene. [123] Acetylated dextran was explored previ-
ously as a material compatible with electrohydrodynamic jetting through the formation of
fibrous scaffolds [124] and nanoparticles. [90] Following a similar synthetic route (Figure
2.2a), we modified a 70 kDa dextran to ensure that resulting polymer is no longer readily
water soluble and the protecting groups impart more hydrophobic properties. Under acidic
conditions, the acetal groups are readily cleaved resulting in the release of methanol and
acetone moieties and a return to the water-soluble dextran structure.

Prior to the fabrication of nanoparticles, synthesized AcDex was first validated through
1H NMR spectroscopy and particle degradation experiments. Together with a noticeable
change in solubility, initial NMR spectra (1H, CDCl3, Figure 2.2b), when compared to
literature first describing the synthesis of low molecular weight (10 kDa) AcDex, [123]
confirmed polymer structure. Following polymer degradation via hydrolysis in D2O/DCl,
chemically cleaved protecting groups yield acetone and methanol, each detectable via 1H
NMR at approximately 2.2 and 3.3 ppm respectively (Figure 2.2c). In the case of acyclic
protecting groups, both acetone and methanol are produced; conversely, cyclic protect-
ing groups yield only acetone. Integration of the resulting methanol and acetone NMR
peaks, together with Equation 2.1, suggested that approximately 70% of the available dex-
tran hydroxyl groups were protected, sufficiently making the resulting polymer insoluble
in neutral aqueous conditions. Further examination of the same spectra, together with
Equation 2.2, indicated that the ratio of hydroxyls protected by acyclic to cyclic acetal
groups was approximately 4:1. Previous studies suggest that this approaches the maximum
achievable ratio of cyclic protecting groups due to the chemical structure of dextran, steric
effects, and hydroxyl groups available to participate in such bonding. The ratio of acyclic
to cyclic protecting groups is easily modified through reaction conditions and when incor-
porated into particles, this polymer property ultimately contributes to particle degradation
rates. [125]

To further characterize the synthesized AcDex polymer, multicompartmental nanoparticles

29



Figure 2.2: Synthesis of pH-responsive acetalated dextran. The addition of protective
groups to dextran results in a water-insolbule derivative. Exposure to acidic aqueous con-
ditions readily reverses this process returning the polymer to its native structure releaseing
methanol (MeOH) and acetone as byproducts. a) Chemical synthesis scheme to generate
acetalated dextran polymer. b-c) Proton NMR of the resulting polymer (b) before and, (c)
after hydrolysis.

consisting of a PLGA and PLGA/AcDex compartments were fabricated via EHD co-jetting
(Figure 2.3). Combined with PLGA within a single nanoparticle, the result is a bicompart-
mental particle with distinct degradation rates in response to pH. The synthesized spherical
nanoparticles, when imaged using SEM (Figure 2.4a), were found to be relatively homo-
geneous in size with an average diameter in their dry state of 161 ± 61.2 nm (Figure 2.4a).
This imaging technique allowed for both the surface morphology to be examined while
simultaneously determining a statistically significant size distribution. Once collected and
purified, their average hydrodynamic diameter, measured by DLS, was determined to be
240 nm (PDI = 0.316) (Figure 2.4b). The discrepancy in size can be attributed to a com-
bination of swelling of the polymer nanoparticles in aqueous solution and inherent differ-
ences in the measurement techniques. When additional purification was performed through
centrifugation methods we were able to obtain fractions of smaller particles, approximately
175 nm (PDI = 0.174) in diameter as measured by DLS (Figure 2.5).

Particles were then incubated in either neutral or acidic buffer at 37°C for 5, 10, 15 and
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Figure 2.3: Design and fabrication of pH-responsive Janus nanoparticles. Bicompart-
mental Janus nanoparticles were fabricated via electrohydrodynamic (EHD) co-jetting. The
adjacent laminar flow of two polymer solutions consiting of PLGA and a PLGA/AcDex
blend entering the Taylor cone result in nanoparticles with distinct hemispheres.

20 h. These particles were then extensively washed with DI H2O, deposited on silicon
wafers, and imaged via SEM to visually investigate their degradation in response to pH.
It was observed that particles in acidic buffer underwent significant swelling and rapid
degradation compared to those incubated in neutral conditions (Figure 2.6). This observed
difference in nanoparticle degradation would suggest that the acetal protected dextran re-
mains water insoluble under neutral conditions; however, when exposed to acidic envi-
ronments, the polymer readily undergoes acid catalyzed hydrolysis, is converted back to
its water-soluble form, and results in a rapid degradation of the AcDex containing parti-
cle hemisphere. Together, these properties offer an ability to tune the release kinetics of
encapsulated molecules in response to external stimuli, notably the pH of the surrounding
environment.

31



Figure 2.4: Size distribution of PLGA/AcDex Janus nanoparticles. Nanoparticles fabri-
cated via EHD co-jetting have a monodisperse size distributino and spherical morphology.
a) Represenative scanning electron microscropy (SEM) image (inset) and size distribution
of cojetted bicompartmental nanoparticles. Average diameter = 161 61.2 nm. Scale bar = 1
µm. b) Dynamic light scattering (DLS) size characterization of bicompartmental nanopar-
ticles. Average diameter = 240 nm.

Figure 2.5: Size distribution of PLGA/AcDex Janus nanoparticles post purifica-
tion. Dynamic light scattering (DLS) size characterization of bicompartmental PLGA and
AcDex nanoparticles following size-selection via a differential centrifugation process. Av-
erage diameter = 173 nm, PDI = 0.174.

To demonstrate the difference in degradation of each of the polymer phases and its effect
on the release of encapsulated small molecules, Rhodamine B was incorporated into the
AcDEX/PLGA compartment while Coumarin was loaded into the PLGA compartment.
The addition of dyes to the synthesized nanoparticles did not significantly change the re-
sulting nanoparticles shape or size as confirmed by the respective SEM images (Figure 2.7).
The particles were found to have diameters consistent with previous measurements taken in
their dry state. Super resolution, SIM imaging of the resulting nanoparticles clearly shows
the formation of two distinct compartments, each containing the loaded dye molecules
(Figure 2.7).

The release kinetics of each fluorescent molecule at physiologically relevant conditions
were determined (Figure 2.8). Neutral conditions (pH 7.2) were selected to inform release
kinetics from particles in circulation and healthy extracellular space while pH 5.0 was eval-
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Figure 2.6: pH dependent nanoparticle degradation Janus nanoparticles consisting of
PLGA and PLGA/AcDex compartments undergo distinctly different degradative processes
in response to solution pH.

Figure 2.7: PLGA/AcDex Janus bicompartmental structure validation SEM image
of dye-loaded bicompartmental nanoparticles. Average size = 165 ± 37 nm. Individual
particles imaged with super-resolution, structured illumination microscopy (SIM) show-
ing distinct compartments within single particles. Scale bar (SEM) = 1 µm, Scale bars
(SIM) = 300 nm.

uated to characterize release in the more acidic TME and endocytotic vesicles. Together,
these two conditions were chosen to provide a more complete representation of drug re-
lease following systemic delivery. The stability of both polymer phases was evident by the
slow release kinetics of the fluorescent molecules at pH 7.2 (Figure 2.8a). At pH 5, the
release of Rhodamine B from the AcDEX/PLGA compartment phase of the nanoparticles
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is noticeably faster than that of coumarin from the PLGA compartment (Figure 2.8b). This
was also evident after changing the pH of the solution from pH 7.4 to pH 5.0 at t = 24 h
(Figure 2.8c). While we observed an obvious divergence of the individual release profiles
following the change in pH at 24 h, it was also noted that nearly 75% of each encapsulated
material had already been released; experimental designs for subsequent release experi-
ments was adjusted to account for this. Finally, comparing the initial release of Rhodamine
B from the acetylated dextran phase in acidic pH, it is clearly more rapid than when the
nanoparticles are incubated at neutral conditions (Figure 2.8d).

Figure 2.8: Controlled dye release from Janus nanoparticles. Release of encapsu-
lated small molecule dyes Coumarin and Rhodamine B from PLGA and pH responsive
PLGA/AcDex compartments respectively. Release kinetics studied at a) physiological pH,
7.2, b) acidic pH, 5.0 and c) a dynamic system with a change of pH from 7.2 to 5.0 at the
24 h timepoint. d) Release kinetics of Rhodamine B, encapsulated within the pH respon-
sive PLGA/AcDex compartment, evaluated at both neutral and acidic conditions. Results
are shown as mean ± s.d. Statistical significance defined as p < 0.05 (n ≥ 3 biological
replicates; two-way ANOVA and Sidaks multiple comparisons tests; **** p < 0.0001,
** p < 0.005, * p < 0.05).

2.3.2 Schedule-dependent synergy in breast cancer

After establishing the ability to both load and release small molecule surrogates from bi-
compartmental nanoparticles, work was done to identify and optimize a potentially syner-
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gistic drug combination. LAP, a dual EGFR and HER-2 kinase inhibitor was originally
approved for treating late stage, HER2+ breast cancer in combination with capecitabine.
Since then, it has been tested in various clinical trials as a substitute for trastuzumab in
combination with other chemotherapeutic agents. In particular, LAP and PTX have been
evaluated for treatment of various phenotypes of metastatic breast cancer. [126–130] Over-
expression of tyrosine-kinase activity is essential in many biological functions, including
those contributing to chemoresistance. [131,132] In patients that fail to respond to broadly
applied chemotherapeutics such as PTX, inhibiting this pathway has been shown to regain
efficacy. [133] Therefore, it has been proposed that the combination of tyrosine-kinase in-
hibitors with taxanes may prove to be effective treatment regimens. The addition of LAP to
PTX chemotherapy regimens has extended the survival of patients with metastatic, HER2+

cancer while being mostly ineffective for HER2− patients. [126,129,134] In addition, LAP
and PTX have proven to be effective in treating HER2+ breast cancer patients in the neoad-
juvant setting. [130] The use of high doses of LAP has also been used to increase the de-
livery of albumin bound PTX to various solid tumors by reducing the hyperpermeability of
the tumor vasculature. [135] While promising, other conflicting studies have found no true
synergistic effect between the two drugs when delivered simultaneously. [136]

Given the early, yet conflicting, clinical success of PTX and LAP in combination, it poses
the question if the combinations efficacy could be further improved if the drugs are adminis-
tered in an optimal manner; however, designing the optimal combination regimen for PTX
and LAP in their free forms is a challenge due to the drugs being administered through dif-
ferent routes: LAP as an oral pill and PTX intravenously with Cremaphor EL. To ensure the
drugs reach the tumor site simultaneously, various delivery systems have been synthesized
to co-deliver the two hydrophobic agents. In particular, LAP and PTX have been loaded
into the core of micelles, [133, 137–139] liposomes, [140] injectable hydrogels, [141] and
layer-by-layer nanoparticles. [142] In many of the studies, the combination vehicles were
effective at inhibiting the growth of both HER2+ cancer cells and many multi-drug resistant
cancer cell lines.

While current delivery platforms are capable of delivering LAP and PTX in combination,
their release rates can not be independently controlled. Further efficacy may be achieved by
programmable delivery aimed at optimizing the sequence and ratio in which the drugs are
administered. Previously, pretreatment with trastuzumab (which also inhibits the HER2
receptor) prior to PTX was more effective at initiating apoptosis in HER2+ cancer cells
than the simultaneous exposure of the two agents. [143] It was postulated that a similar
mechanistic advantage might also contribute to the combined LAP and PTX therapy. How-
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ever, there is no way to manipulate the relative release rates of the drugs from the current
delivery platforms. Therefore, we hypothesized that our pH responsive Janus nanoparticle
delivery system would allow for the drugs to release at different rates and could result in a
greater degree of synergy.

2.3.3 Free Drug Synergy

Using BT-474 cells as a representative cell line for HER2+ breast cancer, the activity of
both LAP and PTX were individually determined for different drug exposure times (Figure
2.9a-d). In all cases, efficacy and individual drug IC50 values were determined at the 72 h
timepoint. LAP (Figure 2.9 a-b) and PTX (Figure 2.9 c-d) were either incubated with
the cells for the e ntire 72 h (blue line) or introduced for a shorter periods (red, 24 h and
black, 4 h) while the remaining time the cells were incubated in drug-free media. The 72
h IC50 doses for LAP and PTX, when administered for the entire 72 h, were determined
to be 85 ± 10 nM and 14 ± 1 nM, respectively. Decreasing the exposure time of each
drug from 72 h to 24 h increased the IC50 dose 3x and 6x for LAP and PTX respectively.
On the contrary, delaying the exposure of LAP and PTX for 24 h increased the IC50 dose
approximately 3x for both drugs.

After identifying the relative activity of each drug on its own, cellular proliferation was
measured following exposure to combinations of LAP and PTX. Exploring a range of mo-
lar ratios, it was found that a 3:1 (LAP:PTX) molar ratio provided the greatest synergistic
effect. Treating cells with that same fixed molar ratio, (3:1, LAP:PTX), near the IC50 of
each drug, the cells were exposed to different schedules of drugs (Figure 2.10a). Given
the cell viability after exposure to the individual drugs compared to the combination treat-
ments (Figure 2.10b), it was determined that giving LAP 4 h prior to PTX (Schedule 2) is
significantly more effective than giving the two drugs simultaneously (Schedule 3) (Figure
2.10b). This holds true whether LAP is present after PTX exposure or whether extracellular
LAP is removed prior to PTX exposure. In addition, synergistic effects were observed if
PTX is given prior to LAP (Schedules 4 and 5); however, this combination is less active
than the reverse schedule where LAP was delivered first.

Using the optimal schedule of LAP (4 h)→ PTX/LAP (68 h), the effect of molar ratio on
synergy between the two drugs was studied. With a PTX dose below the IC50 (0.10 µM),
molar ratios of LAP:PTX greater than 1 are synergistic (CI< 1) (Figure 2.11). However, as
the dose of PTX is increased significantly above the IC50 (0.30 µM), the synergy decreases
compared to lower PTX doses. This is likely due to the fact that at this high concentration,
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Figure 2.9: Synergistic free-drug combination studies in HER2+ breast cancer cells.
Fractional cell inhibition and relevant dose response cPTrves for BT-474 cells after pro-
longed exposure to (A) LAP → media, (B) media → LAP, (C) PTX → media, and (D)
media→ PTX. Cell viability was assessed at 72 h for each schedule. Error bars represent
95% confidence intervals (n ≥ 12 wells).

PTX is already significantly potent as a single drug. Together, these data motivated the
proposed design of loading and rapidly releasing LAP from the PLGA/AcDex compart-
ment while complimenting it with a slow and sustained release of PTX from the PLGA
compartment.

2.3.4 Drug-loaded NPs Synthesis and Characterization

To characterize the release kinetics of each drug, a full release study was completed for the
particles of interest. Again, LAP was encapsulated within the AcDex/PLGA compartment,
designed to release quickly in response to acidic environments; meanwhile, PTX was en-
capsulated within the PLGA-only compartment with a goal of creating a delayed release
relative to that of LAP (Figure 2.12a). Following a similar approach to the release of dyes,
three different conditions were evaluated, pH 7.4, pH 5.0, and a dynamic release condition
consisting of a change of pH (at t = 3 h) from physiological to acidic conditions.

In all cases, it is observed that a significant release of drugs from the particles occurs within
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Figure 2.10: Effect of LAP and PTX schedule on drug synergy. Efficacy and synergistic
effects of combined LAP:PTX treatment dependence on exposure schedule. a) 72 h incu-
bation schedule of LAP and PTX combinations. b) Fractional cell inhibition as a function
of different LAP and PTX schedules evaluated with MTT assay. c) Combination index as
a function of schedule. Error bars represent 95% confidence interval (n ≥ 6 wells).

Figure 2.11: Effect of LAP and PTX molar ratio drug synergy. Synergy as a function
of LAP:PTX molar ratio when exposing cells to LAP (4 h)→ LAP/PTX (68 h). Relative
to PTX concentrations of 0.03 µM (N) and 0.01 µM (�). Error bars represent 95% confidence
intervals (n ≥ 12 wells).

the first 72 hours. In neutral conditions, an extended release of each drug is observed with
no significant difference seen between the release profiles of the individual drugs (Figure
2.12b). However, it is evident that in acidic release conditions, LAP is preferentially re-
leased due to the rapid and selective degradation of the AcDex/PLGA compartment (Figure
2.12c). Furthermore, when the release buffer is exchanged at t = 3 h, a rapid burst release
of LAP is observed compared to that of the PTX (Figure 2.12d). This is most clearly seen
in the first 24 h, highlighted in Figure 2.12e.
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Figure 2.12: Synthesis and combined release from pH responsive Janus nanoparticles.
a) Fabrication of pH responsive, dual drug-loaded particles. PTX and LAP were encapsu-
lated within distinct PLGA and pH responsive PLGA/AcDex compartments respectively.
b-d) Controlled release of PTX (black) and LAP (gray) from PLGA and AcDex/PLGA
nanoparticle compartments, respectively. (b) Extended and uniform cumulative release is
observed at physiological pH, 7.4. (c) Release under acidic conditions indicate a pH depen-
dency on release kinetics with rapid degradation and release of LAP from the AcDex/PLGA
compartment. A statistically significant difference in cumulative release is observed during
the initial 48 h of drug release. (d) A change in pH at t = 3 h from 7.4 (physiological,
circulation) to 5.0 (acidic, cellular uptake), designed to simulate in vivo systemic delivery,
further demonstrates pH dependency on release kinetics. All timepoints greater than 6 h
show significant differences comparing PTX and LAP cumulative release. e) A focused
look at the first 24 hours of (d), more clearly shows the significant departure of the com-
bined release kinetics following the pH change at t = 3 h. Results are shown as mean SD.
Statistical significance defined as p < 0.05 (n = 6 biological replicates; two-way ANOVA
and Sidak’s multiple comparisons tests; **** p < 0.0001, *** p < 0.0005, ** p < 0.005, *
p < 0.05).

2.3.5 Anti-cancer Activity of Programmable NPs

A variety of bicompartmental nanoparticles were co-jetted with LAP and PTX (Table)2.1).
Both LAP and PTX were loaded into bicompartmental nanoparticles by dissolving the
drugs in the individual polymeric solutions. The drugs were loaded into different com-
partments to change the relative release rate of each drug (Table 2.1). While each particle
system was jetted with LAP and PTX concentrations to give final drug loadings of 2.7 and
5.5 wt.%, respectively, approximately a 4-fold lower drug loading remained after collect-
ing, purifying, and washing each particle type, determined with HPLC-MS. Despite this,
the approximate target 3:1 molar ratio of LAP:PTX was achieved in each of the final par-
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ticle formulations with loading efficiencies ranging from 22-28%. Control particles were
also made with just a single drug or no drug encapsulated to further investigate the advan-
tage of dual-loaded bicompartmental particles and possible toxicities associated with the
polymers themselves. Particles, regardless of their drug content, were found to have an
average size of approximately 160 nm with low polydispersity in their dry state, similar to
both unloaded and dye loaded particles previously synthesized.

Table 2.1: Compositions of Janus NPs synthesized via EHD co-jetting

Drug Loading

Particle Compartment 1 Compartment 2 LAP PTX Molar
PLGA/AcDex PLGA wt % wt % Ratio

LAP1PTX2 LAP PTX 1.24 0.71 2.58
LAP1,2PTX1,2 LAP/PTX LAP/PTX 1.29 0.65 2.94
LAP2PTX1 PTX LAP 1.22 0.61 2.96
PTX2 − PTX − 0.76 −
LAP1 LAP − 1.23 − −
Blank − − − − −

The activity of the different bicompartmental nanoparticle iterations (Table 2.1) was eval-
uated on BT-474 cells (Figure 2.13b). Drug loadings of each formulation were determined
by HPLC-MS and used to standardize all experimental groups to produce comparable data
points for dose response curves allowing a direct comparison to be made between all par-
ticle types and previously conducted free drug studies. Bicompartmental particles which
contained LAP in the AcDEX/PLGA compartment and PTX in the PLGA compartment
(LAP1PTX2) induced the most cellular toxicity of the particles loaded with both drugs.
Both particles which contained PTX and LAP in different compartments (LAP1PTX2 and
LAP2PTX1), have a lower PTX IC50 (4.3 ± 0.5 nM and 6.6 ± 0.7 nM, respectively) than
free PTX (14 ± 1 nM). Interestingly, the particle system which contained both drugs in the
AcDEX/PLGA compartment (LAP1,2PTX1,2), is not as potent as free PTX. All combina-
tion particle systems were significantly more potent than free LAP at the concentrations
tested.

The cellular activity of the most potent nanoparticle (LAP1PTX2) was then compared to a
physical mixture of single drug loaded particles with LAP and PTX in the AcDEX/PLGA
and PLGA compartments, respectively. Again, HPLC-MS measured drug loadings in-
formed the study to ensure equal dosing between the various experimental groups. The
dual loaded Janus particle (LAP1PTX2) was considerably more potent than both the PTX
and LAP control particles (Figure 2.13c) which had similar drug loadings to the dual loaded
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Figure 2.13: Cancer activity and synergism in HER2+ breast cancer cells. a) Frac-
tional cell inhibition of BT-474 cells after 72 h exposure to the following bicompart-
mental particles: LAP1PTX2 (AcDEX/PLGA: LAP, PLGA: PTX, blue), LAP1,2PTX1,2

(AcDEX/PLGA: LAP + PTX, PLGA: LAP + PTX, red), and LAP2PTX1 (AcDEX/PLGA:
PTX, PLGA: LAP, black) Points are experimental data and lines are best fit median ef-
fect model. b) PTX IC50 concentrations for each particle type. Error bars represent 95%
confidence interval (n ≥ 12 wells). c) Fractional cell inhibition of BT-474 cells after 72 h
exposure to the following bicompartmental particles: LAP1 (AcDEX/PLGA: LAP, PLGA:
blank, red), PTX2 (AcDEX/PLGA:blank, PLGA:PTX, blue), LAP1 + PTX2 (black), and
LAP1PTX2 (AcDEX/PLGA: LAP, PLGA: PTX, white). Points are experimental data and
lines are best fit median effect model. d) Combination index for particle LAP1PTX2. Error
bars represent 95% confidence intervals (n ≥ 6 wells).

particle. In addition, the dual loaded particle (LAP1PTX2) is much more effective at inhibit-
ing BT-474 cell growth than a physical mixture of LAP and PTX control particles (LAP1

and PTX2) at similar drug concentration. Compared to the single drug loaded particles,
the dual loaded particles are synergistic at inhibiting cell growth (CI < 0.5) for particle
concentrations less than 1 µg mL−1 (Figure 2.13d).

Prior to determining the efficacy of the drug loaded particles at inhibiting cancer cell
growth, the toxicity of the blank particles was determined on MDA-MB-231 (HER2−)
and BT-474 (HER2+) cells (Figure 2.14). Up to a particle concentration of 3 µg mL−1,
no toxicity was observed for the blank particles in either cell line. Higher particle concen-
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Figure 2.14: PLGA/AcDex Janus nanoparticle cellular toxicity. Fractional cell inhibi-
tion of MDA-MB-231 (blue, HER2−) and BT-474 (red, HER2+) cells after 72 h exposure
to blank bicompartmental nanoparticles. Error bars represent 95% confidence intervals
(n ≥ 6 wells).

trations were not evaluated because these particle concentrations were sufficiently high for
toxicity testing in vitro with the drug loaded particles.

The activity of the bicompartmental nanoparticles was also evaluated in triple negative
breast cancer cells (MDA-MB-231). Because triple negative cells are HER2−, LAP is
typically ineffective at inhibiting MDA-MB-231 growth. Using LAP concentrations which
are relevant to the particle systems (up to 100 nM), LAP does not inhibit any MDA-MB-
231 growth. However, LAP has shown to enhance the activity of other cytotoxic drugs on
HER2− cancer cells by inhibiting drug efflux pumps. [136, 144]

Interestingly, both dual loaded particle systems are more active than the single loaded PTX
particles against MDA-MB-231 cells, even though the single loaded LAP particles show
no signs of toxicity (Figure 2.15). The IC50 for the dual loaded particles LAP1PTX2 and
LAP1,2PTX1,2 is 3x and 2x lower, respectively, than the single loaded PTX particles. In
addition, the most toxic dual loaded particle (LAP1PTX2) has a significantly lower IC50

than free PTX (LAP1PTX2: 4.3 ± 0.6 nM, free PTX: 11 ± 2 nM). When tested in non-
tumorigenic mammary epithelial MCF 10a cells, lower IC50 values were found for all par-
ticle types compared to each of the breast cancer cells lines. The results follow a similar
trend to free PTX in the various cell lines (Table 2.2).

LAP has been used in combination with many other chemotherapeutics in the clinic due to
its ability to enhance tumor inhibition. In particular, the combination of LAP and PTX has
proven to be an effective drug combination for treating late stage, metastatic breast cancer.
Here, we show that the drug pair is synergistic at inhibiting the growth of HER2+ breast
cancer cells if given in the correct sequence. We then demonstrate that we can synthesize
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Figure 2.15: Cancer activity of programmable nanoparticles in HER2 cells. a) Frac-
tional cell inhibition of MDA-MB-231 cells after 72 h exposure to the following bicompart-
mental particles: LAP1PTX2 (blue), and LAP1,2PTX1,2 (black) compared to particles con-
taining a single therapeutic, PTX2 (PTX only, PLGA, red) and LAP1 (LAP only, AcDex,
4). Points are experimental data and lines are best fit median effect model. b) PTX IC50

concentrations for each particle type. Error bars represent 95% confidence intervals (n ≥
12 wells).

Table 2.2: PTX IC50 values (nM) in cultured breast cancer cell lines

MCF 10a BT-474 MDA MB 231

Free PTX 4.4± 0.7 14± 1.0 11.± 2.0
LAP1PTX2 1.1± 0.1 4.3± 0.4 4.3± 0.6
LAP1,2PTX1,2 3.4± 0.4 23± 10 8.0± 1.9
LAP2PTX1 1.9± 0.4 6.6± 0.7 −
PTX2 3.1± 0.4 8.8± 1.7 14.± 2.1

programmable nanoparticles which are capable of controlling both the molar ratio of LAP
and PTX and the relative release rate of each drug.

The HER2+ cell line BT-474 is responsive to both LAP and PTX with single drug IC50

values in the nM range; however, the combination of LAP and PTX is not synergistic, if
the cells are exposed to both drugs simultaneously. If the schedule of drug administration
is controlled, such that the one drug is exposed prior to the other, the combination becomes
synergistic indicating a lower drug dose can be administered to achieve the same cellular
growth inhibition. In free drug studies, synergy is the highest when LAP is given 4 h prior to
PTX at a molar ratio of LAP:PTX of 3:1. For the optimal schedule, the combination index
(CI) is approximately 0.5, indicating that a 2x fold lower dose of PTX can be given. It is
evident that synergy between LAP and PTX is highly dependent upon both the schedule
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and molar ratio of LAP and PTX while treating BT-474 cells. This is consistent with a
previous study which showed that trastuzumab can only enhance the activity of PTX on
HER2+ cancer cells if the cells are exposed to trastuzumab first. [143]

The strong dependence of drug ratio and temporal schedule on drug synergy makes it dif-
ficult to translate an effective combination dosing regimen to the clinic due to the com-
plicated pharmacokinetics. Various nano-sized delivery vehicles have been synthesized to
carry both LAP and PTX to ensure that cancer cells are exposed to the drugs simultane-
ously; however, drug release from these vehicles cannot be changed without changing the
physical structure of the vehicle and/or drug loading process. [133,138–142,144] Here, we
used EHD co-jetting to synthesize Janus nanoparticles which enable us to manipulate the
release rate and molar ratio of drug-loaded particles without drastically changing the drug
loading technique and/or overall particle structure.

Both LAP and PTX could be loaded into either particle compartment, so dual loaded par-
ticles were synthesized varying which compartment each drug was loaded in. Particles
which contained LAP in the AcDEX/PLGA compartment and PTX in the PLGA compart-
ment were considerably more potent to BT-474 (HER2+) cells than the particles which
contained both LAP and PTX in the AcDEX/PLGA compartment. This is consistent with
the free drug data, which shows that exposing BT-474 cells to LAP prior to PTX is more
synergistic than exposing the cells to both drugs concurrently. Furthermore, the dual-loaded
particles were more potent than the combined delivery of single drug loaded particles at the
same drug dose, demonstrating that synergy is maintained between PTX and LAP. Surpris-
ingly, the dual drug loaded particles were also more potent to triple negative breast cancer
cells (MDA-MB-231), even though the cells are unresponsive to LAP on its own. The en-
hanced activity is likely due to the inhibition of efflux drug pumps with LAP; [136, 144]
however, further research is required to explore this effect in detail.

The primary advantage of using dual drug loaded particles is that cells are exposed to the
drug pair simultaneously in vivo, regardless of how the individual free drugs distribute in
the body. However, it is often advantageous to expose the cells to one drug prior to the
other drug. Here, the therapeutic activity of dual loaded PTX/LAP particles could be ma-
nipulated in vitro by changing the relative release kinetics of the drug pair by changing
which compartment the drugs were incorporated into and their bulk composition. The abil-
ity to manipulate individual drug release kinetics, provides another adjustable parameter
while designing combination drug particles. Previous studies have synthesized core-shell
particles to release one drug relatively faster than another drug; however many of these
systems rely on differences in drug hydrophobicity to load into different regions of the par-
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ticle. [68,79,145–147] On the contrary, by using EHD co-jetting, the relative release rate of
PTX and LAP, and the resulting cellular toxicity, could easily be manipulated by changing
reaction conditions and final particle architecture. This observed control of release kinetics
is not limited to this particular drug pair.

While the dual loaded particles containing LAP in the AcDEX/PLGA compartment were
most effective at inhibiting cancer cell growth in vitro on BT-474 cells and MDA-MB-231
cells, this will not be true for all cell lines. Furthermore, other pairs of chemotherapeutic
agents will demonstrate schedule-dependence, motivating the development of new delivery
platforms capable of controlling the release rate of multiple therapeutics. Moving forward,
the effect of drug release needs to not only be evaluated with respect to cancer cell activity
in vitro, but also with respect to healthy cell activity and in vivo efficacy. Regardless of the
drug combination, the effect of drug schedule should be critically evaluated when designing
a delivery vehicle to carry multiple agents.

2.4 Summary

Here, we aimed to develop a single nanoparticle system capable of delivering a synergis-
tic combination of cancer therapeutics for HER2+ breast cancer. After characterizing the
activity of paclitaxel and lapatinib, free drug studies identified both a molar ratio and tem-
porally dependent synergy when the drugs were combined. Leveraging prior work, a pH
responsive, bicompartmental particle system was optimized.

Bicompartmental nanoparticles were synthesized with one compartment containing PLGA
and one compartment containing AcDex/PLGA. The particles are less than 250 nm in di-
ameter and can be further purified to isolate smaller fractions. The Janus morphology
of the nanoparticles was verified with super resolution microscopy. Electron microscopy
confirmed each compartment degrades differently in response to pH; the pH responsive
AcDEX/PLGA compartment degrades significantly faster in acidic pH than the pure PLGA
compartment. Two independent release studies confirm this selective degradation, wherein
independent release kinetics are observed from the distinct compartments. Due to rapid
bulk polymer degradation in response to acidic environments, similar to those of endo-
somes, we hypothesized we could achieve an intracellular controlled of the delivery of our
two compounds. When delivered to HER2+ breast cancer cells, we observe a synergistic
effect mirroring that of the optimized free drug studies. Moving forward, prior work in
our lab developing methods of surface modifications (e.g. PEGylation or receptor specific
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targeting) of PLGA-based particle systems, can be applied. This approach has the potential
to extend particle circulation and targeted accumulation in tumors with leaky vasculature
following systemic administration.
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CHAPTER 3

Synthetic Protein Nanoparticles:
Emerging Parameters of SPNP Design

This chapter contains portions of text/data originally published as:

Red Blood Cell-hitchhiking Boosts Delivery of Nanocarriers to Chosen Organs
by Orders of Magnitude.
JS Brenner, DC Pan, JW Myerson, OA Marcos-Contreras, CH Villa, P Patel, H Hekierski,
S Chatterjee, J Tao, H Parhiz, K Bhamidipati, TG Uhler, ED Hood, RY Kiseleva, VS
Shuvaev, T Shuvaeva, M Khoshnejad, I Johnston, JV Gregory, J Lahann, T Wang, ECantu,
WM Armstead, S Mitragotri, V Muzykantov
Nature Communications (2018)

Contributions to this multi-institute collaborative work included the design and synthesis of
albumin nanoparticles to be tested against a range of nano-constructs. Synthesized particles
were fully characterized prior to their inclusion in both in vitro and in vivo studies. Work
initiated here, served as a basis for further developments presented in Chapter 4.

Multifunctional Synthetic Protein Nanoparticles via Reactive Electrojetting.
D Quevedo*, N Habibi*, JV Gregory, Y Hernandez, TD Brown, R Miki, BN Plummer, S
Rahmani, J Raymond, S Mitragotri, J Lahann
Macromolecular Rapid Communications (2020)

Individual contributions to this collaboration included the design, production, and char-
acterization of protein nanoparticles. Specifically, efforts focused on the development of
water-stable protein particles without the use of crosslinking macromers. Additionally, su-
per resolution microscopy was utilized to validate the multicompartmental architecture of
Janus protein nanoparticles.
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Supramolecular Arrangement of Protein in Nanoparticle Structures Predicts Nanopar-
ticle Tropism for Neutrophils in Acute Lung Inflammation
JW Myerson*, PN Patel*, KM Rubey*, ME Zamora, MH Zaleski, N Habibi, LR Walsh,
Y Lee, DC Luther, LT Ferguson, OA Marcos-Contreras, PM Glassman, LL Mazaleuskaya,
I Johnston, ED Hood, T Shuvaeva, J Wu, H Zhang, JV Gregory, RY Kiseleva, J Nong, T
Grosser, CF Greineder, S Mitragotri, GS Worthen, VM Rotello, J Lahann, VR Muzykan-
tov, JS Brenner
Nature Nanotechnology (2021)

Individual contributions to this multi-institute collaborative work included the design and
synthesis of albumin nanoparticles to be tested as part of a library of nanoparticles. Efforts
yielded the fabrication of non-spherical, rod-shaped protein particles, a distinct particle
class unique from all others included in the study. Synthesized particles were fully charac-
terized prior to their inclusion in both in vitro and in vivo studies.

3.1 Motivation

Decades of research and development aimed at creating drug delivery vehicles capable of
controlled release of therapeutics and minimizing toxic off-target effects have resulted in
a limited number of FDA approved nanomedicines. While early examples consist primar-
ily of liposome-based delivery systems, a range of materials have been since explored.
Notably, biocompatible and biodegradable synthetic polymers, such as PLGA, emerged
as a promising means to encapsulate small molecule drugs and tune their release kinetics
through variations in the copolymer’s molecular weight and balance of glycolic and lac-
tic acid monomers. As discussed in Chapter 1, our group has explored the use of PLGA
in EHD co-jetting extensively, developed a library of functional PLA polymers to allow
for surface functionalization, and have successfully leveraged the particles for drug deliv-
ery. Despite this, synthetic polymers degrade relatively slowly in the body and carry the
potential risk of accumulation, toxicity, and immunogenicity.

An attractive alternative to use of synthetic polymers is that of biologically derived materi-
als. Proteins in particular have been recently explored as a base material for the synthesis
of nanoparticles. Composed of 20 naturally occurring amino acid side chains (Figure 3.1),
proteins are chemically diverse biomolecules, are readily degraded in the body, and have
the potential for reduced toxicity and immunogenicity. Abraxane (albumin-bound pacli-
taxel) was first approved by the FDA for the treatment of breast cancer, non-small cell lung
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cancer, and pancreatic cancer. Since its approval, Abraxane has been the focus of numer-
ous clinical studies, with goals of identifying additional applications, either as a standalone
treatment or in combination with existing standard of care approaches.

Figure 3.1: Amino Acid Chemical Structures. Proteins, comprised of 20 naturally occur-
ring amino acid residues (shown above), can be categorized as non-polar, polar, cationic,
and anionic. Resulting from the distinct chemical moieties of the amino acid side chains,
synthetic routes towards controlled protein modifications are possible.

Currently, primary protein-based nanoparticle synthesis routes include nab-technology,
[148] directed self assembly, [149] and coacervation. [150] While each as been success-
fully leveraged to produce protein nanoparticles, drawbacks with each exist. Serving as
the basis for the synthesis of Abraxane, nab-technology, has thus far been limited to the
complexation of small molecule, hydrophobic drugs and has been found to result in dena-
turing of the protein structure. The latter, becomes a concern when employing proteins or
enzymes where protein structure plays an integral role in function. Directed self-assembly
avoids issues of denaturing and be used to create complex particle architectures, yet finds
severe limitations in the library of proteins where this approach can be applied. Conversely,
the coacervation approach typically maintains protein structure and is widely applicable
across the entirety of protein families. With high yields, diverse protein libraries, and con-
trol over particle size, coacervation is currently the most widely applied method of protein
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particle synthesis; however, coacervation, like nab-technologies, lacks the ability to create
more complex architectures. As discussed in Chapter 1, the synthesis of multifunctional
particles may be key to overcoming the various biological barriers to successful targeted
drug delivery.

Here, we aim to leverage our expertise using the EHD jetting process to develop a robust
platform for the synthesis of protein nanoparticles. The primary goals include the devel-
opment of reproducible and controlled methods towards stable nanoparticles and means to
thoroughly characterize their biophysiochemical properties. Additionally, the work aims
to expand the versatility of the platform to ultimately allow for the development of more
complex, multifunctional, synthetic protein nanoparticles (SPNPs).

3.2 Experimental Methods

3.2.1 Materials

Reagents: Human serum albumin, human transferrin, human recombinant insulin, human
hemoglobin, lysozyme from chicken egg white, O,O-Bis[2-(N-Succinimidyl-succinylamino)
ethyl]polyethylene glycol (NHS-PEG-NHS, 2 kDa), 4,7,10,13,16,19,22,25,32,35,38,41,44,
47,50,53-Hexadecaoxa-28,29- dithiahexapentacontanedioic acid di-N-succinimidyl ester
(NHS-PEG-(S-S)-PEG-NHS), ethylene glycol, trifluoroethanol (TFE), mercaptoethanol,
Sephadex 4B, glutaraldehyde, gallic acid, N-Succinimidyl-S-acetylthioacetat (SATA), tri-
ethylamine, hydrochloric acid, sodium sulfate, sodium chloride, dimethylsulfoxide(DMSO),
ethyl acetate, chloroform, dimethylformamide, ascorbic acid, hydrogen peroxide solution,
Tween 20, N-(3-Dimethylaminopropyl)-N-ehtylcarbodiimide hydrochloride (EDC), and
phosphate buffered saline were purchased from Sigma Aldrich, USA. Succinate Succin-
imidyl PEG (NHS-PEG-NHS, 400 Da and NHS-PEG-NHS, 20 kDa) was purchased from
NanoCS. Human serum albumin and transferrin monoclonal antibodies, Tris-HCl buffer,
(5,5-dithio-bis-(2-nitrobenzoic acid) (Ellman’s reagent), acetonitrile, sodium nitrite, ace-
tone, BCA assay kit, N-(hydroxysulfosuccinimide) (Sulfo-NHS), and Protein 660 assay
kit were purchased from Fisher Scientific. Paclitaxel was purchased from LC Laborato-
ries.
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3.2.2 Methods

Synthesis of NHS-PEG-NHS Crosslinked Synthetic Protein Nanoparticles (SPNPs)

SPNPs were fabricated via the electrohydrodynamic (EHD) jetting process previously de-
veloped in our group for the fabrication of synthetic polymer nanoparticles. [8, 89–92]
Adapted to instead use proteins as the bulk material, human serum albumin (HSA) was
dissolved in a cosolvent mixture (80:20 v/v) of ultrapure water and ethylene glycol at a
concentration of 7.5 w/v%. Alternatively, a cosolvent mixture (80:20 v/v or 90:10 v/v) of
ultrapure water and ethanol can be used. A bifunctional PEG (NHS-PEG-NHS, 2kDa) was
added at 10 w/w% relative to HSA. In experiments evaluating the effects of crosslinking
and the resulting swelling, molecular weight and mass fraction of NHS-PEG-NHS were
varied. Final jetting solutions were pumped through a syringe equipped with a 26-gauge
blunt tip needle at a flowrate of 0.1-0.2 mL h−1 while a constant voltage (ranging from
5.0 to 11.5 kV) was applied to form a stable Taylor cone at the needle tip. Particles were
collected in aluminum pans at a needle to collector distance of 15 cm and then incubated
for seven days at 37°C to facilitate complete polymerization. SPNPs were then stored in
dark RT conditions in their dry state for future experiments.

Collection and purification of SPNPs

SPNPs were collected according to a standard protocol developed in our lab. In brief, a
small volume, 5-10 mL, of water:ethanol (80:20 v/v) + 0.5% Tween 20, was added to the
aluminum pans containing EHD jetted SPNPs. The resulting SPNP suspension was gen-
tly sonicated to disperse any aggregates and passed through a 40 µm cell straining filter.
The resulting solution was centrifuged at 4,000 rpm (3,220 xg) for 4 minutes to pellet and
remove any albumin aggregates larger than 1 µm in diameter. The supernatant was then
divided into 2 mL Eppendorf tubes and centrifuged at 15,000 rpm (21,500 xg) to concen-
trate the samples to a single 1 mL sample for use in planned experiments. Collected SPNPs
were used within 1 week of their collection and were stored at 4°C in PBS during that time.

Characterization of albumin SPNPs size, shape, and concentration

Albumin SPNPs were characterized prior to their use in any experiments to ensure they
met specifications. Physical characterization included the measurement of particle size
in both their dry and hydrated state. To measure particle diameter and investigate their
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morphology, small silicon wafers were placed on the grounded collection surface and were
subjected to the same incubation period to complete the step-growth polymerization. These
samples were imaged via SEM using a FEI NOVA 200 SEM/FIB instrument (UM, MC2

Institute). Obtained SEM images were characterized using ImageJ software. SPNPs in
their hydrated state were collected and purified as described above. The stock solution was
diluted in PBS + 0.5% Tween 20 for subsequent measurements using DLS and nanoparticle
tracking analyzer (NTA) to investigate size and solution concentration. Analysis via DLS
and NTA was performed using the Malvern Nano ZSP and NanoSight NS300 instruments
and software, respectively (UM, Biointerfaces Institute). Albumin SPNP solution concen-
tration was further validated using the BCA (bicinchoninic acid) assay.

Synthesis of Disulfide NHS-PEG-NHS Crosslinked SPNPs

Following a similar approach as described above, HSA was dissolved in a cosolvent mix-
ture at a concentration of 7.5 w/v%. A disulfide containing, bifunctional PEG (NHS-PEG-
(S-S)-PEG-NHS, 2kDa) was added at 10 w/w% relative to HSA. Final jetting solutions
were pumped through a syringe equipped with a 26-gauge blunt tip needle at a flowrate
of 0.1-0.2 mL h−1 while a constant voltage (ranging from 5.0 to 11.5 kV) was applied to
form a stable Taylor cone at the needle tip. Particles were collected in aluminum pans at a
needle to collector distance of 15 cm and then incubated for seven days at 37°C to facilitate
complete polymerization. SPNPs were then stored in dark RT conditions in their dry state
for future experiments.

Synthesis of Macromer-free Disulfide Crosslinked SPNPs

In order to create water-stable SPNPs in the absence of crosslinking macromer (XLF-
SPNPs), HSA was dissolved in a cosolvent mixture (90:10 v/v) of trifluoroethanol (TFE)
and ultrapure water 7.5 w/v%. Following complete dissolution and unfolding of the protein
(evident by a slightly cloudy solution appearance), 10 molar excess of β-mercaptoethanol
(β-ME) relative to protein disulfide bonds (e.g. 34 per albumin) was added. Final jetting
solutions were pumped through a syringe equipped with a 26-gauge blunt tip needle at a
flowrate of 0.1-0.2 mL h−1 while a constant voltage (ranging from 7.0 to 10.0 kV) was
applied to form a stable Taylor cone at the needle tip. Particles were collected in aluminum
pans at a needle to collector distance of 15 cm. No further incubation at elevated temper-
atures was required or performed. Particles collected on a dry surface were instead stored
in a vacuum desiccator for a period of at least 12 h to remove any residual solvents. Disul-
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fide crosslinking SPNPs were then stored in dark RT conditions in their dry state for future
experiments. Alternatively, immediate collection of particles were performed by filling the
collection pan with an 80:20 v/v blend of ultrapure water and ethanol. In this case, particle
solutions could immediately enter our purification protocol via centrifugation.

Synthesis of Glutaraldehyde Vapor Phase Crosslinked SPNPs

In order to create water-stable SPNPs using a vapor phase crosslinking approach albumin
SPNPs HSA was dissolved in a cosolvent mixture (80:20 v/v) of ultrapure water and ethy-
lene glycol at a concentration of 7.5 w/v%. Here, no crosslinking macromer was added.
Final jetting solutions were pumped through a syringe equipped with a 26-gauge blunt tip
needle at a flowrate of 0.1-0.2 mL h−1 while a constant voltage (ranging from 5.0 to 11.5
kV) was applied to form a stable Taylor cone at the needle tip. Particles were collected
in aluminum pans at a needle to collector distance of 15 cm. Collection pans were then
stored in a sealed container along with an open reservoir containing a 2.5 mL volume of
20% glyceraldehyde aqueous solution for thirty minutes. SPNPs were then stored in dark
RT conditions in their dry state for future experiments.

Synthesis of Thiol-rich albumin

Chemical modifications of proteins prior to entering the jetting pipeline was pursued as
an alternative means to crosslinking. Following established protocols for a two-step thio-
lation of proteins, HSA was chemically modified. In brief, 0.5 g of HSA was dissolved
in 50 mM PBS (+10 mM EDTA). Separately, a 65 mM solution of N-succinimidyl S-
acetylthioacetate (SATA) was prepared in DMSO. While stirring at RT under atmospheric
air, 1.0 mL of the SATA solution was added the albumin solution and the combined reac-
tion mixture was stirred for 45 minutes. Following the reaction, the solution was placed
in 10 kDa MWCO dialysis tubes and dialyzed against deionized water at 4°C for a period
of 48 h with regular changes of water performed every 6 h. Prior to moving to the sec-
ond step, a deprotection solution was prepared consisting of 0.5 M hydroxyamine HCl in
50 mM PBS (+25 mM EDTA). Following the complete removal of unreacted and byprod-
uct species from the modified protein via dialysis, 10 mL of the deprotection solution was
added to the dialyzed protein solution and the mixture was reacted at RT for 2 h. To purify
the thiol-modified protein, the final solution was passed through a Sephadex G-25 column
and fractions were analyzed using a BCA assay, before protein containing fractions were
combined, frozen and lyophilized. The resulting dry off-white powder (HSA-SH) was an-
alyzed through the use of a BCA assay in tandem with Ellman’s assay to determine the
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number of thiol groups per albumin of the final product.

Synthesis of Thiol-rich albumin SPNPs

Following a similar approach as described above, HSA-SH was dissolved in a cosolvent
mixture (80:20 v/v) of ultrapure water and ethylene glycol at a concentration at a con-
centration of 2.5 w/v%. Due to the extra thiol groups added to the protein during prior
chemical modifications, no crosslinking macromer is added to the jetting solution. Final
jetting solutions were pumped through a syringe equipped with a 26-gauge blunt tip needle
at a flowrate of 0.2 mL h−1 while a constant voltage (ranging from 8.0 to 10.0 kV) was
applied to form a stable Taylor cone at the needle tip. Particles were collected in aluminum
pans at a needle to collector distance of 15 cm. In the absence of added macromer no in-
cubation at elevated temperature was performed. TR-SPNPs were then stored in dark RT
conditions in their dry state for future experiments.

Synthesis of SPNPs Consisting of Various Proteins

While early development of the SPNP platform focused on the use of HSA, this method of
protein nanoparticle fabrication is not limited to albumin. When incorporating alternative
proteins, the protein of choice was generally dissolved in a cosolvent mixture (80:20 v/v)
of ultrapure water and ethylene glycol at a concentration of 1.0-7.5 w/v%. Protein con-
centration was dependent upon both solubility and target loading of cargo. For example,
when attempting to load a plasmid DNA already in solution, protein concentrations would
in some cases need to be reduced to maximize pDNA loading. In some instances, addi-
tives were required to achieve stable solutions (e.g. Insulin SPNPs required the addition
(10 vol%) of glacial acetic acid). Previously described crosslinking approaches could each
be utilized and the addition or absence of additional macromer would follow those previ-
ously described protocols. Final jetting solutions were pumped through a syringe equipped
with a 26-gauge blunt tip needle at a flowrate of 0.1-0.2 mL h−1 while a constant voltage
(ranging from 4.0 to 15.0 kV) was applied to form a stable Taylor cone at the needle tip.
Particles were collected and processed according to the chosen crosslinking method used
as described above. Resulting SPNPs were then stored in dark RT conditions in their dry
state for future experiments.

Synthesis of Janus SPNPs

Cojetting of two or more protein solutions to yield multicompartmental Janus SPNP can
be achieved following previously developed approaches for synthetic polymer particles.
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[74, 75, 93] For protein-based Janus nanoparticles, distinct protein solutions are prepared
by dissolving the protein of choice in a cosolvent mixture. Ideally, protein concentration
and solvent composition should be made as consistent as possible to result in matching
solution properties (i.e. viscosity, dielectric constant). In some cases, particularly when
additives such as small molecule hydrophobic molecules that require the compound to first
be dissolved in an organic solvent (e.g. DMSO), it is beneficial to add the same small
volume of pure solvent to other solutions in order to achieve similar solvent properties.
Previously described crosslinking approaches could each be utilized and the addition or
absence of additional macromer would follow those protocols. Final jetting solutions for
bicompartmental nanoparticle synthesis were loaded into distinct syringes, each equipped
with a 26-gauge blunt tip needle at a flowrate of 0.1 mL h−1 (total flowrate of 0.2 mL h−1)
while a constant voltage (ranging from 5.0 to 11.5 kV) was applied to form a stable Tay-
lor cone at the needle tip. Particles were collected and processed according to the chosen
crosslinking method used as described above. Janus SPNPs were then stored in dark RT
conditions in their dry state for future experiments.

Characterization of Janus SPNPs

Janus SPNPs fabricated via EHD jetting were imaged using the Carl Zeiss Elyra super-
resolution SIM microscope (UM, Biointerfaces Institute). In instances when fluorescent
imaging would be completed, distinct Alexa Fluor protein conjugated dyes were incorpo-
rated into the jetting solution at 0.5 wt% relative to the total protein content for each indi-
vidual solution. Typical fluorophores used included commercially available Alexa Fluor,
488, 555, and 647 and in-lab synthesized, Alexa Fluor 405 albumin conjugates. During
the jetting process, small glass cover slides were placed on the grounded collection sur-
face. Following a period of approximately 15 mins, the glass cover slide was removed and
stored according to the crosslinking method being used for the formulation being evalu-
ated. The glass cover slide, coated with Janus SPNPs was then mounted using Prolong
Gold Antifade Mountant and allowed to cure for at least 48 h prior to imaging.

Synthesis of Albumin-Gallic Acid Conjugates

Chemical modifications of proteins prior to entering the jetting pipeline was pursued in an
attempt to impart chemical properties and biological function onto otherwise inert proteins.
Modifications of a previously developed synthetic route to antioxidant proteins, [151, 152]
gallic acid (GA) was conjugated to HSA. In brief, 0.5 g of HSA was first dissolved in
50 mL of deionized water. Following complete dissolution of the protein, 0.6 mL of
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30 %(w/w) H2O2 and 0.25 g of ascorbic acid were sequentially added at RT. After 2 h,
59.5 mg (0.35 mmol) of gallic acid was added and allowed to stir O/N at RT under atmo-
spheric air. Following the reaction, the solution was placed in 10 kDa MWCO dialysis
tubes and dialyzed against deionized water at 4°C for a period of 72 h with regular changes
of water performed every 6 h. Once unreacted material had been removed via dialysis,
the solution was frozen and dried using a Labconco FreeZone 4.5L Cascade lyophilzer to
obtain a dry off-white powder.

Characterization of Albumin-Gallic Acid Conjugates

Characterization of albumin-gallic acid conjugates was performed to determine the degree
of substitution achieved via the performed chemical modification. Lyophilized HSA-GA
conjugates were resuspended at 3 mg ml−1 in tris-buffered saline (TBS). Utilizing the
Malvern OMNISEC instrument, equipped with a Malvern PLS3030 silica column, 100 µL
samples were injected in triplicate. The flowrate and temperature were maintained at
1.0 mL min−1 and 20°C, respectively. A triple detection method was used and included
refractive index (RI), a viscometer, and right-angle light scattering detectors to measure
sample molecular weight, intrinsic viscosity, and degree of aggregation.

Synthesis of HSA-GA SPNPs

Jetting of previously synthesized albumin-gallic acid conjugates followed a similar ap-
proach to previously described jetting protocols. The dried HSA-GA protein conjugate
was dissolved in a cosolvent mixture (80:20 v/v) of ultrapure water and ethylene glycol
(+ 0.2 vol% TEA) at a concentration of 2.5 w/v%. A bifunctional PEG (NHS-PEG-NHS,
2kDa) was added at 10 w/w% relative to HSA-GA. Final jetting solution was pumped
through a syringe equipped with a 26-gauge blunt tip needle at a flowrate of 0.2 mL h−1

while a constant voltage (ranging from 8.0 to 10.5 kV) was applied to form a stable Taylor
cone at the needle tip. Particles were collected in aluminum pans at a needle to collector
distance of 15 cm and then incubated for seven days at 37°C to facilitate complete poly-
merization. HSA-GA SPNPs were then stored in dark RT conditions in their dry state for
future experiments.

Synthesis of Albumin-Paclitaxel Protein Conjugate

Preparation of a albumin-paclitaxel protein conjugate was produced according to Exam-
ple 4 of U.S. Patent, US 2007/0087022 A1. [153] In brief, 30 mg (35.1 µmol) of PTX was
dissolved in 0.55 mL of chloroform (CHCl3). The PTX solution was then added to 29.4 mL
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of an aqueous 1%(w/v) HSA solution that had been presaturated with chloroform. The mix-
ture was first homogenized on ice for five minutes using a tip sonicator at 10% amplitude
to form an emulsion prior to moving forward. The solution was split into three, 10 mL
syringes and kept on ice throughout the remaining process. Using the Avestin EmulsiFlex-
B15 high pressure homogenizer and compressed nitrogen, each aliquot of the emulsion was
cycled through seven cycles at 25,000 psi. The resulting homogenized dispersion was then
frozen and dried using a Labconco FreeZone 4.5L Cascade lyophilzer.

Synthesis of Paclitaxel-loaded SPNPs

Jetting of previously synthesized albumin-paclitaxel conjugates followed a similar approach
to previously described jetting protocols. The dried HSA-PTX protein conjugate was dis-
solved in a cosolvent mixture (90:10 v/v) of ultrapure water and ethanol at a concentration
of 2.5 w/v%. A bifunctional PEG (NHS-PEG-NHS, 2kDa) was added at 10 w/w% rela-
tive to HSA-PTX. Final jetting solution was pumped through a syringe equipped with a
26-gauge blunt tip needle at a flowrate of 0.2 mL h−1 while a constant voltage (ranging
from 6.5 to 9.5 kV) was applied to form a stable Taylor cone at the needle tip. Alterations
to the jetting stations were performed and incorporated a modified inverted glass vessel to
engineer an additional level of safety to the system in order to prevent accidental release of
aerosol chemotherapeutic into the chemistry hood and potentially the extended lab space.
Particles were collected in aluminum pans at a needle to collector distance of 12 cm and
then incubated for seven days at 37°C to facilitate complete polymerization. HSA-PTX SP-
NPs were then stored in dark RT conditions in their dry state for future experiments.

Characterizing Release of Paclitaxel from SPNPs

To determine loading, loading efficiency, and release kinetics, particles were fabricated
as described above, crosslinked, and then collected per standard protocol. The resulting
purified nanoparticle suspensions were frozen and dried using a Labconco Freezone 4.5L
Cascade lyophilzer prior to being weighed with a TA Instruments Discovery TGA. Re-
lease kinetics were determined via dialysis. Known particle masses were collected and
suspended in 5 mL of PBS (pH 7.2). Particle solutions were placed within a Float-a-
Lyzer device (100 kDa MWCO, Spectrum Labs) and submerged in an additional 40 mL
of equivalent release media in 50 mL conical vials. The vials were incubated at 37°C. At
pre-determined times, the dialysis device was transferred to a new conical vial filled with
pre-warmed, fresh release media. Resulting solutions were analyzed for drug concentra-
tions using an Agilent Q-TOF HPLC-MS instrument (UM, Chemistry Mass Spec Lab).

57



Previously generated calibration curves were used to determine total drug loading, loading
efficiency, and the kinetics at which the PTX was released.

3.3 Results and Discussion

Applying the same principles used in the fabrication of synthetic polymer nanoparticles,
EHD jetting can be used to produce particles from endogenous proteins. However, the
transition to the use of water soluble bulk materials requires modifications to the process
to achieve stable particle architectures for their intended use in biological systems. In
particular, these alterations to the previously developed process include, i) the use of protein
as the main bulk material, ii) a method to crosslink the individual proteins, iii) the use
of water or water-based cosolvent systems as a carrier solvent, and iv) modifications to
the processing parameters and post-fabrication treatments. Each of the aforementioned
adaptations include variables and an associated design space, that when explored, has the
potential to result in a robust platform capable of producing a range of particles with varied
architectures and properties.

3.3.1 Albumin SPNPs - Synthesis and Characterization

As a starting point, a means to produce water-stable albumin nanoparticles was developed.
Here, we maintain much of the previously developed EHD setup; consisting of a regulated
syringe pump to maintain a constant volumetric flow, a power supply, and grounded col-
lection surface, together allowing for the previously engineered infrastructure to be applied
without further modifications. Our chosen base protein to develop the platform, albumin,
is readily commercially available, functions as a transport protein in the body, [154] has a
circulation half-life of approximately 19 days, [155] and is the most abundant protein found
in serum. [154] The protein has been successfully used to formulate nanoparticles through
alternative synthetic routes. [150, 156] Furthermore, albumin is widely used in the bio-
logical sciences with applications ranging from cell culture, [157] biological assays, [158]
and inorganic colloid and surface functionalization. [159–161]As a means to crosslink the
protein, the use of a homobifunctional PEG crosslinker capped on each end with an N-
hydroxysuccinimide (NHS) group was first evaluated. The NHS functional group readily
reacts with amines, and was chosen due to the presence of reactive amine groups as part
of the lysine side chain groups generally present in proteins. While various ratios of PEG
crosslinking macromer to albumin were initially evaluated (and later revisited) a 10% w/w
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relative to albumin was ultimately chosen. This mass ratio translates to approximately a 7:1
ratio of the NHS functional group to albumin molecule. Theoretically, at the upper limit, if
all NHS groups were to successfully react with the protein, nearly 90% of all lysine residues
would remain unmodified. Thus, the chosen mass ratio of crosslinker to albumin, strikes a
balance between effective crosslinking and maintaining free and unreacted lysine residues.
While pure water was evaluated, previous work and experience demonstrated that the use
of a cosolvent system to modulate solution properties such as viscosity, dielectric constant,
surface tension, and volatility proved advantageous in obtaining stable jetting conditions as
different materials were incorporated into more complex systems. As a result, a water and
ethylene glycol cosolvent was first developed; however, further work evaluated a range of
secondary solvents and ratios.

To formulate SPNPs via EHD jetting, a dilute solution of the non-volatile components is
first prepared. In brief, albumin and the NHS-PEG-NHS macromer (10 w/w% relative to
albumin) are first dissolved in ultrapure water followed by the addition of ethylene glycol to
form a 80:20 v/v cosolvent system with a final protein concentration of 7.5 wt%. Pumping
the resulting protein solution at a constant flowrate through a conductive capillary and
the application of an electric potential results in the deformation of the spherical droplet
and formation of a Taylor cone from which a jet is formed in accordance with Rayleigh
instability. [162] As previously described, rapid acceleration and solvent evaporation as
the jet approaches the grounded collection surface, along with a whipping instability and
low solution viscosity, results in the formation of nanoparticles via nearly instantaneous
nanoprecipitation (Figure 3.2a).

The resulting protein nanoparticles were characterized to evaluate shape and size distribu-
tion, both in the dry (as-jetted) and hydrated (post-collection) states. To examine particles
in their dry state immediately following their synthesis, small silicon wafers are placed di-
rectly on the grounded collection surface and the deposited particles are imaged via SEM.
Image analysis performed with ImageJ, finds the generated particles to be fairly monodis-
perse and spherical with an average diameter of 141 ± 36.7 nm (Figure 3.2b). Following
the completed crosslinking and purification protocols (Section 4.2.2), SPNP size in their
hydrated state were found to be 220 ± 26.1 nm (PDI = 0.014) according to DLS (Figure
3.2c). When incubated in slightly acidic (pH = 5.0) conditions, SPNPs are observed to
undergo further swelling with a diameter measuring 396 ± 31.2 nm (PDI = 0.006) (Fig-
ure 3.3). This property may prove to be advantageous during cellular uptake, endosomal
escape, and cargo release pathways.
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Figure 3.2: EHD Jetting of Synthetic Protein Nanoparticles. a) General schematic of
the jetting process for synthetic protein nanoparticles (SPNPs). b) Size distribution of
EHD jetted SPNPs. Distribution characterized through image analysis of greater than 500
individual SPNPs using ImageJ software. SPNPs have a average diameter of 141± 36.7 nm
(PDI = 0.067) in their dry state. Representative SEM micrograph (inset). Scale bar = 3 µm.
c) Normalized DLS size distribution of fully crosslinked and collected SPNPs in PBS.
Hydrated SPNPs in solution were found to have an average diameter of 220 ± 26.1 nm
(PDI = 0.014).

Figure 3.3: pH Induced Swelling of SPNPs. Normalized DLS size distribution of fully
crosslinked and collected SPNPs in PBS (pH = 7.4, red) and NaOAc-AcOH (pH = 5.0,
black). Particles undergo swelling in their hydrated state and further swell at reduced
pH. Average diameters: pH 7.4, 220 ± 26.1 nm (PDI = 0.014) pH 5.0, 396 ± 31.2 nm
(PDI = 0.006).
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3.3.2 Beyond Albumin SPNPs - Expanded Protein Library

The use of albumin as base material for the initial development of the SPNP platform and
the motivations for its use allowed for rapid optimization of key process parameters. How-
ever, we quickly sought to evaluate additional proteins, including those with more relevant
and specific biological functions. To assess the feasibility of jetting additional proteins, we
first identified several proteins of interest with varied biological functions and physiological
properties. In addition to albumin, other transport proteins such as hemoglobin [163, 164]
and transferrin [165–167] are of particular interest for their potential carrier or transport
properties. Similarly, nanoparticles formed from hormone and enzymatic proteins such
as insulin and lysozyme could have potential therapeutic applications parallel to their in-
nate biological functions, glucose regulation [168] and antimicrobial [169,170] properties,
respectively.

Utilizing the previously established methods for general albumin SPNPs as a guide, ad-
ditional proteins were used to synthesize protein nanoparticles. Incorporating transferrin,
hemoglobin, and lysozyme all proved to be fairly straight forward and were readily com-
patible with the existing solvent system and process parameters. This compatibility was ob-
served despite the widely varied molecular weights and isoelectric points when compared
with albumin (Figure 3.4). Adjustments were required for the applied voltage to achieve a
stable Taylor cone and spherical particles, but these were both minimal and within the capa-
bilities of the EHD jetting systems. Particle yield, shape, and size distributions in both their
dry and hydrated states were consistent with previously synthesized albumin SPNPs.

The general jetting parameters applied to this point produced consistent SPNPs incorpo-
rating an array of proteins with minimal adjustments required. This trend held until we
evaluated insulin as a bulk material. Whether insulin was used alone, or as part of a protein
blend (along with albumin), solubility issues were encountered. Insulin is noted to have
poor solubility at neutral pH and standard protocols typically call for the protein to be dis-
solved in dilute acetic acid or hydrochloric acid solutions. [171] The addition of 10 vol%
glacial acetic acid to water worked well for producing a homogeneous solution, though
at reduced concentrations (2.5 wt% vs 7.5 wt%). Here, the secondary component of the
typical cosolvent, ethylene glycol, was omitted. Importantly, the acidic conditions did not
appear to affect crosslinker stability. The jetting process, maintaining all other parame-
ters, yielded spherical particles with similar shape, size distribution, and overall yield when
accounting for the decrease in protein concentration in the jetting solution (Figure 3.5).
Following the established crosslinking and collection protocols (Section 4.2.2), particle
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Figure 3.4: Variations in Bulk Proteins for SPNP Synthesis SEM micrographs of SPNPs
fabricated with various bulk proteins. Scale bars = 1 µm. Included table details biological
function, molecular weight, and isoelectric point of each protein as a comparison.

size and shape where characterized in their hydrated state. Table 3.1 summarizes the key
intensity-based size data for nanoparticles synthesized with the various proteins.

Figure 3.5: SPNPs Derived from Various Proteins a-d) SEM micrographs of SPNPs
fabricated with, (a) transferrin, (b) insulin, (c) hemoglobin, and (d) lysozyme. Scale
bar = 500 nm. e) Normalized DLS size distribution of each SPNP type immediately fol-
lowing collection (Day 0, black) and after extended storage in PBS at 4°C (Day 60, red).
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Table 3.1: Alternative Protein SPNP Size and Shape Characteristics

SEM DLS
Protein Diameter PDI Circularity Diameter PDI

(nm) (nm)
Albumin 116 ± 44 0.18 0.83 ± 0.09 283 ± 115 0.44

Transferrin 109 ± 36 0.19 0.85 ± 0.08 284 ± 124 0.22
Lysozyme 116 ± 44 0.18 0.83 ± 0.09 283 ± 115 0.44

Hemoglobin 64 ± 12 0.15 0.85 ± 0.08 382 ± 106 0.38
Insulin 49 ± 10 0.17 0.77 ± 0.16 220 ± 082 0.47

3.3.3 Crosslinking - Variations and Expanded Macromers

3.3.3.1 Controlled Particle Swelling

The use of the bifunctional NHS-PEG to crosslink the particles had thus far proven an ef-
fective means to produce stable SPNPs from a range of proteins. There was an obvious
change in the particle size as they transitioned from their dry to hydrated state with notice-
able swelling. This behavior, while varied from protein to protein, was observed to occur
across all protein variations. This swelling effect, as described earlier, was even more pro-
nounced at acidic pH. Given the particle architecture and its propensity to swell in solution,
we sought to impart an additional level of control over this behavior. Maintaining the same
crosslinking approach there were two readily accessible variables to explore, i) the relative
mass ratios of protein to crosslinker, and ii) the molecular weight (length) of the synthetic
crosslinking component.

In an attempt to modulate the extent at which SPNPs swell in solution, variations in the
relative ratios of crosslinking macromer to protein was first studied. In essence, through
the covalent linking of individual proteins within the resulting nanoparticle structures, a
confined hydrogel is formed. When introduced to an aqueous environment (i.e. buffered
solution, saline, or serum) particles are observed to significantly swell as water molecules
infiltrate the particle volume. As shown previously (Section 3.3.1), this effect is augmented
further as the pH of the solution is changed; an inverse correlation between pH values and
particle size exists. The pore sizes within the particle volume and the observed swelling
behavior can be related to the extent at which the particles are crosslinked. Therefore,
it stood to reason that by varying the amount of crosslinker, and thereby the extent at
which the proteins are tethered together, swelling behavior could be controlled. To validate
this hypothesis, four distinct particle formulations were prepared consisting of 10, 20, 30,
and 40 wt% NHS-PEG relative to the protein (Figure 3.6a-d). Particles were characterized
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though SEM imaging and subsequent image analysis. [106] In their dry state, no significant
difference in particle shape, size, or morphology was observed (Figure 3.6e). However, in
solution, the results showed a clear relationship between the relative NHS-PEG macromer
mass and observed particle size determined via DLS (Figure 3.6f). As more tether points
are established, the divergence of individual proteins relative to their neighbors and the
relative swelling of the particle volume decreases.

Figure 3.6: Crosslinker Mass Ratio Effects on Swelling. Increasing amounts of 2 kDa,
NHS-PEG-NHS crosslinker relative to bulk protein was incorporated into the jetting solu-
tion. a-d) SEM images of SPNPs synthesized with various amounts (a) 10, (b) 20, (c) 30,
and (d) 40 w/w% of crosslinking macromer relative to albumin. Scale bars = 4 µm. e) Di-
ameter distributions for the SEM micrographs of SPNPs presenting as a count distribution
violin graph. Individual SPNPs (n = 200) measured using ImageJ. No significant difference
observed between the various formulations (ANOVA, multiple comparisons). f) Hydrody-
namic diameters of the resulting SPNPs in PBS measured by DLS. Results displayed as
median ± SD.

An alternative to increasing the extent of crosslinking includes the use of PEGs with var-
ied molecular weights. Owing to a diverse set of commercially available PEG macromers,
complete with identical terminal NHS reactive functional groups, crosslinking can be com-
pleted with macromers ranging from 0.4 to 35 kDa. Here, the premise remains the same as
previously described; as water molecules access the particle volume, swelling occurs and
that swelling is bounded by the how far adjacent proteins can move from one another. The
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approach has the basis that while maintaining the extent of crosslinking, simply altering
the length of the molecules will directly effect the degree to which the individual proteins
can migrate relative to their neighbors. In addition to looking at macromer:protein ratio,
work done by N. Habibi and S. Christau also evaluated the effect macromer length had on
EHD ovalbumin SPNPs. [105] Their findings showed that variations in PEG crosslinker
length resulted in distinct changes, not just particle and mesh size, but also additional phys-
ical properties such as the elastic modulus. The ability to control the elasticity directly
correlated to how these particles interacted with cells in vitro and ultimately translated to
increased efficacy in vivo. [105] From a drug delivery perspective, particularly for the de-
livery of small molecule drugs looking to diffuse from the particle volume, the control of
particle swelling and resulting mesh size can potentially be leveraged to impart precise
control over the release kinetics.

3.3.3.2 Alternative Crosslinking Macromers

Across a range of proteins with varied molecular weights, amino acid sequences, isoelectric
points, and solubilities, the method of crosslinking the proteins using the bifunctional NHS-
PEG proved to yield water-stable SPNPs (Figure 3.7a). However, drawbacks to its use
were quickly identified and included, i) there was no additional functionality (e.g. stimuli
induced responsiveness) imparted to the particles through its use, ii) the particles required
an extended time at elevated temperatures to complete the crosslinking, and iii) a significant
portion of the particle mass was no longer protein, but instead PEG. To address these
concerns and build a more robust and diverse platform, alternative options for covalently
linking the proteins were assessed.

Considering the single functionality of the NHS-PEG in crosslinking the proteins, we asked
whether we could take a similar approach to stabilizing the particles but simultaneously
impart a behavior responsive to physiological cues. For the application of drug delivery,
particularly as it applies to the treatment of cancer, varied biological conditions will be
encountered. One such physiological property is the reducing environment present within
cells. In an attempt to capitalize on this phenomenon, an alternative PEG crosslinker con-
taining a central disulfide bond was chosen. Equipped with the same NHS terminal func-
tional groups, the crosslinking of proteins through the lysine side chains remains consistent
with the original approach; however, a central and reducible bond would allow the linker
to symmetrically disassociate as the disulfide bond was reduced to free thiols. Rapid and
controlled degradation of the particles in response to external stimuli provides the potential
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to tune the release of sequestered drugs or biologics. Substituting the NHS-PEG-(S-S)-
PEG-NHS (or NHS-PEG-S) crosslinker was straightforward due to the similar chemical
structure, functional reactive groups, and solubility. Added to the solution in the same
10 wt% relative to protein, identical jetting, incubation, and post-production processing
steps were followed. The resulting particles were shown to have similar shape, size, and
morphology to those prepared using the NHS-PEG macromer (Figure 3.7b). Furthermore,
because the two macromers are very similar in structure, optimization to control the ex-
tent to which the particles respond and degrade could potentially be achieved by using a
blended molar ratio of the two substituents.

Figure 3.7: Changes in crosslinking macromers yield similar SPNP size distributions.
Albumin SPNPs crosslinked through the use of three distinct approaches, a) NHS-PEG-
NHS (NHS-PEG), b) NHS-PEG-S-S-PEG-NHS (NHS-PEG-S), c) glutaraldehyde chemi-
cal vapor crosslinking. In each case, the resulting particles are similar in shape and size in
their dry state following image analysis of SEM images. Once collected, SPNPs stabilized
through each of the crosslinking approaches are found to have no significant difference in
particle size when comparing their distributions. Scale bars = 1 µm.

In order to address the extended crosslinking time and inclusion of PEG in the particles,
a third approach using a vapor-based crosslinking was assessed. From a processing and
scalability standpoint, eliminating the need to fabricate well in advance of the proposed
final use (in vitro, in vivo animal, or clinical studies) through the development of a same-day
crosslinking approach would prove extremely valuable. From a potential immune response
perspective, recent studies have shown that developed antibodies against PEG exist in a
portion of the population. [88, 172] This has the potential to be a cause of severe side
effects and could limit the fraction of people for whom a developed therapeutic would be
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a viable treatment regimen. To simultaneously address each of these concerns, the use
of glutaraldehyde in its vapor phase was proposed. Glutaraldehyde has been used in the
past for the crosslinking and stabilization of protein particles synthesized via coacervation.
[150,173,174] Simply including the glutaraldehyde within the jetting solution would cause
premature crosslinking of the protein solution inhibiting the EHD fabrication process. Here
instead, the crosslinker component is omitted entirely during solution preparation; we first
form the particles via EHD jetting and using a second step, incubate the particles with a
20 vol% aqueous solution of glutaraldehyde within a sealed container for thirty minutes.
The resulting particles following this two-step synthetic pathway are shown to have similar
size, shape, surface charge and morphology compared to previous methods (Figure 3.7c).
Importantly, the obtained particles are stable in water, ready for collection and purification
steps, and can potentially be moved towards future studies the same day.

3.3.4 Macromer-free SPNP Stabilization

While early efforts to develop the EHD jetting platform for the synthesis of protein nanopar-
ticles all made use of a crosslinking agent in some form, means to eliminate the need for
these additional components were also explored. Protein structure and stability are influ-
enced by amino acid sequence. The folding, secondary and tertiary structures, and de-
naturing of proteins are influenced by the interactions of individual residues. One such
interaction that significantly influences protein structure, stability, and function are the
presence of disulfide bonds, present between between two cysteine residues [175]. As a
consequence of structure, the two residues involved in a single disulfide bond can be quite
distant from a primary structure (or sequence) perspective. These bonds are reversible and
dependent upon the surrounding environment factors, including solution pH. Ultimately,
these bonds act to stabilize and facilitate proper protein folding (and function) through en-
tropic effects. [175] While not all proteins contain disulfide bonds, in some their presence
is extensive; albumin for instance, contains 17, involving 34 of the 35 cysteine residues
present within its sequence. Taking advantage of this reversible nature, and the relative
abundance in albumin, we sought to leverage this in the SPNP synthesis platform.

3.3.4.1 XLF-SPNPs Synthesis

The approach of disrupting and rapid reformation of disulfide bonds in proteins, particu-
larly associated with electro-driven material synthesis, had previously been explored. Dvir
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and co-workers had used electrospinning to produce albumin fibers for for the engineering
of functional cardiac tissues. [176] Here, they utilized an organic/aqueous solvent blend to
disrupt native disulfide bonds. Owing to our previous work and extensive understanding
on how to readily transition between the fiber and particle regimes in EHD jetting, modifi-
cations were made to yield protein nanoparticles free of macromer. In brief, albumin was
first dissolved in ultrapure water followed by the addition of trifloroethanool (TFE) (90:10,
TFE:water). The final protein concentration was 2.5 wt%. Following the addition of TFE,
the solution was observed to be clear, though after allowing the system to rest, it become
increasingly opaque suggesting that the protein had begun to denature, unfold, and slightly
aggregate due to the exposure of otherwise buried hydrophobic residues. Following a pe-
riod of time of no less than twenty minutes, a small addition of β-mercaptoethanol (β-ME)
was added at a 10x molar excess relative to the cysteine residues present in the protein so-
lution. This typically only amounted to 1-10 µL depending on the volume being prepared.
Following solution preparation, EHD jetting proceeded as previously described.

Figure 3.8: NHS-PEG macromer versus macromer-free, disulfide crosslinked SPNPs.
a) Utilzing an identical jetting set-up, variations in solution parameters yield two distinct
methods of creating water-stable SPNPs. (Top) NHS-PEG macromer crosslinked particles
in a water:ethanol (80:20) co-solvent system. (Bottom) Macromer-free SPNPs stablized
through intermolecular disulfide bonds in a TFE:H2O:β-ME. b-c) SEM images of (b) NHS-
PEG and (c) disulfide crosslinked SPNPs. d-e) DLS intensity size distributions of (d) NHS-
PEG and (e) disulfide crosslinked SPNPs in PBS. Scale bars = 1 µm.

Following previously described SEM analysis, the resulting macromer- or crosslinker-free
particles (XLF-SPNPs) were found to be monodisperse and with a similar size distribution
compared to NHS-PEG crosslinked particles (Figure 3.8). As a first pass, the particles had
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a mean diameter of 128± 39.6 nm in their dry state when SEM images were analyzed with
ImageJ. Utilizing an modified approach to a previously developed protocol to evaluate our
crosslinking, individual samples were incubated under vacuum to remove any residual sol-
vent that may be present on the collection surface. Each of the following days, a droplet of
water was added and then removed from the silicon surface (Figure 3.9a). SEM imaging
of the regions both inside and outside of the droplet perimeter was completed. Interest-
ingly, it was observed that in the absence of crosslinking macromer, not only were particles
completely crosslinked and stable, this stability was observed as early as the first timepoint
with just hours of time passing between the jetting and imaging (Figure 3.9b).

Figure 3.9: Macromer-free SPNP stability test. a) Experimental design to evaluate SPNP
water stability and required crosslinking time. SPNPs collected on silicon wafers incubated
at 37°C in accordance with previously developed methods for macromer stabilized SPNPs.
At time intervals of 24 h, a single 20 µL droplet is deposited onto the center of the wafer,
allowed to sit for three minutes, before the droplet is removed. b) SEM imaging of the
resulting wafers at the various time points both inside (top) and outside (bottom) of the
residual droplet perimeter. Scale bars 5 µm.

While the intention of the move to the TFE:H2O:β-ME system had been to eliminate the
use of PEG from the final particle composition, an additional method of rapidly producing
water-stable SPNPs resulted. Encouraged by this rapid stabilization of the particles, with
water insoluble particles observed just hours after jetting, an effort to determine at what
timescale the crosslinking occurs was undertaken. It should be noted, that aside from the
extended incubation time inherent in the NHS-PEG system, additional time and resources
are consumed through the collection process as particles are mechanically removed with the
aid of aqueous solution from the collection surface. In an attempt to answer the question
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of crosslinking timescale while also addressing the laborious task of particle collection,
the XLF-SPNPs were jet directly into a liquid-filled, grounded collection pan. This was
first attempted with pure water; however, it was noted that a protein film formed on the
surface. As a result, ethanol was added (80:20 v/v, water:ethanol) in order to reduce the
surface tension allowing surface deposited particles to more easily settle. Following the
experiment, the solution was sonicated and centrifuged according to our standard protocol
for SPNP purification (Section 4.2.2). It was observed that despite being jet into an aqueous
solution, stable particles were achieved. Measuring these particles by DLS, they were
found to have an average size of 202.4± 93.6 nm (PDI = 0.214). This size distribution was
noted to be similar to both NHS-PEG crosslinked and XLF-SPNPs jet in the traditional
manner. In each of the previously described methods, SPNPs were found to have similar
size distributions in their hydrated state. Furthermore, when evaluating particle stability
under normal storage conditions (dark and 4°C) for a period of 60 days, no significant
change was observed, suggesting the XLF-SPNPs (hTf-S) particles remain intact, stable,
and are readily dispersed without the development of particle aggregates, consistent with
all previously developed crosslinking approaches (Figure 3.10).

Figure 3.10: Crosslinking variations and effects on long-term stability and ζ-potential.
a) Normalized DLS traces of transferrin SPNPs. Stabilized through the use of NHS-PEG,
NHS-PEG-S, glutaraldehyde chemical vapor crosslinking, and macromer-free disulfide ap-
proaches, no significant difference is observed in particle size distribution. Particles are ob-
served to be stable and maintain similar size distributions following 60 days (red traces) at
4°C when compared to immediately following collection (black traces). b) ζ-potential mea-
surements of SPNPs stabilized through each of the crosslinking approaches show slightly
negative values with no significant differences. Data is presented as mean values ± s.d.
one-way ANOVA and Tukeys multiple comparison tests, ns = p > 0.05.
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The presence of water-stable particles following their jetting into a volume of aqueous so-
lution suggests that the crosslinking of the particles, through the reformation of disulfide
bonds (both intra- and intermolecular) due to the rapid removal of solvent through the EHD
jetting process was nearly instantaneous. Consequently, the move to a TFE:H2O:β-ME sys-
tem accomplished, i) the elimination of PEG (or other crosslinking agents) from the final
particle architecture, ii) an alternative means to rapidly crosslink particles not requiring
a secondary processing step, and iii) a means to bypass the mechanical removal of parti-
cles from a solid collection surface, further expediting the jetting to application workflow.
Additionally, because we have moved to an predominately organic phase with a distinct
difference in solvent polarity, this may open up the ability to incorporate more hydropho-
bic compounds (e.g. taxols or other non-polar chemotherapeutics) into the final particle
architecture. An obvious drawback and limitation to this approach is that the protein is
completely denatured during the solution preparation steps. In essence, the resulting par-
ticles are composed of a biologically-derived, bulk polymer made up of amino acid side
chains with no remaining protein function. This can be especially problematic in the case
of jetting functional proteins or enzymes and so limitations exist in where this approach
can be applied.

3.3.4.2 Thiol-rich XLF-SPNPs

Encouraged by the recently developed streamlined approach to produce water-stable SP-
NPs in the absence of crosslinking macromer, yet confronted with the limitations this sys-
tem imposed, further efforts focused on overcoming the inherent shortcomings of XLF-
SPNPs. At its core, the production of SPNPs using the TFE:H2O:β-ME cosolvent approach
depended upon the denaturing and disruption of native, reversible bonds, followed by the
rapid reformation of disulfide bridges through free sulfhydryl groups between adjacent pro-
tein molecules. Therefore, in order to maintain protein structure and function, the challenge
became developing a means by which free thiol groups could be made available while not
disrupting the native disulfide bonds responsible for protein structure and stability.

The development of the system consisted of two relatively straightforward tasks. The first
was to generate or identify a protein with a significant amount of cysteines not participating
in disulfide bonds. The second was to test whether such a protein, when processed through
the EHD jetting platform would yield similar results to those observed in the XLF-SPNP
system. Stemming from the developed understanding of protein synthesis and the ability
to modularly design proteins in a step-wise fashion, the ultimate response to the first chal-
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lenge might be to synthetically produce the proteins. Here, additional cysteine residues
could be added with precision at specific locations throughout the amino acid sequence.
Alternatively, as a proof of concept, an approach of chemically modifying albumin was
first pursued.

Figure 3.11: SATA conjugation to albumin. Reaction scheme for the conjugation of
N-Succinimidyl-S-acetylthioacetate (SATA) to human serum albumin and subsequent de-
protection to yield a thiol-rich version of the protein.

Protein modifications through chemical reactions with functional side groups is well estab-
lished and typically is conducted under mild reaction conditions with simple purification
methods. [177] Here, a simple two-step process is applied to conjugate a small molecule,
N-Succinimidyl-S-acetylthioacetate (SATA) to the albumin via free amine groups present
in lysine residues (Figure 3.11). Conducted in PBS at RT, consisting of a paired reaction
and deprotection steps each followed by purification through either dialysis or column sep-
aration, the result is a protein decorated with free thiol groups. The extent to which the
protein is modified can be controlled through stoichiometric ratios of reactants. With ap-
proximately 50 lysines available for conjugation, we aimed to react approximately 20% of
those through the SATA reaction. Following the last pass through the column, fractions
containing the resulting thiol-rich protein were combined, frozen, and lyophilized to yield
an off-white powder. Characterization of the resulting modified protein was performed
through a combination of the Ellman’s assay, designed to quantify free sulfhydryl groups,
and the Protein 660 assay to quantify protein concentration. It was determined that the
reaction yielded the addition of ten free thiol groups per protein molecule, in agreement
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with our targeted modification of 20% of available lysine residues.

Following the addition of free thiols to the native albumin, we sought to determine whether
jetting of the protein would yield water stable SPNPs. A protein jetting solution was pre-
pared in a cosolvent mixture (80:20 v/v) of ultrapure water and ethylene glycol, without
the addition of a crosslinking macromer. The appearance of the solution was a transparent
pale straw color and the viscosity was similar to that of other protein solutions of similar
concentrations. Applying the same EHD jetting approach, a fraction of the solution was jet
to a grounded collection surface. The remainder of the solution was kept at RT to observe
changes in the optical appearance of the solution that might suggest crosslinking of the
proteins was occurring in the syringe prior to jetting; no change in the solution color or vis-
cosity was observed over a period of 24 h. Analysis of the particles in their dry state showed
the formation of spherical nanoparticles of bimodal distribution with an average diameter
of 103.6 ± 36.2 nm (PDI = 0.122) (Figure 3.12). Larger observed particles in their dry
state were minimal and could certainly be separated from the smaller population through
previously developed centrifugation purification steps. Collection of the particles from the
surface with PBS after being stored O/N under vacuum and subsequent analysis of the par-
ticle size distribution and zeta potential showed that these particles, TR-XLF-SPNPs, were
water-stable, had a average size of 162.1 ± 42.2 (PDI = 0.067), and a zeta potential of
-7.2 mV. These values are in line with other SPNPs generated through the use of various
crosslinking approaches. Notably, the modification of lysines to chemically conjugate the
SATA molecule did not significantly alter the zeta potential of the resulting particles; typ-
ically, SPNP zeta potential values are in the slightly negative range of -3.0 to -9.0 mV. As
a whole, the strategy of artificially imparting additional thiol groups capable of forming
intermolecular disulfide bonds through the jetting process offers a promising means to cre-
ate SPNPs without the addition of a crosslinking macromer and significantly reduces the
turnaround time from jetting to application. Moreover, in contrast to the TFE:H2O:β-ME
approach used for XLF-SPNPs, the process does not require the need to denature the pro-
tein suggesting that this approach could also be applied to generate macromer-free SPNPs
consisting of functional proteins or enzymes, retaining their biological activity.

3.3.5 Jetting of Chemically Modified Proteins

Owing to the diverse functional groups present in proteins as a result of the 20 amino
acid building blocks and their distinct side chains, residue specific, chemically controlled
modifications are possible. An example of such a modification was recently described in

73



Figure 3.12: Thiol-rich SPNP particle size distribution. Albumin SPNPs synthesized
using the thiol-rich albumin in the absence of crosslinking macromer. Size distribution
following SEM image analysis. Scale bar = 2 µm.

the formation of TR-XLF-SPNPs leading to a rapid SPNP synthesis route in the absence
of crosslinking macromer. This approach of pre-modifying proteins through the conjuga-
tion of small molecules can be extended for additional purposes. For example, one could
theoretically conjugate small molecules with known and desireable biological effects (e.g.
targeting, antioxidant activity, or pathway inhibition) similar to the approach utilized in
antibody drug conjugates. In doing so, the desired biological properties and activities may
be imparted to the protein and ultimately the final particle. Alternatively, chemical conju-
gation to the bulk protein could be used as a means prevent the rapid burst release of small
molecules often observed from nanoscale particle systems.

Here, we sought to conjugate the polyphenolic acid, 3,4,5-trihydroxybenzoic acid (Gallic
Acid, GA) to albumin. Derived from various plants, serving as a natural metabolite, gallic
acid belongs to a family of polyphenolic acids responsible in part for the antioxidant and
anti-inflammatory effects of fruits, wine, and teas. [178] Abundant in green tea, gallic acid
and related compounds have been implicated as having anticarcinogenic and antimicrobial
effects with possible uses in treating depression, cancer, and microbial infections. [179,180]
Due to its ability to chelate metal ions, gallic acid has even found applications in the devel-
opment of lapping solutions for the polishing of hard drives during their final production
steps. [181] Taken together, the vast application space of polyphenols, particular for treating
diseases, made it an attractive molecule to explore as a covalently linked therapeutic.

Previous work by Iemma and coworkers had developed a synthetic route to create a gallic
acid-gelatin conjugate. [151, 152] Modifying the reaction, albumin protein was dissolved
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and utilizing H2O2 and ascorbic acid to catalyze the reaction of gallic acid to cysteine, ly-
sine, serine and threonine residues. A general reaction scheme is found in Figure 3.13. Fol-
lowing dialysis to remove unreacted starting materials and lyophilization of the albumin-
gallic acid conjugate (HSA-GA), a white flaky powder was obtained. In order to character-
ize the resulting protein conjugate samples, gallic acid, unmodified protein, and HSA-GA
were submitted for independent analysis. An aqueous Malvern GPC system was utilized
with an array of detectors to determine molecular weights of each species. It was deter-
mined that the reaction yielded approximately 33 gallic acid residues per albumin protein
with a significant shift in molecular weight compared to the native protein control (Table
3.2). Moreover, it should be noted that in addition to the shift in molecular weight indicat-
ing successful conjugation of the gallic acid, a dramatic shift in the balance of monomer
and dimer population was observed. This shift would suggest an induced change in the
solubility and solution stability of HSA-GA relative to HSA.

Figure 3.13: Gallic acid (GA) modification of albumin. General reaction scheme for the
H2O2 and ascorbic acid catalyzed reaction of gallic acid to human serum albumin to yield
the HSA-GA conjugate.

The change in solubility was readily apparent and confirmed when jetting solutions were
prepared. Dissolving the HSA-GA in water was increasingly difficult even at lower con-
centrations of 2.5 wt%, compared to proteins that had been jet in the past. In order to
more readily dissolve the protein at these concentrations, a small addition of triethylamine
(TEA) was used (approximately 2 µL per mL of jetting solution). Following this addi-
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Table 3.2: Alumbin-Gallic Acid Conjugate GPC Analysis

Albumin Gallic Acid HSA-GA
Mw (g/mol) 65,720 170.12 71,340
Mw/Mn 1.003 — 1.005
Monomer Fraction 95.51 — 50.28
Dimer Fraction 3.897 — 22.26
# GA Conjugated — — 33

tion, the solution appeared transparent and remained stable over a period of 24 h with no
further indication of aggregation or precipitation of the dissolved protein. Jetting the solu-
tion was then carried out following parameters identical to those previously employed in
SPNP synthesis. Upon imaging the particles in their dry state with SEM, it was observed
that the particles, while monodisperse in size, were not at all spherical (Figure 3.14b). In
fact, the particles had nearly a 3:1 aspect ratio when measuring their major and minor axes
(Figure 3.14c). Curious whether this was conserved once the particles had been collected
and hydrated in buffer, particle solutions were dropped onto copper mesh grids and imaged
with Tranmission Electron Microscopy (TEM) (Figure 3.14d). Evaluating a broad pop-
ulation of particles following the complete collection process (hydration, sonication, and
centrifugation), indicated that the non-spherical particles retained their rod-like shape in
their hydrated state.

Curious whether this effect of premodifying the proteins with small molecules would uni-
versally alter the final particle architecture, or if the reaction conditions of the HSA-GA
conjugation were responsible for the observed results, two additional experiments were
performed. First, the H2O2 and ascorbic acid catalyzed reaction was repeated wherein the
gallic acid was omitted. Following dialysis and lyophilization, particles were synthesized
via EHD jetting using an identical carrier solvent system and imaged. In this case, spher-
ical particles were obtained with similar size and shape to our standard albumin SPNPs
suggesting it was the presence of the gallic acid and not the reaction/jetting conditions that
caused the irregular shape to form. Second, in order to test whether this phenomenon was
universally observed when proteins were significantly modified prior to jetting, two addi-
tional compounds of interest were evaluated in a similar manner. Dopamine, a polyphenol
with an approximately equal molecular weight compared to gallic acid, and curcumin, a
hydrophobic natural plant derivative with antioxidant activity, were each conjugated to al-
bumin. Following similar purification and lyophilization processes, each protein was jet
to create HSA-dopamine and HSA-curcumin SPNPs, respectively (Figure 3.15). It should
be noted that while the HSA-dopamine solubility seemed unchanged compared to native
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Figure 3.14: Non-spherical SPNPs. a) Jetting schematic of NHS-PEG macromer
crosslinked HSA-GA. b) SEM image of resulting HSA-GA SPNPs in their dry state show-
ing the spontaneously created non-spherical protein particles. Scale bar = 3 µm. c) SEM
image analysis of the resulting particles and distributions of both the long and short axes. d)
Following the completed collection process, HSA-GA particles were deposited onto copper
mesh grids and imaged via TEM to confirm retention of non-spherical architecture. Scale
bars = 100 nm.

albumin, the HSA-curcumin was significancy less soluble, similar to that of the HSA-GA.
In each case, spherical particles were obtained (Figure 3.15). Together, these results sug-
gest it is not the reaction conditions of the HSA-GA synthesis but rather the presence of
the specific compound that resulted in the irregularly shaped particles.

The spontaneous formation of rod-like, protein nanoparticles had not been achieved to date.
Previous work developing non-spherical polymeric (PMMA, polystyrene, and PLGA) par-
ticles had been completed both in our lab and those of groups like Michael Solomon [182]
and Samir Mitragotri. [183] This process involves a simple method of embedding the par-
ticles into a water soluble polymer film, heating and stretching of the films followed by
the dissolution of the sacrificial films to yield non-spherical polymer particles of similar
size and shape to those achieved here. Particle shape has been shown to alter biodistribu-
tion and accumulation within organs. This is postulated, in part, as being a result of the
non-spherical particles ability to partition to the peripheral regions of the hemodynamic
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Figure 3.15: Small molecule-albumin conjugate SPNPs. Small molecules and SEM im-
ages of the resulting SPNPs following EHD jetting of the protein conjugates. Scale bars,
HSA-GA (3 µm, left), HSA-curcumin (2 µm, middle), and HSA-dopamine (2 µm, right).

flow and interact with the endothelium more readily than their spherical counterparts. In-
trigued by the observation of non-spherical protein particles and the potential role shape
can play in an in vivo setting, HSA-GA particles were introduced into an existing study of
biodistribution of particles in an LPS induced lung inflammation model. In the absence of
biological targeting moieties, the HSA-GA particles showed greater than 10-fold increase
in accumulation within the lung when inflammation was present compared to naı̈ve mice
(Figure 3.16).

Figure 3.16: Lung inflammation accumulation of HSA-GA SPNPs. Biodistributions of
crosslinked albumin nanoparticles indicating uptake of HSA-GA SPNPs in LPS-injured,
but not naı̈ve lungs. n = 3 biological replicates. Reprinted with permission. Ref [10]

The original intent of conjugating small molecules to proteins prior to their use in EHD
jetting was to probe the technique of imparting biologically desirable properties onto the
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bulk material and to retard the burst release of such compounds. Following the obser-
vation of spontaneously formed non-spherical particles, the focus of the venture quickly
shifted. While I believe this is an interesting and worthwhile endeavor, this brief path
seemed to generate more questions than answers. In particular, i) are small molecules
conjugated to the bulk proteins able to maintain and impart their unique biological func-
tion onto the particles? and ii) what intermolecular interactions, solution properties, and
forces are responsible for the observed deviation from spherical particles when gallic acid
in particular is conjugated to the protein prior to jetting? Without exploring a range of
interesting molecules, developing additional conjugation approaches, fully exploring the
design space, and evaluating their intracellular impacts, it is difficult to provide meaningful
insights. While beyond the scope of this thesis, these are challenges and questions to be
addressed by those potentially looking to pursue this approach of drug delivery.

3.3.6 Loading and Controlled Release of Hydrophobic Molecules

Among the driving forces in the development of nanoparticles is the ability to load and re-
lease therapeutic cargo. Sustained and controlled release from nanoparticles offer promise
in an array of chronic and acute conditions. Many cancer therapeutics have poor solubility
in aqueous environments (i.e. buffer, saline, or serum) due to their hydrophobic nature;
paclitaxel for instance, requires administration with Cremophor EL (polyoxyethylated cas-
tor oil) and absolute ethanol. [184] While offering a means to intravenously administer
poorly soluble drugs, biological side effects have been directly related to the Cremophor
EL delivery formulation itself. [185] Poor drug solubility extends beyond administration
and must also be considered in particle formulation as methods to encapsulate these drugs
are developed. Therefore, these same concerns must be addressed when designing drug
loaded protein particles. With respect to the EHD jetting of SPNPs, in order to arrive
at uniform distribution of the drug (or any molecule) across the entire particle population,
stable and homogenous jetting solutions are required. Precipitation of any component (pro-
tein, drug, macromer) creates a dynamic system from which the population of particles and
their overall composition changes with time. As a result, we sought to develop a method of
incorporating drugs, particularly hydrophobic cancer therapeutics, into the jetting process
to effectively load and release from SPNPs.

Successfully incorporating various components into the EHD jetting process to yield a final
particle architecture can be achieved in multiple ways. The most direct route is the variation
of solvent systems employed. In the case of water soluble small molecules or biologics,
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the identification of a reasonable cosolvent system producing a stable, dilute, and homo-
geneous jetting solution becomes rather trivial. However, when considering hydrophobic
molecules, this is often not the case. First dissolving the drug in a solvent such as DMSO,
or adjusting the pH through small additions of acids or bases (e.g. glacial acetic acid or tri-
ethylamine) have proved to be promising places to start when developing these systems. In
any case, these additions should be minimized to protect protein stability (ideally less than
10 vol%). While these are often successful approaches, in instances of loading increasingly
hydrophobic drugs such as taxols, other means must be explored.

Figure 3.17: High pressure homogenization towards an HSA-paclitaxel complex. (Top)
Experimental illustration of the high pressure homogenization process used in accordance
with previously developed and patented methods related to nab technologies for the pro-
duction of albumin-bound paclitaxel (Abraxane). (Bottom) Step-wise pressure drop high-
lighted correlating with the passage of emulsified protein-drug through the device valve.

Inspired by an approach that yielded the FDA approved therapeutic Abraxane, we sought to
develop a means to solubilize these compounds prior to introducing them to the jetting so-
lution. Utilizing the nanoparticle albumin bound (nab) approach, Abraxane offers a route of
administering paclitaxel without Cremophor EL. Through high pressure homogenization,
paclitaxel is sequestered within the protein hydrophobic pockets. Guided by an established
protocol, we applied this same approach to produce an similar albumin-paclitaxel com-
plex. [153] In brief, paclitaxel was first dissolved in a small volume of chloroform and then
added to an aqueous protein solution. First homogenized using tip sonication, the mixture
was then repeatedly passed through a small orifice at high pressures (25,000 psi) to create a
stable emulsion (FIgure 3.17). In the case of Abraxane, this same process yields ”nanopar-
ticles” approximately 130 nm in diameter that are stable in solution; however, without a
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way to crosslink these particles, the individual proteins disassociate following adminis-
tration. [186] Freezing and lyophilization of the complex yielded a white powder. When
solubilized again at 2.5 wt% in a 90:10 v/v ultrapure water and ethanol cosolvent system,
the solution appeared transparent and off-white with no observed precipitates formed. The
solution was monitored for a period of 8 h at RT and by visual inspection no significant
changes were noted. Incorporating the 2 kDa NHS-PEG as a crosslinker, the solution was
jet and the resulting particles characterized. HSA-PTX SPNPs were found to have an aver-
age diameter of 121.4 ± 47.2 in their dry state and 191.5 ± 72.1 in their hydrated state as
determined by SEM image and DLS analyses, respectively.

Release of paclitaxel from HSA-PTX SPNPs was then characterized, adhering to a previ-
ously established method thoroughly detailed in Section 2.2.2. Briefly, particles of a known
mass were suspended in PBS and dialyzed against PBS at 37°C from a 100 kDa MWCO
Float-a-Lyzer dialysis device. Changing the sink buffer solution at predetermined time-
points, paclitaxel concentrations in the buffer were determined through HPLC-MS analysis.
Previously generated calibration curves were used to quantify release at each timepoint and
the overall cumulative release. It was observed, that from SPNPs loaded with paclitaxel, the
release of the drug followed controlled first order rate kinetics with approximately 90% of
the drug released over a four day period (Figure 3.18). Additionally, mass spec confirmed
the chemical structural integrity of the encapsulated and released drug. Subsequent stud-
ies evaluating the cellular response to PTX-STAT3i-SPNPs, a variation of the HSA-PTX
SPNPs, is presented in Section ??.

Figure 3.18: Release of paclitaxel from albumin SPNPs. Cumulative release of paclitaxel
from albumin SPNPs formed through EHD jetting. Release conducted in PBS (pH 7.2) at
37°C. Paclitaxel release quantified via HPLC-MS. n = 3 biological replicates.
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3.3.7 Janus Protein Nanoparticles

While there exists various methods to produce nanoparticles, a unique advantage to the
EHD approach, as demonstrated through the fabrication of polymer Janus nanoparticles
(Section 2.3), is the ease in which multiple compartments can be incorporated into a single
particle architecture. EHD cojetting, has been used to create multicompartmental parti-
cles and fibers with precise control over volumetric ratios, [93] the relative spatial orienta-
tion, [187] variations in bulk and encapsulated materials, [75, 99] and even the controlled
surface decoration of the individual compartments. [9] These characteristics are achieved
simply through the preparation of multiple jetting solutions with similar solution proper-
ties and their subsequent coflow into the Taylor cone control volume. Here, we aimed to
leverage this capability towards the development of multicompartmental protein nanopar-
ticles.

As a proof of concept, two distinct proteins, HSA and human serum transferrin were cho-
sen as base proteins for the individual compartments. Protein solutions were prepared in
an 80:20 v/v ultrapure water and ethylene glycol cosolvent system at a protein concentra-
tion of 7.5 wt%. Fluorescently labeled, Alexa Fluor 488 and Alexa Fluor 647 conjugated
versions of the albumin and transferrin were incorporated at 0.5 wt% relative to their re-
spective proteins for imaging purposes. Particles were crosslinked through the addition of
10 wt% NHS-PEG macromer relative to the proteins. Establishing a stable Taylor cone
with the two solutions flowing in a side-by-side orientation, the solutions were processed
through the EHD cojetting system and incubated as previously described to yield stable
SPNPs (Figure 3.19a). Characterized through SEM analysis, the particles were observed
to have a size distribution consistent with previously fabricated monocompartmental SP-
NPs (Figure 3.19b). When imaged with super resolution SIM microscopy, we confirm the
particle anisotropy through the observation of two distinct fluorescently labeled compart-
ments (Figure 3.19c). Further experiments, incubating particles with fluorescently labeled
antibodies, specific to albumin and transferrin, demonstrate that each compartment can be
individually recognized by their respective antibody speaking not only to the ability to pro-
duce anisotropic protein nanoparticles, but suggesting that the crosslinked proteins retain
important structural confirmations allowing the recognition and binding to occur.
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Figure 3.19: Bicompartmental Janus SPNPs via EHD co jetting. a) Jetting schematic
for albumin/transferrin bicompartmental Janus nanoparticles. b) SPNP size distribution
determined via SEM image analysis. (Inset) Representative SEM image, scale bar 1 µm. c)
Super resolution SIM microscopy images of individual Janus SPNPs. Scale bar = 100 nm.

3.4 Summary

Here, we have demonstrated an ability to apply the general EHD jetting procedure to create
particles using proteins as their bulk material. Important for all subsequent work, meth-
ods to reproducibly collect, fraction based on size, and characterize the resulting particles
through imaging, image analysis, and light scattering based assays were optimized. In work
to develop the platform and diversify the design space, the process was expanded to include
a range of proteins with varied molecular weight, charge, and function. Methods were de-
veloped to vary the extent of crosslinking. Extending this work, other lab members were
able to control not only physical properties such as mesh size, porosity, and elastic moduli,
but demonstrated the effects these traits have on biological function. Crosslinking tech-
niques to yield water stable SPNPs evolved from a single biologically inert PEG macromer
to include physically responsive macromers, chemical vapor crosslinking approaches, and
even those that avoided the use of macromers altogether through modifications to the bulk
proteins inducing intermolecular disulfide bonds to form. The modification of proteins
prior to jetting was extended beyond encouraging spontaneous crosslinking to occur to the
proposed idea of the conjugating biologically relevant small molecules showing promise
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for future development. Broadening the types of molecules that can be encapsulated be-
yond water soluble drugs, peptides, and nucleic acids, an approach to sequester non-polar
molecules within the protein hydrophobic pockets prior to jetting was developed. This
technique facilitated the loading and controlled release of paclitaxel and could be further
expanded to include a host of other drugs with similar properties. Individual components
of the aforementioned advances towards a robust and diverse particle platform ultimately
can be combined into a single particle architecture, as demonstrated by our ability to create
anisotropic Janus SPNPs. The work to expand methods of crosslinking proteins continues
in our lab with the next generation of students as they work to develop multifunctional
macromers capable of not only stabilizing the particles but imparting additional functions
(e.g. the electrostatic binding of nucleic acids and controlled enzymatic degradation). To-
gether, these works can be leveraged towards the development of intelligently designed
multifunctional nanoparticle drug delivery systems with near limitless potential.
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CHAPTER 4

Targeted Delivery of Synthetic Protein
Nanoparticles

This chapter contains portions of text/data in preparation to be published as:

Antibody-mediated targeting of protein nanoparticles.
JV Gregory, A Berardi, B Zhang, A Mauser, C Greineder, J Lahann
In Preparation

Individual contributions to this work included the synthesis and characterization of albu-
min nanoparticles. Further work resulted in the development and full characterization of a
conjugation strategy for the attachment of targeting antibodies to particle surfaces. Finally,
both in vitro and in vivo work were completed to validate cell-specific uptake and altered
biodistribution profiles, respectively.

4.1 Motivation

In the previous chapter, a platform for the synthesis of protein nanoparticles was devel-
oped. The results included a means to produce an array of nanoparticles with variations
in composition, size, and even shape. Extending beyond the basic architecture, modifica-
tions to the proteins in the form of chemically conjugated and complexed molecules was
explored. Finally, using the EHD co-jetting approach, we demonstrated an ability to create
Janus protein nanoparticles using unique bulk materials. In parallel to these efforts, ap-
proaches to characterize the chemical and physical properties of the engineered particles
was developed.

Focused primarily on the development and characterization of the protein nanoparticle plat-
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form, select experiments looked at their in vitro and in vivo performance. Promising results
were observed following the systemic delivery of non-targeted protein nanoparticles syn-
thesized via EHD jetting in two distinct studies. The first showed a greater than ten-fold
increase in the accumulation of albumin nanorods in a mouse model for lung inflamma-
tion. [10] The second realized an order of magnitude increase in uptake within the brain
following injection of albumin nanoparticles via the carotid artery. [30] In each case, the
observed increase in SPNP accumulation was noted to occur in the first organ capillary bed
upstream of particle injection and was achieved in the absence of active targeting. While
this approach may be sufficient in some therapeutic applications, a means to actively target
the nanoparticles could significantly improve organ-specific uptake and minimize off-target
effects.

Here, we look to extend our protein nanoparticle platform to incorporate active targeting.
Previous work in the Muzykantov lab has evaluated the targeting capacity of antibodies
and single chain antibody fragments. Working in collaboration here at the University of
Michigan with Dr. Colin Greineder, we aim to leverage this same selectivity towards the
targeted delivery of protein nanoparticles. In order to achieve a targeted delivery approach,
a method of SPNP surface modification was proposed. In brief, we sought to develop a
method that would be, i) compatible with each of the previously developed crosslinking
methods, ii) universally compatible with an array of proteins, iii) conducted in relatively
mild reaction conditions, iv) easily purified from unreacted materials and/or reaction by-
products, v) simply modified to control for final ligand surface density, and vi) compatible
with both mono- and multicompartmental particle architectures. As a proof of concept, we
demonstrate the conjugation of targeting antibodies; however, the developed approach can
be extended to instead incorporate small molecules, peptides, or antibody fragments.

4.2 Experimental Methods

4.2.1 Materials

Reagents: Human serum albumin, ethylene glycol, trifluoroethanol (TFE), O,O-Bis[2-
(N-Succinimidyl-succinylamino) ethyl]polyethylene glycol (NHS-PEG-NHS, 2 kDa), beta
mercaptoethanol, Sephadex G-100, triethylamine (TEA), sodium sulfate, sodium chloride,
N-Succinimidyl-S-acetylthioacetate (SATA), hydrochloric acid, dimethylsulfoxide, ethyl
acetate, chloroform, dimethylformamide (DMF), ascorbic acid, hydrogen peroxide solu-
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tion, N-(3-Dimethylaminopropyl)-N-ehtylcarbodiimide hydrochloride (EDC), Tween 20
and phosphate buffered saline (PBS) were purchased from Sigma-Aldrich, USA. Human
serum albumin and transferrin monoclonal antibodies, eGFP Silencer siRNA, Tris-HCl
buffer, (5,5-dithio-bis-(2-nitrobenzoic acid) (Ellman’s reagent), acetonitrile, sodium nitrite,
acetone, N-(hydroxysulfosuccinimide) (Sulfo-NHS), 0.5-mL Zeba Spin Desalting Column,
1,3,4,6-tetrachloro-3,6-diphenyl-glycoluril, BCA assay kit, and Protein 660 assay kit were
purchased from Fisher Scientific. Azidobutyric acid NHS ester was purchased from Lu-
miprobe. [125I]NaI was purchased from PerkinElmer. DBCO-NHS ester was purchased
from Click Chemistry Tools.

4.2.2 Methods

Synthesis of NHS-PEG-NHS Crosslinked Synthetic Protein Nanoparticles (SPNPs)

SPNPs were fabricated via the electrohydrodynamic (EHD) jetting process previously de-
veloped in our group for the fabrication of synthetic polymer nanoparticles. [8, 89–92]
Adapted to instead use proteins as the bulk material, HSA was dissolved in a cosolvent
mixture (80:20 v/v) of ultrapure water and ethylene glycol at a concentration of 7.5 w/v%.
Alternatively, a cosolvent mixture (80:20 v/v or 90:10 v/v) of ultrapure water and ethanol
can be used. A bifunctional PEG (NHS-PEG-NHS, 2kDa) was added at 10 w/w% relative
to HSA. In experiments evaluating the effects of crosslinking and the resulting swelling,
molecular weight and mass fraction of NHS-PEG-NHS were varied. Final jetting solutions
were pumped through a syringe equipped with a 26-gauge blunt tip needle at a flowrate
of 0.1-0.2 mL h−1 while a constant voltage (ranging from 5.0 to 11.5 kV) was applied to
form a stable Taylor cone at the needle tip. Particles were collected in aluminum pans at a
needle to collector distance of 15 cm and then incubated for seven days at 37°C to facilitate
complete polymerization. SPNPs were then stored in dark RT conditions in their dry state
for future experiments.

Synthesis of Macromer-free Disulfide Crosslinked SPNPs

In order to create water-stable SPNPs in the absence of crosslinking macromer (XLF-
SPNPs), HSA was dissolved in a cosolvent mixture (90:10 v/v) of trifluoroethanol (TFE)
and ultrapure water 7.5 w/v%. Following complete dissolution and unfolding of the protein
(evident by a slightly cloudy solution appearance), 10 molar excess of β-mercaptoethanol

87



(β-ME) relative to cysteine residues involved in disulfide bonds (e.g. 34 per albumin) was
added. Final jetting solutions were pumped through a syringe equipped with a 26-gauge
blunt tip needle at a flowrate of 0.1-0.2 mL h−1 while a constant voltage (ranging from
7.0 to 10.0 kV) was applied to form a stable Taylor cone at the needle tip. Particles were
collected in aluminum pans at a needle to collector distance of 15 cm. No further incu-
bation at elevated temperatures was required or performed. Particles collected on a dry
surface were instead stored in a vacuum desiccator for a period of at least 12 h to remove
any residual solvents. Disulfide crosslinking SPNPs were then stored in dark RT conditions
in their dry state for future experiments.

Collection and purification of SPNPs

SPNPs were collected according to a standard protocol developed in our lab. In brief, a
small volume, 5-10 mL, of water:ethanol (80:20 v/v) + 0.5% Tween 20, was added to the
aluminum pans containing EHD jetted SPNPs. The resulting SPNP suspension was gen-
tly sonicated to disperse any aggregates and passed through a 40 µm cell straining filter.
The resulting solution was centrifuged at 4,000 rpm (3,220 xg) for 4 minutes to pellet and
remove any albumin aggregates larger than 1 µm in diameter. The supernatant was then
divided into 2 mL Eppendorf tubes and centrifuged at 15,000 rpm (21,500 xg) to concen-
trate the samples to a single 1 mL sample for use in planned experiments. Collected SPNPs
were used within 1 week of their collection and were stored at 4°C in PBS during that time.

Characterization of albumin SPNPs size, shape, and concentration

Albumin SPNPs were characterized prior to their use in any experiments to ensure they
met specifications. Physical characterization included the measurement of particle size
in both their dry and hydrated state. To measure particle diameter and investigate their
morphology, small silicon wafers were placed on the grounded collection surface and were
subjected to the same incubation period to complete the step-growth polymerization. These
samples were imaged via SEM using a FEI NOVA 200 SEM/FIB instrument (UM, MC2

Institute). Obtained SEM images were characterized using ImageJ software. SPNPs in
their hydrated state were collected and purified as described above. The stock solution was
diluted in PBS + 0.5% Tween 20 for subsequent measurements using DLS and NTA to in-
vestigate size and solution concentration. Analysis via DLS and NTA was performed using
the Malvern Nano ZSP and NanoSight NS300 instruments and software, respectively (UM,
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Biointerfaces Institute). Albumin SPNP solution concentration was further validated using
the BCA (bicinchoninic acid) assay.

Azide functionalization of albumin SPNPs

Following the collection, purification and characterization of SPNPs, protein concentra-
tion of the particle suspension was estimated using the Protein 660 assay. A known mass
of particles suspended in PBS buffer was transferred to a fresh 2 mL Eppendorf tube. The
volume was adjusted to 1 mL with the addition of PBS. To this mixture, a small amount of
an azidobutyric acid NHS ester (Azide-NHS, 35 mM) in DMSO was added at a ten molar
excess relative to albumin. The reaction mixture was mixed well and placed on a rotator at
4°C O/N. The following day, the particles were centrifuged at 15,000 rpm (21,500 xg) for
1 h to pellet the suspended particles. Supernatant was carefully removed ensuring the pellet
was not disturbed. The pelleted particles were resuspended in fresh PBS and the mixture
was vortexed to form a homogeneous particle suspension. This process was repeated a to-
tal of three times to thoroughly remove any unreacted Azide-NHS before moving towards
antibody conjugation steps.

DBCO modification of antibodies

Antibodies were incubated with DBCO-NHS ester at a 1:5 molar ratio at RT for 1 h. The
unreacted DBCO-NHS ester was removed through dialysis (100 kDa MWCO), for 48 h at
4°C with multiple changes of media.

Antibody radiolabeling

Antibodies were directly radioiodinated using [125I]NaI in tubes pre-coated with 100 µg
Pierce Iodination reagent, 1,3,4,6-tetrachloro- 3α,6α-diphenyl-glycoluril. Free iodine was
removed using 0.5-mL Zeba Spin Desalting Column. Radiochemical purity was≥ 95% by
thin-layer chromatography (TLC) using a 75:25 v/v mixture of MeOH:Na-acetate pH 6.8
as the mobile phase.

Surface conjugation of antibodies to azide-SPNPs
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Following the reaction to chemically conjugate the Azide-NHS to SPNP surfaces, DBCO-
modified antibodies were then conjugated to the surface via a copper-free click chemistry.
In brief, particles were resuspended in 0.5 mL of fresh PBS immediately following the
azide modification and centrifugation steps. An antibody solution (in PBS), previously
modified with DBCO functional groups and solution concentrations characterized via Nan-
odrop were added to achieve a desired stiochiometric ratio of antibodies to SPNPs. When
validating the conjugation efficiencies and developing the methods, this ratio ranged from
500 to 5000 antibodies per particles; however, for subsequent in vito cellular assays and in

vivo biodistribution experiments this ratio was fixed at 1,500 antibodies per particle. The
reaction volume was increased to 1 mL through the addition of fresh PBS. Vortexing of the
solution was completed to create a homogeneous solution prior to the reaction vessel being
stored at 4°C O/N under constant rotation.

Column purification of antibody decorated albumin SPNPs

Once the two-step azide modification and antibody conjugation was completed, SPNPs
were isolated from unreacted antibodies through column purification. Utlizing a Sephadex
G-25 filled separation column, with PBS as the mobile phase, 1 mL fractions were collected
for a total of 35 mL. This total volume was initially extended to 50 mL; however, it was
noted that the bulk of SPNPs and free antibody eluted from the column centered about frac-
tions 9 and 23, respectively. During process development stages, when the antibody was
125I labeled, these fractions were evaluated using the PerkinElmer Wizard2 instrument to
quantify radioactive signal in tandem with plate-based fluorescent assays to identify SPNP-
containing fractions. When extended to in vitro cellular assays and in vivo biodistribution
studies, this process was used merely as a means to isolate antibody-SPNPs from unreacted
antibodies before proceeding.

Biodistribution of albumin SPNPs in mice

Radiolabled particles were first suspended in PBS. Adjusting the final volume to yield a
total volume of 100 µL per mouse, the samples were evenly aliquoted into 2 mL Eppendorf
tubes. Radioactive measurements of each vial were made using the PerkinElmer Wizard2

instrument prior to transferring the solution to 1 mL syringes equipped with 31 gauge nee-
dles. Intravenous administration of 125I SPNPs was achieved via retro-orbital injection. At
predetermined time points, select mice were anesthetized prior to the collection of blood,
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urine, and organs (heart, lung, liver, spleen, kidney, and brain). Collected organ and fluid
samples were analyzed with the same PerkinElmer Wizard2 instrument. Additionally, each
of the Eppendorf tubes and syringes were measured post particle administration to account
for any loss of particles and to ensure the injected dose was accurately calculated.

4.3 Results and Discussion

4.3.1 Antibody conjugated SPNP synthesis

Proteins, and their amino acid side chains, offer a range of chemical conjugation tech-
niques that can be performed in aqueous buffers at neutral pH. Previous work in our lab to
develop the NHS-PEG crosslinked particles demonstrated an ability to reliably react NHS-
terminated synthetic macromers to lysine side chains. Taken together with the availability
of many commercially available hetero, bifunctional linkers equipped with bioorthogonal
functional groups, a two-step process was proposed; the first designed to yield SPNPs
surface decorated with functional groups (e.g. azides, alkynes, or maleimides) while the
second would ultimately conjugate the molecule of interest to the particle surface utilizing
an orthogonal chemistry approach. Here, we chose to utilize an azidobutyric NHS ester to
add an azide functionality to the proteins. Conducted at neutral pH in PBS, this reaction
allowed for a simple purification process to be performed to remove unreacted azide either
through dialysis or multiple centrifugation cycles. Once functionalized, these azide SP-
NPs could then be reacted through a copper-free click reaction with any DBCO-modified
molecule. The specificity of the azide-DBCO reaction ensures that only protein sites previ-
ously modified would be reactive and the strain promoted click reaction eliminates the need
for a copper catalyst to be used. The latter point becomes important when considering cop-
per induced cytotoxicity [188] and the ability of proteins to chelate metal ions. [189]

4.3.2 Antibody surface conjugation strategies

To address each of the desired process characteristics, two distinct strategies were evaluated
(Figure 4.1). In strategy 1, both the azide modification and antibody conjugation steps are
completed following particle synthesis. This approach has the advantage of ensuring that
azide groups added to the protein are predominantly present on the particle surface, mini-

91



Figure 4.1: Surface conjugation of antibodies to SPNPs. Schematic detailing the
two evaluated synthetic pathways towards the production of antibody conjugated protein
nanoparticles (Ab-SPNPs) for antibody-mediated targeted delivery.

mizing the presence of functional groups that might otherwise be buried within the particle
volume and unavailable for subsequent conjugation. Conversely, the second strategy in-
volved the azide modification of free protein prior to particle synthesis via EHD jetting.
While this approach will certainly result in some portion of the reactive groups inaccessi-
ble for future reactions, it addresses the desire to create multicompartmental particles with
distinct surface functional groups through orthogonal chemistries.

In order to validate the paired reaction approach, we first attempted to conjugate DBCO
modified dye molecules to the particle surfaces. This yielded a method that could easily be
visualized through microscopy and further quantified to ultimately compare ligand surface
density between the two strategies. Azide SPNPs were first synthesized, either through the
conjugation of the azidobutyric acid to previously formed albumin SPNPs (Strategy 1), or
through the jetting of azide modified albumin (Strategy 2). In each case, the relative stio-
chiometric ratios of protein to linker were maintained. Protein particles were fluorescently
labeled through the addition of 0.5 wt% of Alexa Fluor 647 (AF647) albumin relative to the
total protein content of the particles. SEM and DLS analysis of the two particle populations
found no significant difference in their size distributions. Following each of the synthetic
routes to arrive at Azide SPNPs, a sulfo-Cy3-DBCO dye was reacted O/N at 4°C in PBS.
The removal of unreacted dye was achieved through a thorough centrifugation process in
which particles were pelleted, supernatant and free dye was removed, and particles were
resuspended in fresh PBS. This process was repeated a total of four times to ensure any un-
bound and surface adsorbed dye molecules were removed from the particle solution prior
to further characterization.
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Figure 4.2: DBCO-Cy3 conjugation to SPNP surfaces. General schematics and qual-
itative characterization of surface conjugation reactions utilizing a DBCO-Cy3 dye as a
surrogate molecule for imaging via confocal microscopy. Scale bars = 10 µm.

4.3.3 Surface-modified SPNP characterization

The resulting particles were characterized through a combination of imaging and plate-
based assays. First, when particle populations were imaged via confocal microscopy main-
taining equivalent laser settings across all samples, a clear difference in relative fluorescent
signals is observed (Figure 4.2). In strategy 1, an increased Cy3 signal normalized to
that of the AF647, suggests a greater extent of surface conjugation in this experimental
group. Though the result was clear and consistent across all images, this only provided
a qualitative comparison. Extending the characterization to quantify this difference, fluo-
rescent signals of both the conjugated dye and particles in suspension were measured on
a plate reader and compared to previously developed calibration curves for each species.
Together, with NanoSight data relating particle fluorescence to particle count, along with
relative size distributions, it was determined that the ligand density was approximately six-
fold higher when the azide modification was directed to the particle surface through the
post-fabrication approach (Strategy 1). Although significantly reduced in the strategy 2 ap-
proach, this still yielded approximately 100 ligands per SPNP at the evaluated stociometric
ratio (Figure 4.3). In total, it was confirmed that completing both the azide modification
and subsequent conjugation after particle synthesis and collection would more efficiently
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decorate the particle surface. However, the data suggests that the alternative approach of
first modifying protein could be advantageous and effective when aiming to selectively
modify individual regions of multicompartmental particle surfaces.

Figure 4.3: Quantified ligand density. Particle size distribution along with SPNP and
DBCO-Cy3 fluorescence data applied to quantitatively determine the resulting ligand den-
sity, comparing the two developed SPNP surface conjugation strategies. Individual repli-
cate data points and the calculated mean displayed (n = 5).

Based on previous data, it was decided that for the purpose of conjugating targeting an-
tibodies to SPNP surfaces, the approach would be to first form stable SPNPs via EHD
jetting followed by a two-step surface conjugation process, yielding antibody-decorated
SPNPs (Figure 4.4). Moving forward, we sought to develop a reproducible method of pu-
rifying SPNPs from unreacted antibodies. To achieve this, we utilized a packed column
separation approach designed to separate reaction mixtures through size exclusion (Figure
4.5a). When collecting 1 mL fractions, it was noted that for the selected column, free an-
tibodies consistently eluted from the column broadly in fractions 20 through 35 (Figure
4.5b). SPNPs, however, due to their relatively large size, were found to elute at the solvent
front and were typically only found in fractions 8 through 12 (Figure 4.5c). This distinct
difference allowed for the final particle-antibody reaction mixture to be passed through
the column and effectively purified from free, unbound antibody. When SPNP-containing
fractions were combined through centrifugation, the result was a concentrated solution of
antibody conjugated SPNPs (Ab-SPNPs). If passed through the column a second time, the
purified particles showed no presence of any residual antibody (Figure 4.5d). These results
were consistent whether the antibody had been fluorescently labeled or radiolabeled with
125I.
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Figure 4.4: Ab-SPNP synthetic scheme. Optimized two-step synthetic pathway towards
the synthesis of antibody targeted SPNPs consisting of a preliminary azide surface func-
tionalization and subsequent DBCO-antibody, copper-free click conjugation.

Figure 4.5: Ab-SPNP purification. a) Experimental schematic for the size exclusion
column purification of Ab-SPNPs from the final antibody conjugation reaction mixture,
ultimately yielding a concentration suspension of Ab-SPNPs. b-d) Relative fluorescent
units plotted against column elution fractions. b) Elution of free antibody (150 kDa) in
the absence of SPNPs. The bulk of the antibody mass elutes centered about fraction 23,
stretching from fractions 20 through 35. c) Purification of the final reaction mixture with
a clear separation of SPNPs (fractions 8-12) and unreacted free antibody(fractions 20-35),
elution peaks centered about fractions 9 and 23 respectively. d) SPNP-containing fractions
combined and passed through the column a second time, zero residual free antibody is
observed.

Concerned by previous reports of antibody aggregation, [190, 191] particularly following
chemical modifications wherein native structure might be perturbed, the effects of antibody
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conjugation to the SPNP surfaces were evaluated. Albumin nanoparticles were synthesized
and their size distribution characterized by SEM and subsequent image analysis. [106] Par-
ticles were observed to have an average diameter of 109.6± 28.3 nm (PDI = 0.067) in their
dry state (Figure 4.6a). Following collection, these same particles when hydrated, were
found to have an average diameter of 155.8 ± 60.1 nm (PDI = 0.148) (Figure 4.6b, black).
Following the two-step surface conjugation and purification procedure, Ab-SPNPs were
found to have an average diameter of 164.3 ± 42.1 nm (PDI = 0.066) (Figure 4.6b, red).
As expected, the addition of antibodies to the particle surface resulted in a small increase
in average particle size; however, no appreciable aggregation was observed suggesting that
the surface modification of SPNPs with DBCO-antibodies does not affect their stability in
suspension.

Figure 4.6: Ab-SPNP size characterization and stability. a) Size distribution of jetted
SPNPs in their dry state and representative SEM image (inset). Size distribution quantified
via image analysis of greater than 500 individual particles with ImageJ software. Particles
were found to have an average diameter of 109.6 ± 28.3 (PDI = 0.067) in their dry state.
Scale bar = 2 µm. b) DLS size distributions of fully hydrated SPNPs (black) and Ab-SPNPs
(red) in PBS before and after antibody conjugation and purification steps were performed.
Particles observed to have diameters of 155.8 ± 60.1 nm (PDI = 0.148) and 164.3 ± 42.1
nm (PDI = 0.066), respectively.

Having demonstrated an ability to conjugate both a small molecule dye and a 150 kDa
antibody to the surface of NHS-PEG crosslinked particles, we next turned our attention
towards, i) validating the system in other forms of SPNPs (disulfide crosslinked), and
ii) controlling antibody surface density. To evaluate these, both NHS-PEG and disulfide
crosslinked particles were fabricated, crosslinked, and collected per previously developed
protocols (Section 3.2.2) developed for each particle type. Each of the resulting particle
groups were reacted with a 10x molar excess of azidobutyric NHS ester relative to lysine
groups present in the total albumin content prior to being split equally into five experi-
mental groups. Azide SPNPs were then reacted with 125I labeled, DBCO-modified IgG
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antibodies O/N at 4°C at a ratio of 0.0, 62.5, 125, 250, and 500 antibodies per SPNP
(Figure 4.7a). Adhering to the previously developed purification protocol, the final reac-
tion mixture was separated using size exclusion column chromatography and collected in
1 mL fractions. The resulting fractions were individually measured using the PerkinElmer
Wizard2 Gamma Counter to quantify 125I signal, both free and particle-bound. It was noted
that a linear relationship existed between the number of antibodies reacted and those bound
to the particle surfaces, suggesting a constant conjugation efficiency among each SPNP
variation (Figure 4.7b). Furthermore, while both particle types exhibited this linear trend,
it was the disulfide crosslinked particles that yielded the higher conjugation efficiency and
therefore higher numbers of conjugated antibodies per particle across all stoichiometric
ratios evaluated.

Figure 4.7: Controlled Ab surface conjugation. a) Schematic for the conjugation of 125I
labeled antibodies to SPNP surfaces to quantify antibody conjugation efficiency and overall
reaction yield. b) Correlation of various stiochiometric antibody:SPNP reaction ratios to
the resulting surface-bound antibody SPNP products comparing disulfide (grey) and NHS-
PEG (black) crosslinked SPNPs.

The observed linear trend held constant in both particle types across the full range of re-
action conditions. Notably, even at the highest (500 antibodies per SPNP) there did not
appear to be any sign of saturation, suggesting that the limit of ligands per particle had not
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yet been reached. In response, the experiment was repeated, extending the ratios by an or-
der of magnitude, this time also evaluating 1500 and 5000 antibodies per SPNP. Following
the same protocol and procedure as the previous experiment, similar trends were observed.
Again, the disulfide SPNPs were found to more efficiently conjugate DBCO-antibodies and
in both particle types no saturation and a linear relationship was observed (Figure 4.8). The
lack of deviation from the observed linear relationship, again suggested that the saturation
point of the reaction had not been reached, even when a starting ratio of 5000 antibodies
per SPNP was evaluated.

Figure 4.8: Extended Ab surface conjugation quantification. Extending the evaluated
stiochiometric ratios of antibody:SPNPs to a maximum of 5000:1 comparing the conju-
gation efficiencies of disulfide (grey) and NHS-PEG crosslinked SPNPs. Dashed linear
regression lines are displayed to guide the eye and highlight the linear relationships ob-
served across all stiochiometric ratios tested.

The apparent difference between the two particle types was not anticipated but was con-
sistently observed across the entire range of experimental groups. At their heart, the two
particles differ in two key attributes. The obvious difference is the tertiary structure of
the proteins as they are being jet; in the case of the disulfide SPNPs, the proteins have
been denatured in solution yet retain their primary structure and therefore, their amino
acid sequence and relative lysine content. More subtly, because the NHS-PEG SPNPs are
crosslinked through amines it is reasonable to postulate that some of these are no longer
available for two-step antibody conjugation. Though even at the theoretical maximum, as-
suming all of the macromer NHS groups react with a lysine residues of the protein, this
still leaves approximately 90% of the lysines free for subsequent reactions. To test this,
the experiment was repeated with a variation to the starting particle architecture; here, a
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small addition of the polyamine, PEI, was added to the NHS-PEG SPNPs to create ”amine-
rich” SPNPs. A moderate ratio of 250 antibodies per SPNP was chosen and the reaction
and purification steps were maintained identical to those previously described. It was ob-
served that the amount of antibodies non-specifically bound to control SPNPs (no azide
modification) was minimal compared to all other experimental groups. Among the amine-
rich SPNPs, despite the presence of additional amine groups for both the crosslinking and
antibody conjugation reactions, no significant difference was observed and these particles
performed statistically identical to NHS-PEG SPNPs previously evaluated (Figure 4.9).
From this, it would appear that the difference in protein structure during the jetting process
may be responsible for the observed difference in conjugation efficiency, perhaps related to
different regions of the protein being presented on the final particle surface.

Figure 4.9: Ab-SPNP comparison. Comparing particle types when a 250:1 antibody to
SPNP stiochiometric ratio is applied. In addition to the disulfide and NHS-PEG crosslinked
particles, control (in the absence of prior azide modification) and amine-rich (with added
PEI) particles were evaluated to identify non-specific adsorption and lysine depletion ef-
fects, respectively.

4.3.4 Selective binding, uptake, and knockdown

Following the successful development of a controlled and reproducible method of surface
modifying SPNPs with antibodies, attention was turned to validating the selective uptake
and targeting ability of these particles. Previous work by Muzykantov and coworkers had
demonstrated and ability to target sub-micron polymeric particles to endothelial cells fol-
lowing adsorption of anti-ICAM (YN1) mAb onto the particle surface and intravenous
injection of the same in mice. [192,193] Taking a similar approach, but instead chemically
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conjugating the antibodies to the SPNP surface, we sought to demonstrate an ability to
selectively control particle binding, uptake, and ultimately the delivery of a biologically
relevant macromolecular therapeutic.

Intercellular adhesion molecule-1 (ICAM-1 or CD54) is a member of the immunoglobulin
superfamily of proteins, constitutively expressed on the surface of endothelial cells and
leukocytes, and plays a key role in the transmigration of leukocytes out of blood vessels.
Upon cytokine stimulation, these levels are severely elevated. [194] This response has been
found to be associated with acute conditions such as general inflammation in the lung [195]
and subarachnoid hemorrhage in the brain due to direct trauma. [196] Chronic conditions
including atherosclerosis, [197] or the deposition of plaques along blood vessels walls, and
implications in tumorigenesis [195] are also associated with increased ICAM expression.
As a result, anti-ICAM, and other immunoglobulin antibodies, are attractive candidates for
the targeted and selective delivery of therapeutic protein nanoparticles.

To determine whether anti-ICAM, or YN1, antibodies conjugated to SPNP surfaces could
be used to influence cellular interactions and ultimately lead to their targeted delivery, we
first evaluated their binding and uptake in an in vitro setting. Following the synthesis
of AF647-labeled, NHS-PEG crosslinked SPNPs, we followed the previously developed
method of conjugating DBCO-modified YN1 antibodies to the particle surface through
our two-step reaction and purification processes (Figure 4.10a). As expected, the resulting
YN1-SPNPs were found to have a similar size distribution to those previously prepared
with IgG. Increasing concentrations of YN1-SPNPs were incubated with either REN-WT
(low ICAM expressing) or REN-ICAM cells at 4°C. The choice of 4°C eliminates the abil-
ity of the cells to internalize the particles so that binding of the particles to the cellular
surface can be specifically studied. Following a period of 30 mins, the cells were then thor-
oughly washed with PBS, fixed with paraformaldehyde, and processed via flow cytometry.
Utilizing the far-red fluorescent signal of the particles, an approximately 15-fold increase in
particle binding to the REN-ICAM cells compared to the WT was observed (Figure 4.10b).
At the highest concentration of 100 µg mL−1, we begin to see signs that the system is be-
coming saturated, evident by the flattening of the binding curve. This observation suggests
that at high concentrations, and in the absence of cellular uptake, the available binding
sites become occupied and are no longer available for additional antibody-specific inter-
actions. Repeating the same experiment at 37°C, we observe a similar disparity between
the REN-ICAM and WT cells with approximately a 30-fold increase in AF647 signal com-
paring the two cell types (Figure 4.10b). Notably, we do not observe a similar saturation
of the receptor, even at the highest particle doses. Taken together, these data suggest that
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the conjugation of YN1 antibodies to SPNP surfaces result in both preferential binding and
uptake in cells expressing ICAM on their surfaces. Further, the lack of saturation observed
at physiological temperature is consistent with the ability of the protein to recycle back to
the cellular surface once the bound particle has been internalized.

Figure 4.10: Antibody-directed cellular binding and uptake. a) Experimental scheme
to determine selective, antibody-directed binding, cellular uptake, and dose dependence in
REN-ICAM cells. b) Binding (REN-iCAM (green); REN-WT (purple), 4°C) and inter-
nalization (REN-ICAM (blue); REN-WT(red), 37°C) curves for YN1 (anti-ICAM) modi-
fied albumin nanoparticles. Flow cytometry analysis of treated cells performed following
30 min incubation of SPNPs with adherent cells (n = 3 biological replicates).

The technology and potential of biological therapeutics, specifically RNA, have seen re-
markable growth in recent years. Protein expression within cells can vary significantly
in response to disease and injury. From cancer to neurodegenerative diseases, protein ex-
pression can be correlated to the severity, progression, and response to current standard
of care approaches for treatment. Modulation of protein expression through the use of
mRNA and siRNA have demonstrated promise with the FDA approval of ONPATTRO in
2018 followed by the emergency use authorization of multiple mRNA-based vaccines in
response to the COVID pandemic. Despite these advances, challenges remain and notably
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include unfavorable immune response, off-target effects, and instability of the molecules
themselves. As a result, a delivery system capable of providing a targeted and protected
journey to the disease site of interest is required for the full potential to be realized.

Encouraged by results demonstrating selective uptake and binding of YN1-SPNPs to ICAM
expressing cells, the role of endothelial cells in various diseases, and their accessibility from
the blood stream, attention turned to the controlled delivery of therapeutics. Previous work
in our lab had already developed and validated the delivery and release of biologics from
protein nanoparticles fabricated via EHD jetting. [104] Here, we sought to leverage the
targeted effects of YN1 antibodies conjugated to SPNPs, along with an exhibited ability to
successfully deliver siRNA to the cytosol, to achieve cell-specific protein silencing.

Following a previously developed approach, albumin SPNPs encapsulating eGFP siRNA
were synthesized. Briefly, siRNA was first complexed with a 60 kDa branched PEI in ul-
trapure water for a period of 30 mins. Once a stable complex had been formed, albumin,
Alexa Fluor 647 labeled albumin (0.5 wt% relative to total protein), and a 2 kDa NHS-
PEG macromer were added to the solution. The total volume was increased to yield a final
protein concentration of 7.5 wt% in an 80:20 v/v cosolvent mixture of water and ethylene
glycol. Jetting of the solution yielded a monodisperse population of SPNPs. Following
the completed crosslinking, the particles were collected, characterized, and final solution
concentration was quantified according to previously developed protocols. The SPNP sus-
pension of siRNA SPNPs was then divided into two separate aliquots; the first remained
unmodified to serve as the control bare SPNPs while the second volume was immediately
introduced to the antibody conjugation and purification processes. Upon completion, the
final particle suspensions were again quantified through the Protein 660 assay to determine
SPNP concentration before entering the in vitro assay.

In order to evaluate the cell specific delivery and protein silencing of siRNA-loaded YN1-
SPNPs, REN-WT and REN-ICAM cell lines engineered to express GFP were utilized.
Cells were seeded in 48 well plates at 85,000 cells per well (approximately 70% confluent),
allowed to adhere O/N, and were treated the following day. To treat, media was removed
and cell populations received either siRNA-loaded YN1-SPNPs at various doses, siRNA
via lipofectamine or unmodified siRNA SPNPs equivalent to the highest YN1-SPNP dose
(18 nM eGFP siRNA). After an incubation period of 30 mins, the particle containing me-
dia was removed, cells were washed with warm PBS, and fresh particle-free media was
replaced. Cells were incubated at 37°C, 5% CO2 for a period of 48 h before they were
fixed, stained for ICAM, and entered the flow cytometry protocol (Figure 4.11a). Untreated
control cells received no siRNA and were cultured under identical conditions.
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Figure 4.11: Targeted delivery of eGFP siRNA and selective knockdown. a) Experimen-
tal scheme to determine selective, antibody-directed protein silencing in eGFP expressing
WT and ICAM expressing REN cells. b) Evaluated at 48 h post particle administration,
eGFP expression determined across treatment groups via flow cytometry. Both REN-WT
(blue) and REN-ICAM (red) groups received equivalent 18.0 nM siRNA doses delivered
via lipofectamine (Lipo), untargeted SPNPs (-), or ICAM targeted YN1-SPNPs (+). A
dose response among the REN-ICAM cells treated with YN1-SPNPs was investigated fur-
ther with decreasing concentrations of siRNA. eGFP protein expression is compared to
untreated control cells (n = 3 biological replicates).

In both the WT and ICAM expressing REN cells, ICAM and GFP expression were mea-
sured in the untreated control cells to serve as a baseline. Among the WT cells, ICAM
expression was minimal as expected and approximately a 50% reduction in GFP was ob-
served in the lipofectamine treated group (Figure 4.11b). The silencing was not observed
for WT cells treated with siRNA SPNPs, with or without the addition of surface conju-
gated YN1 antibodies. This result was consistent with previous observations that very little
uptake is observed in cells lacking surface expressed ICAM. When examining the REN
ICAM cell populations, elevated levels of ICAM and GFP were noted in the untreated con-
trol cells. A moderate knockdown in GFP was noted in cells treated with lipofectamine
while GFP levels were relatively unchanged when treated with unmodified siRNA SPNPs
(Figure 4.11b). When looking at the cells treated with varied doses of siRNA delivered via
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YN1-SPNPs, a significant and dose dependent response was observed. In both the 18.0 and
6.0 nM doses, GFP expression was reduced by nearly 90% compared to the untreated con-
trol. The effect was less pronounced at 2.0 nM and unchanged when the dose was reduced
to just 0.6 nM (Figure 4.11b). Taken together, these results are consistent with previous
experiments looking at binding and uptake in ICAM expressing cells. Futhermore, the ef-
fective silencing of GFP and dose dependent response observed only when the combination
of ICAM expression and YN1-SPNPs exists, suggests a targeted and cell specific delivery
of siRNA to the cytosol.

4.3.5 Biodistribution

From a perspective of targeted delivery following systemic administration of particles, the
superfamily of immunoglobulin proteins are attractive targets. For example, expressed
at low levels on the luminal surface of endothelial cells, intercellular adhesion molecule
(ICAM-1) is both accessible from the blood and noted to be overly expressed in response to
proinflammatory cytokines. Together, these attributes can be leveraged to alter the normal
biodistribution of particles and facilitate the transmigration of particles from circulation to
inflamed tissues.

To study the effects of conjugating YN1 antibodies to SPNP surfaces, a baseline of biodis-
tribution and clearance of albumin nanoparticles was first established. Here, albumin SP-
NPs were synthesized, crosslinked, collected, and 125I labeled through protein tyrosine
residues (Figure 4.12a). Tracer doses of the resulting 125I SPNPs were intravenously in-
jected in anesthetized C57BL/6 mice. At time points of 1, 4, and 24 h, blood, urine, and
organs (heart, lung, liver, spleen, kidney, and thyroid) were collected. Organs were then in-
dividually measured for radioactive signal to determine the percent injected dose per gram
of organ (%ID/g) (Figure 4.12b). In the absence of any targeting, SPNPs were found to be
cleared relatively quickly from the blood with less than 5% of the injected dose remaining
after an hour. At this same time point, particles were found to have accumulated predomi-
nantly within the liver and spleen, known to be the primary routes of clearance for particles
of this size. Interestingly, at later time points a sustained clearance from all organs is ob-
served; across all organs measured, only the spleen showed greater than 5% ID/g after 24 h.
The observed biodistribution profile is consistent with untargeted delivery of nanoparticles;
however, the rapid clearance is promising suggesting that the particles are rapidly broken
down and excreted from the body following systemic administration.

Previous experiments conducted in vitro demonstrated an selective binding and uptake by
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Figure 4.12: Time course untargeted SPNP biodistribution and clearance. a) Experi-
mental scheme for the 125I labeling of SPNPs in the absence of targeting via antibody con-
jugation. b) Mice received 100 µL retro-orbital injections of 125I labeled SPNPs. Collection
of blood, urine, and organs were completed 1, 4, and 24 h post particle administration to de-
termine a baseline for SPNP biodistribution and clearance. c) Evaluated at pre-determined
time points following systemic particle administration, 125I radioactive signal was measured
via the PerkinElmer Wizard2 instruments. Biodistribution across measured organs are dis-
played as percent of injected dose per mass of organ (%ID/g) (n = 3 biological replicates).

ICAM expressing cells. Expressed by lung endothelial cells, and having established a base-
line for the biodistribution of untargeted SPNPs, attention was turned towards validating
the targeting capacity of antibody surface-decorated particles to the lung. Albumin SPNPs
were prepared following an identical approach to that used in previous studies. Following
their collection, the two-step method of surface modifying the particles was employed to
conjugate DBCO-YN1 antibodies. Subsequent radiolabeling of the particles yielded 125I
YN1-SPNPs (Figure 4.13a). As experimental controls, similarly 125I labeled bare and IgG
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Figure 4.13: Targeted delivery of Ab-SPNPs to the lung. a) Experimental scheme for the
two-step antibody conjugation and 125I labeling of SPNPs. b) Mice received 100 µL retro-
orbital injections of either unmodified (bare), untargeted IgG-, or ICAM-targeted YN1-
125I labeled SPNPs. Collection of blood, urine, and organs were completed 30 mins post
particle administration. c) Evaluated at 30 mins following systemic particle administration,
125I radioactive signal was measured via the PerkinElmer Wizard2 instruments. Biodistri-
bution across measured organs are displayed as percent of injected dose per mass of organ
(%ID/g) (n = 3 biological replicates).

modified SPNPs were prepared. Once again, the resulting particles were intravenously
injected in anesthetized C57BL/6 mice (Figure 4.13b). According to the previous study
indicating that nearly all of the injected dose had been rapidly cleared from circulation, a
time point of 30 mins was chosen, at which time, the blood, urine, and organs were col-
lected. Among the untargeted particles, the biodistribution was found to consistent with
early time points of the previous study; little particle accumulation was observed outside
of the liver and spleen (Figure 4.13c). In contrast, while YN1-SPNPs still provided am-
ple signal in clearance organs, a significant increase in lung accumulation was observed.
This increase amounted to approximately a 25-fold increase over bare SPNPs and nearly
an 80-fold increase over IgG modified SPNPs (Figure 4.13c).
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4.4 Summary

Here, we sought to develop an approach to conjugate targeting moieties to our protein
nanoparticle surfaces. Moreover, we aimed to create an method that would be universally
applicable to the various protein particle architectures, easily varied to accommodate a
range of targeting molecules, and could be adjusted to impart control over the final surface
ligand density.

Results presented here demonstrate a well-defined control of resulting antibody targeted
nanoparticles. Through the stiochiometric ratio of starting materials, we are able to arrive
at specific surface ligand densities. The purification process to isolate the resulting particles
from unreacted material or reaction by-products is straightforward, easily scalable, and
allows for unreacted antibodies to be readily recovered. Importantly, the approach can
be applied to each of our previously developed SPNP variations, and adapted easily to
selectively modify distinct regions of multicompartmental nanoparticles.

Validation of the antibody-targeted particles included both in vitro and in vivo experiments.
When incubated at short time periods with cells both expressing (REN-ICAM) and lacking
(REN-WT) receptors for our chosen antibody (YN1, anti-ICAM), we observed significant
differences in the relative cellular binding and uptake of the particles. Encapsulating and
releasing a siRNA against GFP, we were able to achieve a selective intracellular knockdown
in GFP-expressing REN-ICAM cells with a dose dependent response. When moving to in

vivo biodistribution studies, the addition of the YN1 antibody yielded a targeted delivery
of protein nanoparticles to the lung, an organ wherein endothelial cells have been shown
to highly express the ICAM target. Finally, we observe a rapid clearance of the targeted
particles from all organs over a 24 h period following systemic administration. Together,
these results suggest a highly controllable means to actively target protein nanoparticles
to an organ or tissue of interest, along with an ability to selectively delivery encapsulated
therapeutics.
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CHAPTER 5

Controlled Release of siRNA from Synthetic
Protein Nanoparticles

This chapter contains portions of text/data originally published as:

Systemic Brain Tumor Delivery of Synthetic Protein Nanoparticles
for Glioblastoma Therapy
JV Gregory*, P Kadiyala*, R Doherty, MA Cadena, S Habeel, E Ruoslahti, PR Lowenstein,
MG Castro, and J Lahann
Nature Communications (2020)

Targeting gliomas with STAT3-silencing nanoparticles
P Kadiyala*, JV Gregory*, PR Lowenstein, J Lahann, and MG Castro
Molecular and Cellular Oncology (2021)

*Shared co-first authorship.

Individual contributions to this collaborative work included the design, synthesis, and char-
acterization of an albumin-based delivery system for STAT3 siRNA. Additional work fo-
cused on validating particle stability, characterizing iRGD-mediated cellular uptake, the
controlled release of siRNA, and both in vitro and in vivo protein expression in response
to treatment. The design and large-scale production of STAT3i SPNPs facilitated numer-
ous in vivo studies to evaluate survival, tumor regression, immune response, and anti-GBM
immunity when tested in a highly aggressive mouse GBM model.
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5.1 Motivation

Glioblastoma (GBM) is the most prevalent and aggressive form of brain cancer, currently
accounting for approximately 47% of diagnosed brain cancers. [198] GBM is character-
ized by its high invasiveness, poor clinical prognosis, high mortality rates and frequent
recurrence. [199] Current therapeutic approaches include focal radiotherapy, and adjuvant
chemotherapeutics in combination with surgical resection. However, due to the delicate
anatomical structure of the brain and the highly invasive nature of glioma cells, complete
surgical resection is rarely achieved. [200] Residual tumor cells infiltrate the surrounding
brain tissue and are protected by the blood-brain barrier (BBB), rendering them unrespon-
sive to conventional chemotherapeutic drugs. [201] Despite recent surgical and chemother-
apeutic advances, the median survival (MS) for patients diagnosed with GBM remains
just 12-15 months with a 5-year survival rate of 5%. The development of alternative and
targeted delivery approaches to effectively treat GBM remains one of the most pressing
challenges in cancer therapy. [202]

A growing body of evidence suggests that the Signal Transducer and Activator of Tran-
scription 3 (STAT3) pathway is involved in multiple signaling pathways related to tumor
progression and evasion of the immune system. [11, 203, 204] Multiple growth factors
and cytokines frequently overexpressed in cancer, such as EGF, FGF and IL-6, activate
STAT3 via tyrosine phosphorylation. [205–207] Activated STAT3 (pSTAT3) translocates
to the nucleus and participates in the transcription of genes that inhibit apoptosis, and pro-
mote tumor cell proliferation and metastasis (Figure 5.1). Histopathological analysis of
brain tumors demonstrated STAT3 to be overexpressed in patients with grade III astrocy-
tomas and grade IV GBMs; increased STAT3 levels are negatively associated with MS in
these patients. [204] In previous studies, the STAT3 inhibitor CPA-7 induced tumor cell
death in GL26 mouse GBM and HF2303 human GBM stem cells. [11] However, a posi-
tive therapeutic effect was only observed in peripheral tumors, but not in intracranial tu-
mors, pointing towards the inability of CPA-7, like many small molecule therapeutics and
biomolecules, to cross the protective BBB and enter the brain tumor compartment (Figure
5.2).

A wide range of nanoparticles (NPs) have been developed to deliver chemotherapeutic
drugs, such as docetaxel, [207–209] paclitaxel, [210–212] doxorubicin, [213] or other
small molecule chemotherapeutics; [214–218] or, to leverage antibodies, [219, 220] RNA,
[221–224] or peptides [225] in an attempt to enhance GBM therapy. Despite these grand
efforts, research conducted over the past decades has made only marginal advances with
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Figure 5.1: Effects of STAT3 activation in glioblastoma. Activation of STAT3 via ty-
rosine phosphorylation triggers dimerization and ultimately translocation to the nucleus.
Activation of key genes follows, leading to inhibition of apoptosis, increased proliferation
and migration, and enhances stem-like properties. Implications in STAT3 activation also
include a developed resistance to radiation and is associated with poor patient prognosis.

no real promise of a clinical path towards a viable curative treatment. In general, these
nanocarriers share a number of common characteristics, e.g., (i) they are made of syn-
thetic materials, (ii) they tend to accumulate and persist in liver and spleen causing severe
side effects, and (iii) they are incapable of passing the BBB. In contrast, natural evolution
has resulted in proteins and viral particulates that can target to and transport through the
BBB. [226] Inspired by the unique capabilities of biological NPs, we engineered a GBM-
targeting synthetic protein nanoparticle (SPNP) comprised of polymerized human serum
albumin (HSA) and oligo(ethylene glycol) (OEG), loaded with the cell-penetrating peptide
iRGD [227–229] as well as STAT3 siRNA (STAT3i). The choice of HSA as the major
matrix component was motivated by its rapid and well-understood clearance mechanisms,
its demonstrated clinical relevance, and its exquisite biochemical compatibility with both,
therapeutic agents and homing peptides. In addition, albumin-based nanocarriers have been
shown to engage cell-surface receptors, such as SPARC [230] and gp60, [231] that are over-
expressed on glioma cells and tumor vessel endothelium. [232–234]

110



Figure 5.2: Therapeutic efficacy of CPA-7 in peripheral subcutaneous tumors and in-
tracranial brain tumors. a) Twenty thousand GL26 cells were implanted in the striatum
of C57BL/6J mice. Mice bearing brain tumors were treated 4 days later with CPA-7 intra-
venously with no discernible therapeutic effect as seen in the Kaplan-Meier curve (n = 4;
5 mg kg-1 every 3 days for 15 days). b) C57BL/6J mice were injected with 1.0 x 106

GL26 cells in the hind flank to generate subcutaneous tumors. Mice bearing flank tumors
were treated with CPA-7 (n = 5; 5 mg kg-1 every three days for 15 days) when tumors
reached an approximate volume of 3060 mm3. Plotted values represent the means of tumor
volumes ± S.E.M. (*p < 0.05). Adapted with permission. Ref [11]

5.2 Experimental Methods

5.2.1 Materials

Cells: GL26-WT, GL26-Cit were graciously provided by our collaborators, Dr. Maria G.
Castro and Dr. Pedro R. Lowenstein.
Cell culture: Dulbecco’s modified eagle medium (DMEM), heat-inactivated fetal bovine
serum (FBS), Penstrep (10,000 U mL−1), G418, Trypsin-EDTA (0.05%), DPBS
Cell culture media: Dulbecco’s modified eagle medium (DMEM), heat-inactivated fetal
bovine serum (FBS), Penstrep (10,000 U mL−1), G418, Trypsin-EDTA (0.05%), DPBS
Reagents: Human serum albumin, O,O-Bis[2-(N-Succinimidyl-succinylamino) ethyl] poly
ethylene glycol (NHS-PEG-NHS, 2 kDa), polyethyleneimine (PEI), sodium sulfate, sodium
chloride, dimethylsulfoxide(DMSO), dimethylformamide (DMF), Tween 20, and phos-
phate buffered saline (PBS) were purchased from Sigma-Aldrich, USA. Tris-HCl buffer,
acetonitrile, sodium nitrite, acetone, BCA assay kit, and Protein 660 assay kit were pur-
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chased from Fisher Scientific. iRGD was generously provided by our collaborator Profes-
sor Erkki Ruoslahti at Sanford-Burnham Medical Research Institute.

5.2.2 Methods

Synthesis of STAT3 siRNA-loaded, iRGD albumin nanoparticles

Albumin NPs were fabricated via the electrohydrodynamic (EHD) jetting process previ-
ously established in our group (Figure 5.3). [74, 99, 105] Briefly, for all particle types,
human serum albumin (HSA) was dissolved in a cosolvent mixture (80:20 v/v) of ultrapure
water and ethylene glycol at a concentration of 7.5 w/v%. A bifunctional OEG (NHS-
OEG-NHS, 2kDa) was added at 10 w/w% relative to HSA. When iRGD was incorporated
in the NPs, 355 ng per mg of albumin was added directly to the jetting solution. In con-
trast, when incorporating siRNA into the particles, the siRNA was first complexed with
a branched polyethyleneimine (bPEI, 60 kDa) for 30 minutes in ultrapure water and the
mixture was then added to the jetting solution resulting in 40 µg and 355 ng (26 pmol) of
bPEI and siRNA per mg of protein nanoparticle, respectively. In instances when siRNA
was not included (control NPs), an addition of bPEI in ultrapure water was still included.
Final jetting solutions were pumped through a syringe equipped with a 26-gauge blunt tip
needle at a flowrate of 0.1 mL h−1 while a constant voltage (ranging from 7.5 to 9.0 kV)
was applied to form a stable Taylor cone at the needle tip. Particles were collected in alu-
minum pans at a needle to collector distance of 15 cm and then incubated for seven days at
37°C to facilitate complete polymerization. Albumin SPNPs were then stored in dark RT
conditions in their dry state for future experiments.

Collection and purification of albumin nanoparticles

Albumin NPs were collected according to a standard protocol developed in our lab. In
brief, a small volume, 5-10 mL, of water:ethanol (80:20 v/v) + 0.5% Tween 20, was added
to the aluminum pans containing EHD jetted SPNPs. The resulting NP suspension was
gently sonicated to disperse any aggregates and passed through a 40 µm cell straining filter.
The resulting solution was centrifuged at 4,000 rpm (3,220 xg) for 4 minutes to pellet and
remove any albumin aggregates larger than 1 µm in diameter. The supernatant was then
divided into 2 mL Eppendorf tubes and centrifuged at 15,000 rpm (21,500 xg) to concen-
trate the samples to a single 1 mL sample for use in planned experiments. Collected SPNPs
were used within 1 week of their collection and were stored at 4°C during that time.
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Figure 5.3: Synthesis of STAT3i SPNPs. Electrohydrodynamic (EHD) jetting uses a di-
lute solution of all components to be incorporated into the ultimate protein nanoparticle
(here: HSA, OEG macromer, STA3i-PEI complex, and iRGD in an aqueous system). Us-
ing controlled flow through a single capillary, the application of an electric field distorts the
droplet to form a stable Taylor Cone from which a jet of charged droplets emanates. Once
atomized, rapid evaporation of the solvent induces nearly instantaneous nanoprecipitation
of all non-volatile components to form solid protein nanoparticles. The bifunctional OEG
macromer covalently links the protein and PEI units through reactive amine groups, result-
ing in a continuous network. The STAT3i is complexed to the PEI through electrostatic
interactions, while the iRGD is encapsulated.

Characterization of albumin SPNPs size, shape, and concentration

Albumin SPNPs were characterized prior to their use in any experiments to ensure they
met specifications. Physical characterization included the measurement of particle size
in both their dry and hydrated state. To measure particle diameter and investigate their
morphology, small silicon wafers were placed on the grounded collection surface and were
subjected to the same incubation period to complete the step-growth polymerization. These
samples were imaged via SEM using a FEI NOVA 200 SEM/FIB instrument. Obtained
SEM images were characterized using ImageJ software. SPNPs in their hydrated state
were collected and purified as described above. The stock solution was diluted in PBS +
0.5% Tween 20 for subsequent measurements using DLS and NTA to investigate size and
solution concentration. Analysis via DLS and NTA was performed using the Malvern Nano
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ZSP and NanoSight NS300 instruments and software, respectively. Albumin NP solution
concentration was further validated using the BCA (bicinchoninic acid) assay.

Albumin NP stability and swelling characterization

Albumin SPNPs collected and purified as described above were studied to determine their
swelling behavior in response to changes in pH and stability in their hydrated state. SPNPs
from the concentrated stock solution were diluted into either a solution of PBS + 0.5%
Tween 20 (pH 7.4) or sodium acetate acetic acid buffer + 0.5% Tween 20 (pH 5.0). The
final NP solutions were stored at 37°C for a period of 10 days. Particle diameter was mea-
sured throughout this period to compare the particle size distribution in response to acidic
vs. neutral pH conditions and their overall stability at physiological temperatures.

Loading and release of siRNA from albumin nanoparticles

To validate siRNA loading and characterize its release from the albumin SPNPs, a fluo-
rescently labeled, SilencerTM Cy3-labeled negative control siRNA was incorporated into
the NP formulation following the same process as described above. SPNPs were incubated
and collected as described above. To validate siRNA incorporation into the particles, a
Alexa Fluor 488 BSA conjugate was added at 0.5% of the total albumin mass. Colocal-
ization of the fluorescent albumin NP and siRNA were confirmed using super-resolution
stimulated emission depletion (STED) microscopy. Imaging was performed with the Uni-
versity of Michigan Microscopy and Image Analysis Laboratory (MIL) Cores Leica 1x
STED instrument and processed using the Leica LAS X software. Release of the same
fluorescent siRNA was conducted over a period of four days in PBS + 0.5% Tween 20 at
37°C. The supernatant was analyzed using a Horiba fluorimeter and compared against a
previously generated calibration curve.

Cell line and cell culture conditions

GL26, GL26-Cit, and GL26-OVA glioblastoma cells were cultured in Dulbeccos mod-
ified eagle (DMEM) media supplemented with 10% fetal bovine serum (FBS), 100 units
mL−1 penicillin, and 0.3 mg mL−1 L-glutamine. For mCitrine and OVA selection, culturing
medium was additionally supplemented with 6 µg mL−1 G418. Cells were passaged every
2-3 days and were maintained in a humidified incubator at 95% air/5% CO2 at 37°C.
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Immunofluorescence uptake/lysosome colocalization

To study the effect iRGD has on particle fate upon uptake by glioma cells, GL26 cells
were cultured as described above in 4-well Nunc Lab-TekTM chamber slides. Cells were
seeded at 50,000 cells per well and allowed to adhere overnight. Twelve hours after initial
seeding, media was exchanged. Fresh media contained either iRGD albumin SPNPs or
albumin SPNPs (without iRGD), each labeled by incorporating an Alexa Fluor 647 BSA,
at a concentration of 13.3 µg mL−1. Thirty minutes after particle administration, the media
was removed, cells were washed three times with warm PBS, and fresh NP-free media was
then added to each well. Cells were cultured normally for an additional three hours before
the cells were washed, fixed and stained. In brief, cells were washed with PBS and fixed in
2% paraformaldehyde in PBS for 15 minutes and then permealized with 0.1% Triton X-100
in PBS for an additional 15 minutes. Cells were then rinsed three times with PBS, and five
times with PBS + 0.5% BSA (PBB) and blocked with a one hour incubation in 2% BSA
in PBS. Following a rinse with fresh PBB, cells were incubated with primary antibody for
LAMP-1, a lysosomal marker, at 5 µg mL−1 in a PBB solution at room temperature for
one hour. After five rinses with fresh PBB, a mixture of Goat Anti-Rabbit IgG H&L Alexa
Fluor 555 and Phalloidin Alexa Fluor 488, prepared in PBB was added and incubated for
one hour at room temperature. Each well was rinsed five times with PBB, incubated for one
minute with Hoescht at 10 µg mL−1 in DI water, and washed three times with fresh PBS.
Finally, the chamber potion of the device was removed, the glass slide allowed to dry and
samples were mounted using Prolong Diamond Antifade Mountant to preserve the samples
and protect against fluorescent signal bleaching. Once stained and mounted, each sample
was imaged using the University of Michigan MIL Nikon A1SI confocal microscope and
processed using NIS-Elements AR software. Settings for all samples were optimized and
kept consistent from sample to sample. Z-stack images were collected from multiple re-
gions within each well and the resulting three dimensional images were analyzed using an
established protocol and the CellProfiler software. Analyzed data was used to calculate the
relative number of SPNPs internalized by the cells and the percent of these cells colocalized
within the lysosomes.

In vitro albumin SPNP delivered siRNA GFP silencing

As a preliminary experiment, to validate the ability of siRNA delivered via the albumin
SPNPs, particles loaded with siRNA against GFP were synthesized as described above.
GL26-cit cells were cultured consistent with previously conducted experiments. Twelve
hours after initial seeding at 50,000 cells per well in 4-well Nunc Lab-Tek chamber slides,
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SPNPs were administered at a concentration of 1.0 x 1011 NP mL-1. Cells were incubated
with particles for a period of two hours before they were washed three times with PBS and
fresh media was added to each well. Cells were then cultured for an additional five days.
On each day, one sample from each experimental group was washed, fixed, and stained
according to an established protocol. In brief, cells were washed three times with warm
PBS and fixed in 3.7% paraformaldehyde solution in PBS for 15 minutes. Finally, cells
were washed three times with fresh PBS, dried, and samples were mounted using Prolong
Diamond with DAPI Antifade Mountant to both stain the nucleus and preserve the samples.
Samples from each experimental group and time point were imaged using the University
of Michigan MIL Nikon A1SI confocal microscope and processed with the NIS-Elements
AR software. Multiple Z-stacks from each sample were taken, maintaining constant laser
settings across all samples. GFP signal, normalized to that of the nucleus, was quantified
using ImageJ software.

In vitro STAT3 silencing via albumin SPNP delivered siRNA

To validate the ability of STAT3 siRNA delivered via SPNPs, particles loaded with siRNA
against STAT3 were synthesized as described above. Twelve hours after initial seeding
of GL26 glioma cells at 300,000 cells per well in 6-well cell culture plates, SPNPs were
administered at a concentration of 1.0 x 1011 NP mL-1. Cells were incubated with parti-
cles for a period of two hours before they were washed three times with PBS and fresh
media was added to each well. Cells were then cultured for an additional three days with
a daily exchange of fresh media. Whole cell extracts were prepared by lysing the cells
with RIPA buffer for five minutes on ice, then centrifuged at 10,000 xg for five minutes
at 4°C to remove cellular debris. Protein concentration was quantified using the Pierce
BCA Protein Assay Kit. STAT3 expression was quantified using the ProteinSimple capil-
lary electrophoresis-based western blot assay and normalized to the expression of GAPDH.
Relative protein expression was measured and analyzed using the Compass for SW soft-
ware.
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Figure 5.4: SPNP physical characterization. a) Particle size characterization and analysis
was performed using Scanning Electron Microscopy (SEM). Average particle diameter,
115 ± 23.4 nm. Scale bar = 1 µm. b) Particles undergo swelling in their hydrated state.
Average diameter as measured in PBS (pH = 7.4) with DLS, 220 ± 26.1 nm.

Figure 5.5: SPNPs remain stable in solution under relevant physiological conditions.
a) After a single day in PBS at 37°C, SPNPs show no significant change in particle size
as measured by dynamic light scattering. Particles appear to both remain intact and do not
aggregate under these conditions. *p < 0.05 b) No change in particle shape or morphology
is observed following the incubation at physiological conditions as imaged by scanning
electron microscopy. Scale bars = 2 µm.
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5.3 Results and Discussion

5.3.1 SPNP design, synthesis and characterization

SPNPs were prepared via electrohydrodynamic (EHD) jetting, a process that utilizes atom-
ization of dilute solutions of polymers to produce well-defined SPNPs. [8,75] Rapid accel-
eration of a viscoelastic jet in an electric field leads to a size reduction by several orders of
magnitude facilitating rapid solvent evaporation and solidification of the non-volatile com-
ponents into SPNPs (Figure 5.3). Here, the jetting solution was comprised of human serum
albumin and a bifunctional OEG macromer (NHS-OEG-NHS, 2kDa), which were mixed
with various additional components, such as a therapeutic siRNA, polyethyleneimine (PEI,
a siRNA complexing agent), and the tissue penetrating peptide, iRGD, prior to nanopar-
ticle preparation. Similar to a step-growth polymerization, the OEG macromer combined
with albumin molecules through reaction with its lysine residues resulting in water-stable
SPNPs. After EHD jetting and collection, the resulting SPNPs had an average diameter of
115 ± 23 nm in their dry state (Figure 5.4a). Once fully hydrated, the average diameter of
SPNPs increased to 220 ± 26 nm based on DLS measurements (Figure 5.4b). The degree
of nanoparticle swelling was controlled by varying the HSA-to-OEG ratios between 4:1
and 20:1 and the molecular weight of the OEG macromer between 1 kDa and 20 kDa. An
increase of the OEG content from 5% to 20% resulted in a reduction of particle swelling
by 20 volume %. SPNPs were stable for at least 10 days at 37°C under physiological
conditions; with no significant change in particle size or morphology (Figure 5.5). When
exposed to mildly acidic conditions (pH 5.0), similar to those observed in endosomes of
cancer cells, the diameters of SPNPs increased to 396 ± 31 nm. We note that defining par-
ticle properties, such as particle size, shape and swelling behavior, was, within the margins
of error, identical for fully loaded SPNPs, empty SPNPs and SPNPs loaded with siRNA
and/or iRGD.

5.3.2 SPNP targeting

Previously, co-delivery of the cell-penetrating peptide iRGD has increased tumor targeting
for both, small drugs and iron oxide NPs. The iRGD peptide has been shown to act in a
three-stage process, first binding to αvβ3 and αvβ5 integrins, followed by a proteolytic
cleavage step and a secondary binding event to neurophilin-1 (NRP-1), which activates an
endocytotic/exocytotic transport pathway (Figure 5.6). [235] In the past, iRGD mediated
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Figure 5.6: iRGD transcytotic transport. The cyclic tumor-targeting, tissue penetrating
peptide, iRGD has been demonstrated to act in a three-step process promoting transcytosis.
i) RGD peptide sequence binding to αvβ3 and αvβ5 integrins; ii) proteolytic cleavage
exposing the CendR binding motif; and iii) transcytosis transport initiated following CendR
binding to NRP-1.

tumor homing has been approached either in the form of systemic co-delivery of iRGD
with NPs [236, 237] or by decorating the NPs with surface-bound iRGD. [238, 239] In
our case, the iRGD peptide is preloaded into SPNPs during EHD jetting to promote lo-
cal release at the vicinity of the BBB. To investigate the intracellular fate of SPNPs and
the effect of iRGD as a targeting ligand, in vitro uptake experiments were performed.
When iRGD-loaded SPNPs were incubated with GL26 glioma cells for a period of 30
minutes, particle uptake increased by ∼5-fold compared to SPNPs without iRGD (Figure
5.7). Image analysis of 3D confocal images (Figure 5.7a) using CellProfiler revealed that
significantly less particles colocalized with lysosomes of GL26 glioma cells compared to
SPNPs without iRGD (Figure 5.7c). These data suggest that loading iRGD into SPNPs re-
sults in higher uptake and higher cytosolic nanoparticle concentrations. The pH-dependent
swelling of SPNPs, along with the proton sponge effect previously postulated for PEI, [39]
may contribute to more effective particle escape from endocytotic vesicles, enhancing over-
all siRNA delivery to the cytosol and RNA-induced silencing. [240,241] We note however,
that the concentration of PEI in SPNPs is about 200-fold lower than what has previously
been reported to be harmful to cells. [242]
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Figure 5.7: SPNP cellular uptake and lysosome colocalization in GL26 glioma cells.
a) Representative confocal z-stack image of cells seeded in the presence of SPNPs b) Local
release of iRGD from SPNPs increases particle uptake in GL26 glioma cells by greater
than five-fold. c) Internalized SPNPs colocalize with lysosomes to a lesser extent than
untargeted particles.

5.3.3 SPNP siRNA release and specific activity

We next evaluated, if siRNA loaded into SPNPs during EHD jetting remains biologically
active. First, siRNA loading and release from SPNPs was evaluated using a Cy3-labeled
STAT3i surrogate. Utilizing STED microscopy, we confirmed uniform distribution of
siRNA throughout the entire NP volume (Figure 5.8a). In vitro release of fluorescently
tagged siRNA confirmed that 96% of the initial amount of siRNA was encapsulated into
SPNPs; corresponding to a siRNA loading of 340 ng, or 25 pmol of siRNA per mg of SP-
NPs. Furthermore, we observed that approximately 60% of the encapsulated siRNA was
released over the first 96 hours, followed by a sustained release period progressing for 21
days (Figure 5.8b). When albumin SPNPs were loaded with siRNA against GFP, SPNPs
significantly suppressed GFP expression in mouse glioma cells transfected to express mC-
itrine (Figure 5.9) relative to control albumin SPNPs loaded with scrambled siRNA or free
GFP siRNA that was delivered using lipofectamine as the transfection agent. Moreover,
protein knockdown persisted significantly longer in the SPNP group than in lipofectamine-
transfected cells (Figure 5.9e). While the latter entered a recovery phase after two days and
nearly returned to normal GFP levels by day five, cells treated with GFPi SPNPs showed
sustained protein knockdown throughout the experiment. There were no significant differ-
ences in particle size, surface charge, or morphology between siRNA-loaded SPNPs and
the control particles (Figure 5.10).
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Figure 5.8: SPNPs loaded with Cy3-siRNA exhibit controlled siRNA release.
a) Alexa Fluor 488 (green) labeled SPNPs loaded with a fluorescently (Cy3, red) labeled,
scrambled siRNA. Imaging was performed using super-resolution, Stimulation Emission
Depletion (STED) microscopy, which confirmed the localization of siRNA within the par-
ticles. Scale bar = 1 µm. b) Loading and subsequent release of Cy3-labeled scrambled
siRNA demonstrates a controlled and extended release of incorporated NP cargo. While
60% of the initially encapsulated siRNA is released in the first 96 h at pH 7.4 and 37°C,
continued release is observed for up to 21 days. Complete release confirms a loading effi-
ciency of 96%.

5.3.4 STAT3 silencing in GL26 glioma cells

For particle concentrations of 2.5 and 25 µg mL−1, SPNPs co-loaded with iRGD and
STAT3i significantly reduced total STAT3 protein expression relative to the untreated con-
trol group or empty SPNPs (Figure 5.11). Moreover, we observed a dose-dependent re-
sponse in that a higher particle concentration resulted in ∼2-fold further decrease in total
STAT3 expression. No detectable signs of cytotoxicity were observed for any of the tested
NP groups, which we attributed to the fact that the delivered siRNA concentrations were
below the cytotoxicity limit observed for free STAT3 siRNA in GL26 cells (Figure 5.12).
Based on these in vitro experiments, we chose an effective dose of 5 µg kg−1 in subsequent
animal studies.
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Figure 5.9: in vitro GFP siRNA-loaded SPNPs selectively reduce protein expression.
a-d) Representative Confocal Scanning Laser Microscopy (CSLM) images of GL26-Cit
cells incubated with SPNPs at 48 h time point. (a) Control group receiving no treatment.
(b) Positive control group transfected with GFP siRNA (GFPi) using Lipofectamine 2000.
(c) Cells treated with GFPi loaded nanoparticles at a concentration of 25 µg SPNPs mL−1.
(d) Cells treated with empty albumin nanoparticles. e) GFP expression plotted relative to
untreated control group over a period of five days. A significant and prolonged suppression
of target protein is observed in cells that received the siRNA-loaded nanoparticles. A sim-
ilar knockdown was observed in cells transfected with free siRNA using Lipofectamine at
early time points, but a rapid recovery was observed after 48 h. Bars represent the mean
relative to untreated control ± standard error (n = 3). **** p < 0.0001, *** p < 0.0005,
** p < 0.005, * p < 0.05; unpaired t-test. Scale bars = 50 µm.

5.4 Summary

In collaboration with Dr. Maria Castro, we sought to leverage our combined expertise to
develop a delivery system for the treatment of glioblastoma. Previous work had identified
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Figure 5.10: siRNA-loaded SPNPs exhibit similar size to control albumin SPNPs. The
addition of the siRNA/PEI complex to the jetting solution to create a) siRNA-loaded SP-
NPs results in no significant change in particle size, shape or surface morphology when
compared to b) control (empty) SPNPs. Scale bars = 2 µm.

Figure 5.11: in vitro STAT3 knockdown. STAT3 siRNA-loaded SPNPs significantly re-
duce in vitro expression of target protein in GL26 glioma cells compared to untreated and
empty particle control groups. Bars represent mean ± standard error, (**** p < 0.0001,
*** p < 0.0005, ** p < 0.005, * p < 0.05, two-way ANOVA test) (n ≥ 3 wells/treatment
group).

STAT3 as a central hub for GBM tumor progression and evasion of the immune system.
Additional work in the Ruoslahti lab had characterized iRGD integrin-mediated transport
related to αvβ3 and αvβ5, each highly expressed in gliomas. Together, with disappointing
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Figure 5.12: STAT3 siRNA activity is non-toxic towards glioma cells. Evaluating tox-
icity associated with free STAT3i, no toxicity was observed at relevant therapeutic con-
centrations. Concentrations delivered via SPNPs showed a significant silencing ability
(6.5 x 10−4 µM), 6,000x less than the IC50 (3.85 µM) for soluble siRNA delivered via
traditional transfection methods.

results treating intracranial tumor-bearing mice with small molecule inhibitors of STAT3,
we asked whether a nanoparticle delivery system capable of penetrating the BBB could be
applied.

Inspired by nature and the capacity of proteins to transport across the BBB, we engineered a
protein-based nanoparticle delivery system. Composed of human serum albumin as a bulk
material and the cyclic tissue penetrating and tumor targeting peptide, iRGD, we found the
particles to be preferentially taken up by GL26 glioma cells. As a proof of concept, we val-
idated the loading and controlled release of surrogate siRNA molecules. Release of siRNA
from SPNPs was characterized and in vitro assays showed significant and sustained pro-
tein silencing in GFP expressing GL26 cells. When loaded with siRNA against STAT3, we
again observed significant knockdown of our target protein with a dose dependent response.
Encouraged by these results, we proceeded to validate the particle system in a highly ag-
gressive mouse model for GBM. This in vivo work is presented in Chapter 6.
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CHAPTER 6

Targeted Delivery of STAT3 siRNA to
Glioblastoma

This chapter contains portions of text/data originally published as:

Systemic Brain Tumor Delivery of Synthetic Protein Nanoparticles
for Glioblastoma Therapy
JV Gregory*, P Kadiyala*, R Doherty, MA Cadena, S Habeel, E Ruoslahti, PR Lowenstein,
MG Castro, and J Lahann
Nature Communications (2020)

Targeting gliomas with STAT3-silencing nanoparticles
P Kadiyala*, JV Gregory*, PR Lowenstein, J Lahann, and MG Castro
Molecular and Cellular Oncology (2021)

*Shared co-first authorship.

Individual contributions to this collaborative work included the design, synthesis, and char-
acterization of an albumin-based delivery system for STAT3 siRNA. Additional work fo-
cused on validating particle stability, characterizing iRGD-mediated cellular uptake, the
controlled release of siRNA, and both in vitro and in vivo protein expression in response
to treatment. The design and large-scale production of STAT3i SPNPs facilitated numer-
ous in vivo studies to evaluate survival, tumor regression, immune response, and anti-GBM
immunity when tested in a highly aggressive mouse GBM model.

125



6.1 Motivation

Despite research efforts made over the past several decades, GBM remains one of the most
aggressive forms of cancer with characteristically high levels of recurrence and low MS
rates. [199] While the identification of key biological pathways has yielded promising ap-
proaches towards effective therapeutic targets, for the most part, these have ultimately re-
sulted in marginal advances. In the case of STAT3, which is involved in multiple signaling
pathways related to GBM tumor progression and immune response, [204] previous studies
have demonstrated positive therapeutic effects in vitro and in peripheral tumors, but small
molecule inhibitors of STAT3 proved to be ineffective in intracranial models of the dis-
ease. [11] This can be directly attributed to the inability of therapeutics to penetrate the
BBB and reach the tumor in clinically relevant concentrations.

A wide range of experimental approaches have been proposed in recent years to address
challenges associated with drug delivery to the brain and are based on either systemic or
intracranial delivery strategies. To date, experimental studies that report even modest levels
of efficacy in GBM are scarce and almost exclusively require invasive convection-enhanced
intracranial delivery. [214, 221] As for systemic delivery, the situation is even more trou-
blesome with only a couple of studies reporting long-term survivors. [208, 225]

Contrary to previous approaches utilizing carriers made from synthetic materials, we took
our inspiration from nature and the ability of native proteins and viral particulates to target
and get transported across the BBB. HSA, when polymerized, forms water-stable nanopar-
ticles. Previous studies have shown albumin-based nanocarriers to engage cell-surface re-
ceptors overexpressed in glioma cells and tumor vessel endothelium, SPARC, [230] and
gp60. [231] We observe that the resulting particles undergo pH responsive swelling, sug-
gesting a flexible and dynamic architecture contrary to more rigid synthetic polymer-based
nanoparticles. In addition, the amphiphilic protein structure makes it biochemically com-
patible with small molecule drugs, biological therapeutics (siRNA), and targeting peptides.
Together, with promising in vitro data demonstrating an ability for STAT3i SPNPs to elicit
protein-specific silencing in GL26 glioma cells, we sought to evaluate their efficacy in an
aggressive intracranial GBM model.
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6.2 Experimental Methods

6.2.1 Materials

Cells: GL26-WT, GL26-Cit were graciously provided by our collaborators, Dr. Maria G.
Castro and Dr. Pedro R. Lowenstein.
Cell culture: Dulbecco’s modified eagle medium (DMEM), heat-inactivated fetal bovine
serum (FBS), Penstrep (10,000 U mL−1), G418, Trypsin-EDTA (0.05%), DPBS
Cell culture media: Dulbecco’s modified eagle medium (DMEM), heat-inactivated fetal
bovine serum (FBS), Penstrep (10,000 U mL−1), G418, Trypsin-EDTA (0.05%), DPBS
Reagents: Human serum albumin, O,O-Bis[2-(N-Succinimidyl-succinylamino) ethyl] poly
ethylene glycol (NHS-PEG-NHS, 2 kDa), polyethyleneimine (PEI), sodium sulfate, sodium
chloride, dimethylsulfoxide(DMSO), dimethylformamide (DMF), Tween 20, and phos-
phate buffered saline (PBS) were purchased from Sigma-Aldrich, USA. Tris-HCl buffer,
acetonitrile, sodium nitrite, acetone, BCA assay kit, and Protein 660 assay kit were pur-
chased from Fisher Scientific. iRGD was generously provided by our collaborator Profes-
sor Erkki Ruoslahti at Sanford-Burnham Medical Research Institute.

6.2.2 Methods

Synthesis of STAT3 siRNA-loaded, iRGD albumin nanoparticles

Albumin SPNPs were fabricated via the electrohydrodynamic (EHD) jetting process pre-
viously established in our group (Figure 5.3). [74, 99, 105] Briefly, for all particle types,
human serum albumin (HSA) was dissolved in a cosolvent mixture (80:20 v/v) of ultrapure
water and ethylene glycol at a concentration of 7.5 w/v%. A bifunctional OEG (NHS-
OEG-NHS, 2kDa) was added at 10 w/w% relative to HSA. When iRGD was incorporated
in the SPNPs, 355 ng of iRGD per mg of albumin was added directly to the jetting solution.
In contrast, when incorporating siRNA into the particles, the siRNA was first complexed
with a branched polyethyleneimine (bPEI, 60 kDa) for 30 minutes in ultrapure water and
the mixture was then added to the jetting solution resulting in 40 µg and 355 ng (26 pmol)
of bPEI and siRNA per mg of protein nanoparticle, respectively. In instances when siRNA
was not included (control SPNPs) an addition of bPEI in ultrapure water was still included.
Final jetting solutions were pumped through a syringe equipped with a 26-gauge blunt tip
needle at a flowrate of 0.1 mL h−1 while a constant voltage (ranging from 7.5 to 9.0 kV)
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was applied to form a stable Taylor cone at the needle tip. Particles were collected in alu-
minum pans at a needle to collector distance of 15 cm and then incubated for seven days at
37°C to facilitate complete polymerization. Albumin SPNPs were then stored in dark RT
conditions in their dry state for future experiments.

Intracranial GBM models

Six to eight-week-old female C57BL/6 were purchased from Jackson Laboratory (Bar Har-
bor, ME) and were housed in pathogen free conditions at the University of Michigan. An-
imals were treated according to the University of Michigan Committee on Use and Care
of Animals (IACUC) protocol PRO00007666. Immune-competent mice were housed in a
pathogen-free, humidity (40%-60%) and temperature (65-75°F) controlled vivarium on a
12:12 hour light:dark cycle (lights on 0700) with free access to food and water. Intracranial
surgeries were performed in 6-8 week old C57BL/6 mice weighing 17-24g in the Univer-
sity of Michigan Unit for Laboratory and Animal Medicine (ULAM). All experimental
studies were performed in compliance with Institutional Animal Care & Use Committee
(IACUC). Orthotopic tumors were established in C57BL/6 mice by stereotactically inject-
ing 20,000 GL26, GL26-Cit or 60,000 GL26-OVA cells into the right striatum of the brain
using a 22-gauge Hamilton syringe (1 µL over 1 minute) with the following coordinates:
+1.00 mm anterior, 2.5 mm lateral, and 3.00 mm deep.

Intratumoral diffusion of iRGD-functionalized albumin SPNPs

To assess Albumin SPNPs accumulation within the GBM tumor microenvironment, Alexa
Fluor 647 dye was loaded into albumin SPNPs, which were administered intratumorally
into GBM bearing mice. Fourteen days post GL26-mTomato tumor implantation, mice
(n = 2 per group) were intratumorally injected with 3.6 x 108 or 3.6 x 109 Alexa Fluor 647
labeled Albumin SPNPs in 3 µL volume. From each group, mice were transcardially per-
fused 4 h or 24 h after SPNP administration, and brains were processed for imaging. Alexa
Fluor 647 labeled albumin SPNP accumulation within the TME was imaged with confocal
microscopy (Carl Zeiss: MIC System) at 5x and 20x magnification.

Intravenous iRGD Nanoparticle Delivery

To assess the accumulation of systemically administered iRGD-Albumin SPNPs within the
GBM tumor microenvironment, Alexa Fluor 647 dye was loaded into the SPNPs, which
were injected i.v. into GBM bearing mice via the tail vein. Seven days post GL26-cit tumor
implantation, mice were i.v. injected with 2.0 x 1011 SPNPs in 100 µL volume. From each
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group, mice were transcardially perfused at 4 h (n = 3 mice) and 24 h (n = 3 mice), and
brains were processed for imaging. Accumulation of SPNPs within the tumor microenvi-
ronment was imaged with confocal microscopy (Carl Zeiss: MIC System) at 63x with an
oil-immersion lens.

Biodistribution of iRGD Nanoparticles Post Systemic Delivery

To evaluate the biodistribution of iRGD-albumin SPNP in vivo, SPNPs were loaded with
Alexa Fluor 647 dye. C57BL/6 mice bearing GL26 tumors (n = 4) were injected intra-
venously with 2.0 x 1011 Alexa Fluor 647 iRGD-albumin or albumin alone SPNPs in 100
µL volume, 7, 10, and 13 days post tumor implantation. For the control group, tumor naı̈ve
mice were injected i.v. with 2.0 x 1011 Alexa Fluor 647 iRGD-albumin or albumin alone
SPNPs in 100 µL volume. From each group, mice were transcardially perfused 24 h post
the last injection of SPNPs (day 14), and vital organs (i.e., lungs, spleen, liver, brain, and
kidneys) were harvested. Fluorescent signal within each organ was measured with IVIS
spectrum analysis.

To assess the iRGD-Albumin SPNPs accumulation within the GBM tumor microenviron-
ment, SPNPs loaded with Alexa Fluor 647 dye were administered intravenously into GBM
bearing mice. Seven days post GL26-cit tumor implantation, 2.0 x 1011 SPNPs in 100 µL
volume were administered intravenously to mice (n = 4). Mice were then transcardially
perfused at either at 4 h (n = 2) or 24 h (n = 2) post the SPNP injection. Brains were
collected and processed for imaging. Accumulation of SPNPs within the tumor microenvi-
ronment was imaged with confocal microscopy (Carl Zeiss: MIC System) at 63x with an
oil-immersion lens.

STAT3 expression following systemic administration of STAT3

To evaluate the ability of STAT3 siRNA loaded SPNPs to reach the tumor in vivo, par-
ticles loaded with siRNA against STAT3 were synthesized as described above. C57BL/6
mice bearing GL26 tumors (n = 5) were injected intravenously with 2.0 x 1011 Alexa Fluor
SPNPs, STAT3i SPNPs, or free STAT3i in 100 µL volume on 5, 7, 11, 15, 18 and 22 days
post tumor implantation. For the control group, tumor-bearing mice were injected with an
equal volume of saline. Mice from each group were transcardially perfused with Tyrodes
solution 24 h post the last injection of SPNPs or saline and brains were extracted. Tumors
were dissected from the brain, and single cell suspension was obtained. Whole cell lysates
were prepared by incubating the dissociated cells pellet with protease inhibitors and 1.4 mL
RIPA lysis buffer on ice for 5 minutes. Resulting cell lysates were centrifuged at 13,000
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rpm (25,000 xg) at 4°C for 10 mins and supernatants were collected to determine protein
concertation in comparison to standard bovine serum albumin (BSA) protein concentra-
tions through bicinchonicinc acid (BCA) assay. STAT3 and downstream targets protein
expression was quantified using the ProteinSimple capillary electrophoresis-based western
blot assay and normalized to total protein expression.

Therapeutic study in tumor bearing animals

To evaluate the therapeutic efficacy of iRGD-Albumin SPNPs loaded with STAT3i, saline,
2.0 x 1011 of empty SPNPs, STAT3i SPNPs or an equivalent dose of 330 µg of free STAT3i

were administered intravenously in 100 µL volume into GL26 tumor bearing mice on 5, 8,
11, 15, 18, 22 and 25 days post tumor implantation. Doses of 2 Gy irradiation (IR) was
administered to tumor bearing mice 5 days a week for two weeks beginning at 7 days post
tumor implantation. Each treatment group consisted of at least n = 5 mice. When mice
displayed signs of neurological deficits, they were transcardiacly perfused with tyrodes
solution and 4% paraformaldehyde (PFA).

Blood cell counts and serum biochemistry

Blood from GL26 GBM bearing mice was taken from the submandibular vein and trans-
ferred to EDTA coated microtainer tubes (BD Biosciences) or serum separation tubes
(Biotang). Samples in the serum separation tubes were left at room temperature for 20 min
to allow for blood coagulation before centrifugation at 2,000 rpm (400 xg). Complete blood
cell counts and serum chemistry for each sample were determined by in vivo animal core
at the University of Michigan.

Liver histopathology

Liver tissues from treated animals were collected following the completion of the full
STAT3i SPNP + IR therapeutic regimen described in Figure 4a. PFA-fixed tissues were em-
bedded, sectioned at 4 µm, and stained with Hematoxylin and Eosin (H&E). Histopatholog-
ical characterization for each sample was performed by the UM in vivo animal core.

Immunohistochemistry

Using the vibratome system, PFA-fixed brains were serially sectioned 50 µm thick and
placed in PBS with 0.01% sodium azide. Immunohistochemistry for macrophages was
performed by permeabilizing the brain sections with TBS-0.5% Triton-X (TBS-Tx) for 5
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min, followed by antigen retrieval at 96°C with 10 mM sodium citrate (pH 6) for 20 min.
Then, the sections were allowed to cool to RT and washed 5 times with TBS-Tx (5 min per
wash). Next, the brain sections were blocked with 10% goat serum in TBS-Tx for 1 h at RT
followed by overnight primary antibody F4/80 (BioRad, MCA497GA, 1:250) incubation
at RT. The primary antibody was diluted in 1% goat serum in TBS-Tx. The next day, brain
sections were washed with TBS-Tx five times and incubated in fluorescent-dye conjugated
secondary antibody (Thermofisher, A21209, 1:1000) diluted in 1% goat serum TBS-Tx in
the dark for 6 h. Finally, brain sections were washed in PBS 3 times and mounted onto
microspore slides and coverslipped with ProLong Gold. High magnification images at 63x
were obtained using confocal microscopy (Carl Zeiss: MIC-System). H&E staining on
whole brain sections was performed according to standard H&E staining protocols. Simi-
larly, H&E staining was performed on livers that were embedded in paraffin and sectioned
5 µm thick using the microtome system. Brightfield images of the stains were obtained
using Olympus BX53 microscope.

ELISA

To evaluate whether human albumin within the SPNPs is immunogenic, expression of anti-
bodies against human albumin or mouse albumin in the serum of mice treated with saline,
free SPNPs, free STAT3i, STAT3i SPNPs, IR, or STAT3i SPNPs + IR was determined us-
ing ELISA. Briefly, 96-well plates were coated with SPNPs fabricated with either mouse
albumin or human albumin overnight at 4°C. The coated plates were washed the next day
with 1X PBS + 0.05% Tween 20 (PBS-Tween) 5 times, and then blocked with PBS-Tween
containing 5% goat serum at RT for 2 h. This was followed by 5 more washes with PBS-
Tween. Next, mouse serum diluted 1:100 from each treatment group was added to the
SPNP coated wells in a 100 µL volume and incubated at 4°C for 24 h. For a positive con-
trol, primary antibody against human serum albumin (abcam, ab10241, 1:1000) or mouse
serum albumin (abcam, ab34807, 1:1000) was added to the appropriate wells. The next
day, the plates were washed five times with PBS-Tween and 100 µL of anti-mouse (Ther-
mofisher, 62-6520, 1:3000) or anti-rabbit (abcam, ab6721, 1:3000) secondary antibody was
added to the appropriate plate, followed by 1 h incubation at 37°C. For a negative control,
secondary anti-body against human serum albumin or mouse serum albumin was added to
the appropriate wells. Plates were then washed 5 times with PBS-Tween. Substrate solu-
tion (TMB) was added and the plate was incubated in the dark at RT for 30 min and the
reaction was quenched by the addition of 2M Sulfuric Acid. Plates were read on a 96-well
plate reader (Spectramax Plus, Molecular Devices) at O.D. 450 nm.
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Flow cytometry

Antibodies for flow cytometry analysis were obtained from Biolegend unless indicated
otherwise. To assess the immune cell population within the GL26-OVA tumor microenvi-
ronment, two days post STAT3i alone, empty SPNP, STAT3i SPNP or STAT3i SPNP + IR
treatment detailed above, mice were euthanized and the tumor mass with the brain was
dissected and homogenized using Tenbroeck (Corning) homogenizer in DMEM media
containing 10% FBS. Tumor infiltrating immune cells were enriched with 30%-70% Per-
coll (GE Lifesciences) density gradient and the cells were resuspended in PBS contain-
ing 2% FBS (flow buffer). Live/dead staining was carried out using fixable viability dye
(eBioscience). Non-specific antibody binding was blocked with CD16 / CD32. Dendritic
cells were labeled with CD45, CD11c, and B220 antibodies. Plasmacytoid dendritic cells
(pDCs) were identified as CD45+ /CD11c+ /B220+ and conventional dendritic (cDCs) cells
were identified as CD45+ / CD11c+ / B220-. Macrophages were labeled with CD45, F4/80,
and CD206 antibodies. M1 macrophages were identified as CD45+ / F4/80+ / CD206low

and M2 macrophages were identified as CD45+ / F4/80+ / CD206high. Tumor specific T
cells were labeled with CD45, CD3, CD8 and SIINFEKL-H2Kb-tetramer. Granzyme B
and IFNγ were stained using BD intracellular staining kit following the manufacturers in-
structions. For T cell functional analysis, purified immune cells from the tumor microenvi-
ronment were stimulated with 100 µg mL-1 of GL26-OVA lysate for 16 h in DMEM media
containing 10% FBS followed by 6 h incubation with Brefeldin and monensin. For integrin
αvβ3 and αvβ5 analysis, untreated GL26-tumor bearing mice were euthanized at 23 DPI
and both tumor bearing hemisphere and the contralateral hemisphere were dissected. Cells
were dissociated from both the hemispheres into single cell suspension and CD45 cells
were labeled with magnetic beads (Miltenyi) using the manufactures instructions at 4°C.
Purified cells were washed and passed through a preconditioned MS column placed in the
magnetic field of a MACS separator. Cells that were negative for CD45 were collected,
resuspended in flow buffer and labeled with αvβ3 (Novus, NBP2-67557) and αvβ5 (BD
Bioscience, 565836) for flowcytometry analysis. All stains were carried out for 30 min at
4°C with 3x flow buffer washes between live/dead staining, blocking, surface staining, cell
fixation, intracellular staining and data measurement. All flow measurements have been
made utilizing with FACSAria flow cytometer (BD Bioscience).
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6.3 Results and Discussion

6.3.1 GBM Murine Model

The cell-penetrating peptide iRGD has been shown to increase the accumulation of both
small molecule drugs and NP drug delivery systems when co-delivered or conjugated to
particle surfaces. [236] Shown to initially bind to αvβ3 and αvβ5 integrins, iRGD initiates
an endocytotic/exocytotic transport mechanism responsible for its tissue penetrative prop-
erties. [235] To provide a rationale for the increased accumulation of SPNPs in the brains
of tumor-bearing mice, we searched for integrin-expressing cells in the tumor microenvi-
ronment. Specifically, we focused on the relative expression of αvβ3 and αvβ5 integrins,
because these ligands have been shown to play pivotal roles in the iRGD-induced accumu-
lation of NPs and small drugs in tumors, [227] and have been shown to be overexpressed
both in gliomas and their supporting blood vessels. [228] Using the GBM model and a
multi-dose schedule beginning at 7 DPI, brains from GBM tumor-bearing mice were col-
lected at 23 DPI. Normal brain and tumor tissue were dissected from the brain, processed,
and stained with αvβ3 and αvβ5 antibodies for flow cytometry analysis. Here, we observe
increased levels of each of these key integrins in GBM tumor-bearing mice (Figure 6.1).
More than 60% of the GBM tumor population expressed αvβ3 and αvβ5 integrins at high
levels, while normal brain tissue showed minimal expression of these proteins (Figure 6.1).
These results, along with the observed differences in brain accumulation in the biodistri-
bution study, appear to be consistent with the previously postulated hypothesis that iRGD
promotes local brain tumor accumulation. [235]

Figure 6.1: GBM integrin expression in surgically resected GBM samples. Quantitative
flow cytometry results of a) αvβ3 and b) αvβ5 integrin expression in normal brain tissue
and GL26 tumors. Data presented as mean values ± s.d. (n = 5 biological replicates;
two-tailed unpaired t-test; **** p < 0.0001).
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In order to simultaneously evaluate particle stability and diffusion within the TME, Alexa
Fluor 647 SPNPs were administered intratumorally. Previous studies had demonstrated that
iRGD enhances the penetration of co-delivered therapeutics throughout the tumor volume.
This becomes increasingly relevant in GBM where recurrence occurs locally in regions ad-
jacent to the tumor resection cavity. Following intratumoral injection, SPNPs were widely
distributed throughout the tumor volume extending from the injection site (Figure 6.2).
Furthermore, we observed persistent fluorescent signal associated with SPNPs within the
tumor hours after intratumoral administration.

Figure 6.2: SPNP intracranial tumor transport. Following the implantation of m-
Tomato expressing GL26 tumors (red), C57BL/6 mice received 3 µL intracranial injections
of either 3.6 x 108 or 3.6 x 109 SPNPs (cyan) per mouse. Images suggest that the parti-
cles actively and rapidly distribute throughout the tumor mass. Scale bars = 150 µm (5x),
600 µm (20x).

6.3.2 Systemic Delivery of SPNPs

In the past, the BBB has been an unsurmountable delivery challenge for nanocarriers that
are systemically administrated via IV injection. [209, 243] To evaluate if systemically de-
livered SPNPs can home to brain tumors, SPNPs loaded with Alexa Fluor 647-labeled
albumin were prepared as described above. In the absence of large animal GBM models,
we selected the very aggressive GL26 syngeneic mouse glioma model, which is known
to exhibit histopathological characteristics encountered in human GBM, [244] to evaluate
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GBM-targeting of SPNPs. In addition, this model features an uncompromised immune
system, which was deemed to be essential, because of the prominent role that STAT3 plays
in downregulation of the immune system. A dose of 2.0 x 1013 SPNPs was delivered to
GBM-bearing mice via a single tail vein injection seven days after glioma cell implantation
(GL26-Citrine, approximate tumor size: 10 mm3) in the right striatum of the mice (Fig-
ure 6.3). After 4 or 24 h, animals were euthanized, and brains were collected, sectioned,
and stained prior to confocal imaging (Figure 6.4a). While the majority of particles were
taken up by other organs, such as liver, kidney, spleen and the lungs, a significant number
of SPNPs appeared to have crossed the BBB and were identified within the brain tumor
microenvironment at both time points (Figure 6.4b). Tumor targeting was markedly in-
creased after 24 h, hinting towards the possibility that secondary transport processes, such
as immune-cell-mediated pathways, are contributing to the brain-homing of SPNPs, in ad-
dition to the direct targeting of the brain endothelium by circulating SPNPs. The notion of
a multivariant transport mechanism is consistent with our finding that SPNPs were local-
ized inside of tumor cells (green) and macrophages (red), suggesting that both cell types
can internalize SPNPs (Figure 6.4b).

Figure 6.3: GL26 GBM tumor volume at 7 DPI. C57BL/6 mice were implanted with
20,000 GL26 cells orthotopically and brains were processed for Nissl staining at 7 DPI.
Staining and imaging was conducted as a single independent experiment. Scale bar = 1 mm.
Tumor volume = 9.61 mm3. Tumor area = 107 pixel units.

Using the same intracranial tumor model, GBM specific biodistribution of SPNPs was
assessed. Tumor-bearing mice were injected three times (7, 10, and 13 days post implanta-
tion, DPI) with Alexa Fluor 647-labeled SPNPs or SPNPs without iRGD (Figure 6.5a). In
addition, naı̈ve mice (non-tumor bearing) were subjected to the same regimen to delineate
tumor-specific characteristics. After 14 d, naı̈ve and tumor bearing mice were euthanized,
their main organs were collected, and the nanoparticle distribution was analyzed via fluo-
rescence imaging (Figure 6.5b). In both GBM-bearing and naı̈ve mice, significantly more
targeted SPNPs were observed in the brain compared to NPs without iRGD. As expected,
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Figure 6.4: SPNP systemic delivery to GBM. a) Timeline for the tumor targeting study.
Mice were IV administrated a single dose of 2.0 x 1013 SPNPs or empty SPNPs (no iRGD)
via the tail vein seven days post GL26 tumor cells implantation. Confocal imaging of
sectioned brains was performed 4 and 24 h post particle administration. b) Alexa Fluor
647 labeled SPNPs (cyan) colocalize (indicated with yellow arrows) with macrophages
(red) and tumor cells (green, mCitrine). Notably less SPNPs are observed in the tumor
microenvironment 4 h post systemic delivery compared to 24 h. Representative images
from a single experiment consisting of three biological replicates per group are displayed.
Scale bars = 50 µm

SPNPs also accumulated in the lungs and liver independent of the particular experimen-
tal group. The former can be attributed to being the first capillary bed the SPNPs would
encounter following intravenous injection, while the latter represents the primary route of
clearance for NPs of this size. [245] Brain accumulation of SPNPs loaded with iRGD was
higher for both naı̈ve and GBM-bearing mice compared to iRGD-free nanoparticle groups.
When directly comparing SPNP localization within the brain compartment, the accumula-
tion of iRGD-loaded SPNPs was 40% higher in tumor-bearing brains than in healthy brains
(Figure 6.5c).

6.3.3 in vivo Survival Studies

Previous data indicate that the Signal and Transducer of Activation 3 (STAT3) transcrip-
tion factor is a hub for multiple signaling pathways which mediate tumor progression and
immune functions. [11, 246–248] There are currently no effective delivery strategies of
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Figure 6.5: SPNP biodistribution following systemic administration. a) Timeline rep-
resentation of the biodistribution study. Mice were IV administered 2.0 x 1011 SPNPs or
empty SPNPs 7, 10, and 13 days post tumor cell implantation or saline injection. b) Flu-
orescence imaging of tumor-naive and tumor-bearing mice organs sacrificed at 24 h post
final SPNP delivery. c) Quantitative analysis of SPNP biodistribution within the tumor and
peripheral organs. Data are presented as mean values ± s.d. (n = 4 biological replicates,
two way ANOVA; *** p ± 0.0001).
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anti-STAT3 therapeutics to the brain. [11] We observed that systemic delivery of a single
dose of STAT3i SPNPs to GMB bearing mice showed a significant increased in median
survival (MS) (Figure 6.6). To further test the efficacy of SPNPs in vivo, GBM-bearing
mice were treated intravenously with multiple doses of STAT3i SPNPs over the course of
a three-week treatment regimen (Figure 6.7a). After tumor implantation, the MS of un-
treated mice was about 28 days. In mice that received multiple doses of empty SPNPs, the
MS remained unaltered (28 days). In contrast, when SPNPs loaded with STAT3i were ad-
ministered, the MS increased to 41 days, a statistically significant increase of 45% (Figure
6.7b). Delivery of the same doses of free STAT3i resulted in a modest extension of MS by
5 days, which is likely too low to elicit a significant therapeutic effect. The low efficacy
of free STAT3i can be explained by the rapid degradation of genetic material following
systemic administration in addition to siRNAs inability to cross the BBB. [249]

Figure 6.6: STAT3i SPNP single dose. SPNPs in combination with radiotherapy (IR)
results in increased survival and primes an adaptive immune response. a) Timeline of
treatment for the combined SPNP + IR survival study. b) Kaplan-Meier survival curve.
Significant increase in median survival is observed in all groups receiving IR. Mice (7/8)
treated with STAT3i SPNPs + IR reach long-term survival timepoint (100 DPI) with no
signs of residual tumor.

Encouraged by the prospect of a nanoparticle formulation for STAT3i delivery with signif-
icant in vivo efficacy, we combined STAT3i SPNPs with the current standard of care, i.e.,
focused radiotherapy (IR). Previous studies have identified a direct correlation between
STAT3 overexpression and radioresistance in other cancers, [250, 251] suggesting that its
knockdown could contribute to enhanced efficacy. We thus established a treatment proto-
col that combined the previously evaluated multi-dose regimen with a repetitive, two-week
focused radiotherapy regimen. [252, 253] Once GBM tumors had formed, mice received
seven doses of STAT3i SPNPs over the course of a three-week period. During each of the
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Figure 6.7: STAT3i SPNP multidose survival. SPNPs in combination with radiotherapy
(IR) results in increased survival and primes an adaptive immune response. a) Timeline
of treatment for the combined SPNP + IR survival study. b) Kaplan-Meier survival curve.
Significant increase in median survival is observed in all groups receiving IR. Mice (7/8)
treated with STAT3i SPNPs + IR reach long-term survival timepoint (100 DPI) with no
signs of residual tumor.

first two weeks, mice also received five daily 2 Gy doses of IR for a total of ten treatments
(Figure 6.8a). Experimental groups included mice that received either STAT3i SPNPs,
empty SPNPs, free STAT3i, or saline with or without combined radiotherapy. In all cases,
the addition of radiotherapy increased the MS, with IR alone resulting in a MS extension
from 28 to 44 DPI (Figure 6.8b). Combining IR with empty SPNPs did not further alter the
MS. Consistent with our previous experiment, free siRNA provided a slight, statistically
significant benefit, where the MS was increased to 58 DPI when combined with IR (Figure
6.8b, brown line). However, the most significant effect was observed for the combination
of STAT3i SPNPs with IR. Of the eight mice in this group, seven reached the standard
long-term survivor time point of 90 DPI and appeared to be completely tumor-free there-
after (Figure 6.8b, blue line). The single mouse receiving this treatment that did not reach
long-term survival was moribund at 67 DPI, living longer than any other non-surviving
subject from all other groups.

In order to characterize the effects of the combined treatments, additional studies were per-
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Figure 6.8: STAT3i SPNP + IR survival. a) Timeline of treatment for the combined
SPNP + IR survival study. b) Kaplan-Meier survival curve. Significant increase in median
survival is observed in all groups receiving IR. Mice (7/8) treated with STAT3i SPNPs + IR
reach long-term survival timepoint (100 DPI) with no signs of residual tumor. (Log-rank
(Mantel-Cox) test; **** p < 0.0001, *** p <0.001, ** p <0.01).

formed. Following the same treatment outlined in Figure 6.8a, we elucidated the expression
of STAT3 and its active phosphorylated form, pSTAT3, in the brain tissues (Figure 6.9). As
expected, the greatest reduction in both the total and phosphorylated form of the protein
were found in the STAT3i SPNP group. Greater than 50% reduction in total STAT3 protein
was observed when compared to the saline treated control. Phosphorylated STAT3 levels
were even more dramatically reduced, with a greater than ten-fold reduction in pSTAT3
levels comparing the same groups. In contrast, the total STAT3 levels were relatively un-
changed in both, the free STAT3i and empty SPNP groups, compared to untreated control.
Here, pSTAT3 was increased by 110% in the cohort receiving empty SPNPs, suggesting
a shift in the balance of the two protein forms, perhaps due to a localized upregulation of
kinase activity.

While previous studies have demonstrated positive therapeutic effects in an in vitro setting
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and in peripheral tumors when modulating STAT3 expression, small molecule inhibitors of
STAT3 have proven to be ineffective in intracranial models of the disease. [11] As previ-
ously mentioned, this can be directly attributed to the inability of therapeutics to penetrate
the BBB and reach the tumor in clinically relevant concentrations. Results from our study
show a similar trend: while we previously observed effective in vitro knockdown of STAT3
using free siRNA, this does not translate into reduced protein expression in an intracranial
GBM model. As a result, a minimal therapeutic effect is observed in mice treated with
free STAT3i, alone or in combination with ionizing radiation. It is only when delivered
in the form of SPNPs that a significant protein knockdown (Figure 6.9), coupled with a
meaningful extension of MS (Figure 6.8) is observed.

Figure 6.9: STAT3 and pSTAT3 in vivo expression. Quantified STAT3 expression for
resected brains from the survival study, brains were collected when mice displayed signs of
neurological deficits. A significant reduction is STAT3 (black) and pSTAT3 (red) expres-
sion was observed in the STAT3i SPNP cohort relative to untreated control. Both soluble
STAT3i and empty SPNPs (with no siRNA) did not have high total STAT3 expression but
they had increased levels of active phosphorylated STAT3 expression (pSTAT3). Data are
presented as mean values± s.d. relative to untreated control (n = 2 biological replicates for
each group). Due to minimal biological samples available, three technical replicates were
performed on each sample to validate the experimental protocol and rule out measurement
error.
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6.3.4 Immune Response

Immunohistochemistry (IHC) analysis was used to compare the brains from long-term sur-
vivors to other treatment groups. Figure 6.10 shows a direct comparison of the brain of a
long-term survivor and that of a control animal that did not receive treatment. H&E staining
clearly shows the presence of a fully developed tumor localized within a single hemisphere
of the saline treated mice. Conversely, we observed no overt signs of tumor presence in the
STAT3i SPNP + IR treated survivors (Figure 6.10, top). Moreover, no apparent regions of
necrosis, palisades or hemorrhages were present in these animals 90 DPI after receiving a
full course of therapy. Myelin basic protein (MBP) staining was performed to assess the in-
tegrity of myelin sheaths, an indicator for the disruption of surrounding brain architecture.
No apparent changes in myelin sheath morphology was observed in mice that received the
combined STAT3i SPNP + IR treatment when compared to the cancer-free right faces of
mice in the saline treated control group (Figure 6.10, bottom). In addition, CD8 T cells
were sparse in the TME (Figure 6.11a) and their total number was significantly reduced
in STAT3i SPNP + IR treated mice compared to the saline treated control group (Figure
6.11b) - indicating a lack of inflammation response due to the treatment.

To further investigate the potential role of the adaptive immune system, we more closely
examined the population of CD8 T cells within the TME via flow cytometry. We estab-
lished tumors in mice using GBM cells that harbored a surrogate tumor antigen ovalbumin
(OVA) and compared the responses elicited by the various treatment formulations (Fig-
ure 6.12a). The OVA-based GBM model was utilized to assess the frequency of tumor
antigen specific T cells within the GBM microenvironment, due to the availability of OVA-
specific MHC tetramers. Tumor specific T cells were characterized by staining for the
SIINFEKL-H2Kb-OVA tetramer, an OVA cognate antigen within the CD8 T cell popula-
tion. Tumor specific CD8 T cells (CD3+ / CD8+ / SIINFEKL H2Kb tetramer) within the
STAT3i SPNP + IR group were increased by two-fold compared to all other groups (Figure
6.12b, top). Staining the same population of cells with interferon-γ (IFN-γ) (Figure 6.12b,
middle) and granzyme B (GZB) (Figure 6.12b, bottom) revealed a two-fold increase in
cytotoxic T cells in the TME in the STAT3i SPNP + IR group relative to all other groups.
Taken together with the increased MS of GL26 GBM mice in the survival study, these
results suggest a robust anti-GBM response elicited by the combined STAT3i SPNP + IR
therapy that is likely contributing to the observed therapeutic success.

Recognizing that significant SPNPs accumulated in the liver (Figure 6.5b), complete blood
cell counts, serum biochemistry and liver histopathological analysis were performed to
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Figure 6.10: GBM histology saline vs combined therapy. IHC staining for untreated
control and STAT3i SPNP + IR long-term survivor. (Top) H&E staining shows the fully
formed tumor in the saline control group (28 DPI). When treated with the combination of
STAT3i SPNPs + IR, no tumor or signs of necrosis were observed. (Bottom) MBP staining
shows preserved brain structures with no apparent changes in oligodendrocyte integrity in
mice that received STAT3i SPNPs + IR treatment compared to the saline control. Scale
bars = 1 mm.

examine potential off-target side effects of the combined therapeutic strategy. Systemic
toxicity of STAT3i SPNPs + IR treatment was evaluated following the treatment schedule
indicated in Figure 6.13a. No significant differences in the cellular components of the blood
were noted in complete blood cell counts analysis for animals receiving SPNP, STAT3i,
STAT3i SPNP, or STAT3i SPNP + IR treatment compared with animals in saline treatment
group (Figure 6.13b-i). Moreover, there was no significant difference in important en-
zymes involved in kidney (creatinine, blood urea nitrogen) and liver (aminotransferase, as-
partate aminotransferase) physiology for animals receiving SPNP, STAT3i, STAT3i SPNP,
or STAT3i SPNP + IR treatment compared with animals in saline treatment group (Table
6.1), indicating that no overt adverse side-effects occurred in these tissues.

Further, pathological analysis of potential side effects affecting the livers of mice treated
with STAT3i SPNP + IR therapy reveled minimal to mild monoculear pericholangitis across
all groups and it was characterized by an independent pathologist as spontaneous back-
ground rather than a direct result of the applied therapy. (Figure 6.14). In all treatment
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Figure 6.11: TME CD8+ population. CD8 staining shows no overt inflammation in mice
that received STAT3i SPNPs + IR treatment compared to the saline control. a) Represen-
tative images from a single experiment consisting of three biological replicates per group
are displayed. Scale bars = 100 µm (inset, 20 µm). b) Quantification of CD8 Expression in
TME. Immunofluorescence staining of tumors in either saline or STAT3i SPNP + IR treat-
ment groups was quantified using otsu threshold by ImageJ. Data represent total number
of positive cells for CD8 in saline (28 DPI) versus. STAT3i SPNPs + IR (90 DPI) long-
term survivor. Data are presented as mean ± s.d. (n = 3 biological replicates; two-tailed
unpaired t-test; **** p < 0.0001.

Table 6.1: Mouse serum biochemical analysis following STAT3i SPNP + IR treatment

Group Creatinine (µM) BUN (mM) ALT (U L-1) AST (U L-1)
Saline 0.21 ± 0.10 26 ± 3.1 111 ± 45.2 328 ± 31.4
STAT3i 0.20 ± 0.04 23 ± 5.0 98 ± 9.2 331 ± 40.2
SPNPs 0.23 ± 0.10 27 ± 2.1 102 ± 4.0 342 ± 32.1
STAT3i SPNPs 0.17 ± 0.20 23 ± 3.0 97 ± 3.5 332 ± 28.2
STAT3i SPNPs + IR 0.20 ± 0.06 28 ± 1.2 99 ± 2.6 320 ± 45.0

groups, with the exception of the saline treated control, minimal to mild coagulative necro-
sis was present. In the treatment group that received free STAT3i, one animal displayed
multiple foci of coagulative necrosis, which distinguished it from all other animals in the
entire study cohort, including those from the combined STAT3i SPNP + IR group, where
the regions of necrosis were generally small and were deemed not to induce biologically
significant adverse effects on liver function.

Next, SPNP-induced immune responses were assessed using a modified enzyme-linked im-
munosorbent assay (ELISA) (Figure 6.15a). To avoid a species-to-species mismatch due
to the use of human serum albumin in mice, otherwise identical NPs were synthesized,
in which HSA was replaced with mouse serum albumin (MSA). No circulating antibodies
specific to MSA SPNPs were observed in any of the treatment groups indicating negligi-
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Figure 6.12: TME immune cell population. a) Timeline of TME immune population
by flow cytometry. b) Flow cytometry analysis of CD8 cells in the TME. Representative
flow plots for each group are displayed. c) Quantitative analysis of tumor-specific CD8+ T
cells within the TME. GL26-OVA tumors were analyzed by staining for the SIINFEKL-Kb

tetramer. Activation status of CD8+ T cells within the TME was analyzed by staining for
granzyme B (GZB) and IFN after stimulation with the tumor lysate. Data are presented
as mean values ± s.d. (n = 5 biological replicates; one-way ANOVA and Tukeys multiple
comparison tests; **** p < 0.0001).

ble immunogenicity against any of the individual components of SPNPs, such as OEG,
STAT3i, iRGD, or PEI (Figure 6.15b). As expected, replacing MSA with HSA resulted
in elevated levels of HSA antibodies for both, STAT3i SPNP and empty SPNP treatment
groups (Figure 6.15c). Free STAT3i therapy did not induce this same response suggesting
that antibodies were formed in response to the exposure of the SPNPs rather than the active
therapeutic ingredient.

Taken together, our results indicate that sequential intravenous administration of STAT3i

SPNP in combination with radiation does not cause systemic toxicity. It is well docu-
mented that the mononuclear phagocyte system which includes the liver and kidney tissues,
uptakes intravenously injected nanoparticles. [254] Levels of biochemical parameters in-
cluding creatinine, blood urea nitrogen, aminotransferase, and aspartate aminotransferase
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Figure 6.13: Serum and liver effects of STAT3i + IR therapy. a) Timeline of treatment
to assess the effect of STAT3i SPNP + IR treatment. Blood and liver samples were col-
lected from GL26 GBM bearing mice treated with saline, STAT3i, SPNP, STAT3i SPNP or
STAT3i SPNP + IR at 23 DPI following complete therapeutic regimen. b-i) For each treat-
ment group, levels of (b) hemoglobin, (c) hematocrit, (d) lymphocytes, (e) monocytes, (f)
neutrophils, (g) platelet, (h) red blood cell (RBC), and (i) white blood cell (WBC) counts
were quantified. Data are presented as mean values ± s.d. (n = 3 biological replicates;
one-way ANOVA and Tukeys multiple comparison tests; ns = p > 0.05).

in the serum are good indicators of acute inflammation in these organs. In our study, there
were no inflammatory reactions caused by STAT3i SPNP + IR therapy (Figure 6.13 and
Table 6.1), indicating that our treatment strategy does not cause short-term toxicity. Fur-
ther studies will need to be performed to illuminate potential long-term side effects of the
STAT3i SPNP + IR therapy.

Flow cytometry analysis of tumor infiltrating macrophages and conventional dendritic cells
(cDCs:CD45+ / CD11c+ / B220-) was used to compare treatment groups containing free
STAT3i, empty SPNP and STAT3i SPNPs in combination with IR (Figure 6.16a). Co-
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Figure 6.14: Liver Histology following combined therapy. a) Timeline for treatment.
b) Histology performed on resected livers following a complete treatment of GMB tu-
mor bearing mice find isolated regions of mild coagulative necrosis deemed to be well-
contained and therefore would not induce a biological effect on liver function. In all groups,
with the exception of the saline treated control, signs of hepatocellular necrosis were ob-
served. This is attributed to water or glycogen accumulation in hepatocytes associated
with a change in energy balance rather than a degenerative change. Representative images
from a single experiment consisting of independent biological replicates are displayed.
Scale bars = 100 µm (20x), 50 µm (40x).

staining of CD45+ cells with F4/80 and CD206 antibodies was used to establish a subpop-
ulation of tumor associated macrophages (TAMs). Within the TAM population, both, M1
(CD45+ / F4/80+ / CD206-) and M2 (CD45+ / F4/80+ / CD206+) macrophage phenotypes,
were identified for all cohorts, but their relative abundance was significantly different in
the STAT3i SPNP + IR group compared to all other groups. In the STAT3i SPNP + IR
group, M1 macrophages were increased by 2.5-fold (Figure 6.16b), whereas the number
of M2 macrophages was decreased by three- to four-fold (Figure 6.16c). These findings
are consistent with the notion that the STAT3i SPNP + IR treatment selectively decreases
the immune suppressive M2 macrophage subpopulation. In addition, antigen presentation
by cDCs was significantly higher in animals receiving STAT3i SPNPs compared to free
siRNA and empty SPNPs (Figure 6.17). IR treatment further elevated this effect resulting
in the largest cDC population for the STAT3i SPNP + IR group. Co-staining of CD45 and
F4/80high cells with CD206 and Arg1 antibodies in the STAT3i SPNP + IR group confirmed
that the vast majority of TAMs were of the M2 phenotype (Figure 6.18). Among all TME
CD45+ immune cells, only M2 macrophages displayed the far-red Alexa Fluor 647 signal
indicative of SPNPs, suggesting that immune suppressive M2 macrophages are the primary
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Figure 6.15: Evaluation of circulating antibodies against STAT3i SPNPs. a) A modi-
fied ELISA protocol used to detect the presence of circulating antibodies against SPNPs in
serum of GL26 tumor bearing mice following complete STAT3i SPNPs + IR treatment. b)
When formulating SPNPs with human serum albumin, measurable serum HSA-specific an-
tibody levels are observed. c) Alternatively, when SPNPs are formulated with mouse serum
albumin, circulating antibodies were not observed in serum of GL26 tumor bearing mice.
Data is presented as mean values ± s.d. (n = 3 biological replicates; one-way ANOVA and
Tukeys multiple comparison tests; **** p < 0.0001).

TME-based immune cells to internalize SPNPs (Figure 6.19).

Finally, we analyzed the maturation status of DCs in the draining lymph nodes (dLNs) of
free STAT3i, SPNPs, STAT3i SPNPs and STAT3i SPNPs + IR treated GL26-OVA tumor
bearing mice using flow cytometry. To examine the effect of SPNPs on DC activation in the
dLNs, the expression of MHC II was assessed. We observed an increase in the frequency
of DCs: CD45+ / CD11c+ / MHC II+ ( 1.5-fold, p < 0.0001), in the dLN of STAT3i SPNPs
treated mice compared to free-STAT3i and SPNP treated mice. This was further enhanced
in the presence of IR by 1.3-fold (p < 0.0001) (Figure 6.20). These data suggest that
STAT3i SPNPs in combination with radiation induces the activation of DCs by enhancing
the expression of MHC II, which is involved in antigen presentation.

6.3.5 Tumor Rechallenge

Current standard of care approaches, including surgical resection combined with focused
radiation and the chemotherapeutic temozolomide, have been used to treat primary GBM
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Figure 6.16: TME infiltrating macrophage population. Flow analysis of tumor infil-
trating macrophage populations in the TME following SPNP + IR treatment regimen. a)
Representative flow plots for each group are displayed. Quantitative analysis of the im-
mune cellular infiltrates b) M1 macrophages, and c) M2 macrophages. Data are presented
as mean values ± s.d. (n = 5 biological replicates; one-way ANOVA and Tukeys multiple
comparison tests; **** p < 0.0001, *** p < 0.001, * p (M2) = 0.028, 0.013.

Figure 6.17: TME infiltrating dendritic cell population. Flow analysis of tumor infil-
trating conventional dendritic cell (cDCs) populations in the TME following SPNP + IR
treatment regimen. a) Representative flow plots for each experimental group are displayed.
b) Quantified flow results showing the combined treatment of STAT3i SPNPs with IR dis-
played the highest number of cDCs in the brain TME. Data are presented as mean val-
ues ± s.d. (n = 5 biological replicates; one-way ANOVA and Tukeys multiple comparison
tests; **** p < 0.0001, *** p < 0.001, * p(cDC) = 0.038, 0.011).

tumors. However, owing to the aggressive and infiltrative nature of GBM, these patients, as
a rule, experience recurrence contributing to the high mortality and dismal survival rates.
Based on the encouraging immune response observed in our survival study, we chose to
rechallenge survivors from the STAT3i SPNP + IR treatment group. Tumors were im-
planted in the contralateral hemisphere of mice that were previously cured by the STAT3i
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Figure 6.18: TME macrophage populations. a) Representative flow plots displayed.
b) Quantified flow data showing the treatment of GL26 tumor-bearing mice with SPNPs
produced a shift in macrophage populations within the tumor microenvironment. An in-
crease in the M2 macrophages relative to saline treated control animals was observed.
Data are presented as mean values ± s.d. (n = 3 biological replicates; two-way ANOVA;
**** p < 0.0001)

SPNP + IR therapy. These mice did not receive any additional intervening therapy (Figure
6.21a). As a control, naı̈ve mice were also implanted with tumors at the same timepoint and
likewise received no treatment. As expected, the control group saw rapid tumor growth, in-
creased signs of disease, and had a median survival of 27 DPI. Despite not receiving any
additional treatment, all rechallenged mice survived to a second long-term survival point
of 90 DPI (relative to the second tumor implantation, 180 days post initial tumor implan-
tation) (Figure 6.21b). IHC analysis of the brains yielded comparable results to that of
the original GBM challenge (Figure 6.22). H&E staining clearly showed the formation
of a fully developed tumor mass in the control group, while members of the rechallenged

Figure 6.19: TME immune cell SPNP uptake. Flow cytometry analysis of immune
cells collected from the tumor microenvironment of SPNPs treated mice show significant
nanoparticle uptake by M2 macrophages and minimal uptake by all other immune cell
types. Data are presented as mean values ± s.d. (n = 3 biological replicates; two-way
ANOVA; **** p < 0.0001).
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Figure 6.20: Dendritic cell MHC II expression. Activation status of DCs in the drain-
ing lymph node of GBM bearing mice treated with STAT3i, empty SPNP, STAT3i SPNP,
and STAT3i SPNP + IR was assessed one day post the last day of treatment (23 DPI).
Representative histograms display MHC II expression level on the DCs (purple = STAT3i,
black = empty SPNP, red = STAT3i SPNP + IR, green = STAT3i SPNP). Data is presented
as mean values ± s.d. (n = 5 biological replicates; one way ANOVA; **** p < 0.0001,
* p = 0.036).

cohort displayed no regions of necrosis, palisades or hemorrhages in either hemisphere
(Figure 6.22, top). MBP staining confirmed that there was no overt disruption of the sur-
rounding brain architecture (Figure 6.22, bottom). Lastly, the presence of CD8 T cells was
observed to be five-fold lower in the STAT3i SPNP rechallenge group compared to the con-
trol (Figure 6.23). Importantly, we found no adverse effects in the brains of rechallenged
survivors.

Previous work has demonstrated that glioma cell death is associated with the concomitant
release of antigens and damage-associated molecular patterns (DAMPs) leading to tumor

Figure 6.21: Tumor rechallenge of long-term survivors. Long-term survivors from orig-
inal survival study were rechallenged with a second tumor. a) Timeline for rechallenging
the long-term survivors from STAT3i SPNPs + IR survival study. Following tumor im-
plantation, no further treatment was provided. b) Kaplan-Meier survival curve shows all
rechallenged survivors reach a second long-term survival timepoint of 90 DPI in the ab-
sence of any therapeutic interventions.
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Figure 6.22: GBM histology of rechallenged mice. IHC staining comparing the brains
of untreated and rechallenged long-term survivors. Representative images from a single
experiment consisting of three biological replicates per group are displayed. No overt signs
of remaining tumor, necrosis, inflammation, or disruption of normal brain architecture was
observed in rechallenged long-term survivors from STAT3i SPNP + IR treatment group.
Scale bars = 1 mm.

Figure 6.23: Rechallenge TME immune cell population. Quantification of CD8 Expres-
sion in TME following tumor rechallenge experiment. CD8 staining shows no overt in-
flammation in rechallenged mice compared to the saline control. a) Representative images
from each group are displayed. b) Immunofluorescence staining of tumors were quantified
using otsu threshold by ImageJ. Data represent total number of positive cells for CD8 in
saline (28 DPI) versus rechallenged long term survivors (90 days post rechallenged; 180
days post initial tumor implantation). Data are presented as mean ± s.d. (n = 3 biological
replicates; two-tailed unpaired t-test; **** p < 0.0001. Scale bars = 100 µm (inset, 20 µm)
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antigen-specific T cell expansion and adaptive anti-glioma immunity. [255] Our findings
suggest a similar involvement of an adaptive immune response that appears to guard against
secondary tumors; an essential condition of any successful GBM therapy which will require
long-term eradication of migrating and resistant CSCs, typically missed by traditional ther-
apies. STAT3 signaling in conjunction with IL-6/JAK signaling has been shown to drive tu-
mor invasiveness while suppressing anti-tumor immunity. [11,247,248] Therapeutic agents
that target IL-6/JAK/STAT3 have been shown to stimulate anti-tumor immunity, thus, in-
hibiting STAT3 signaling in glioma will be therapeutically beneficial. [247, 248] Overall,
our results demonstrate that STAT3i SPNPs, in combination with IR, targets distinct mech-
anisms to elicit immunogenic cell death of GBM cells, triggering anti-GBM immunity,
and inducing immunological memory against recurring GBM as described in the proposed
mechanism (Figure 6.24).

6.4 Summary

Encouraged by results showing the accumulation of SPNPs in GBM tumors we sought to
evaluate the therapeutic efficacy of STAT3i SPNPs in combination with focused radiother-
apy. In the highly aggressive GBM GL26 model, a significant increase in MS is observed in
mice treated with the combined therapy with 87.5% of mice reaching the long-term survival
timepoint. In these mice, we observed significantly reduced levels of STAT3, no apparent
residual tumors, normal brain architecture, and a lack of inflammation in response to the
treatment. We observed increases in both tumor-antigen specific CD8 T cells in the brain
TME along with a decrease in immune suppressive M2 macrophages suggesting the acti-
vation of an anti-GBM immune response. Finally, we observed minimal signs of toxicity
in the liver and no significant differences in the cellular components of blood relating to
kidney and liver function suggesting no overt off-target side effects occurred as a result of
the treatment.

Patients treated with conventional therapies including chemotherapeutics, radiation, and
surgical resection, commonly experience recurrence in surrounding tissues contributing
to GBMs high mortality rate. To further explore the observed immune response, mice
reaching the long-term survival timepoint were rechallenged with a second tumor in the
contralateral hemisphere. Incredibly, in the absence of therapeutic intervention, all rechal-
lenged mice survived to a second long-term survival timepoint. Rechallenged mice showed
no overt signs of residual tumor, regions of necrosis, or disruption of the surrounding brain
architecture. Together, these studies further suggest the activation of an adaptive immune
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Figure 6.24: Immunological mechanism. Immunological mechanism targeting Glioblas-
toma (GBM) upon Signal and Transducer of Activation 3 (STAT3) downregulation with
nanoparticles. a) Electrodynamic co-jetting of 200 nM STAT3 small-interfering RNA
(STAT3i) containing SPNPs. Jetting formulation consists of bifunctional crosslinker, albu-
min, iRGD (tumor-targeting peptide) and STAT3i. b) Systemic delivery of STAT3 siRNA
SPNPs in combination with radiation (IR). The iRGD peptide binds to the integrins on
the bloodbrain barrier and GBM cells promoting the entry of STAT3i into the tumor cells
by transcytosis. c) Dying GBM cells release antigens into the tumor microenvironment
(TME). d) Dendritic cells (DCs) in the TME become activated upon encountering GBM
antigens. e) DCs uptake and process the GBM antigens and migrate to the lymph nodes,
where they present antigens to CD8 T cells and mediate the activation and clonal expansion
of T cells. f) Cytotoxic T cells traffic to the GBM TME to kill the remaining tumor cells
and promote anti-GBM immunity

response, potentially capable of eradicating secondary tumors resulting from the aggressive
and infiltrative nature of GBM.

SPNPs combine the biological benefits of proteins with the precise engineering control of
synthetic NPs to yield (i) high efficacy (87.5% long-term survivors in a very aggressive
intracranial tumor model), (ii) effective tumor delivery using systemically administered
SPNPs, and (iii) possibilities towards longterm eradication of resistant cancer cells using
immunomodulatory protein NPs. While protein-based NPs have been a fairly uncharted
area of research, this study demonstrates that synthetic NPs that use proteins as structural
building blocks may pave a viable route towards clinical cancer therapy implementation.
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We studied the NP-mediated delivery of a siRNA against STAT3, but the SPNP platform
could be adopted, after further development and preclinical testing, for delivery of small-
molecule drugs, other siRNA therapies, or even drug combinations to a wide variety of
solid tumors.

In summary, our study demonstrates the development of a novel therapeutic systemic deliv-
ery platform for GBM, i.e., albumin-based tumor-targeting SPNPs, which could be suitable
for clinical translation. The information gleaned from our study will allow for the deliv-
ery of powerful anti-tumor drugs at the target site while sparing healthy tissue. Our SPNP
system can serve as a precision therapeutic platform that can cross the blood brain barrier,
deliver the drug payload into the GBM and concentrate the drug within the tumor microen-
vironment, thus mediating tumor regression and anti-tumor immunity. The findings from
our work could also be broadened to metastatic cancers to the brain, e.g., melanoma and
breast as well as other solid cancers. Clinically, our therapeutic strategy will likely lead
to improved patient survival, inhibit brain cancer progression, and prevent tumor relapse.
Overall, the results from this study exhibit high translational potential and will have direct
implications in the development of novel therapies for primary and metastatic brain tumor
patients.
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CHAPTER 7

Conclusions and Future Directions

This chapter contains portions of text/data originally published as:

Systemic delivery of a CXCR4-CXCL12 signaling inhibitor encapsulated in
synthetic protein nanoparticles for glioma immunotherapy
MS Alghamri, K Banerjee, AA Mujeeb, A Taher, R Thalla, BL McClellan, ML Varela, SM
Stamatovic, G Martinez-Revollar, A Andjelkovic-Zochowska, JV Gregory, P Kadiyala, A
Calinescu, JA Jimnez, AA Apfelbaum, ER Lawlor, S Carney, A Comba, SM Faisal, M
Barissi, MB Edwards, H Appelman, MR Olin, J Lahann, PR Lowenstein, MG Castro
ACS Nano - In Review (2021)

7.1 Conclusions

Thoroughly discussed in Chapter 1, the landscape of various clinically relevant diseases,
particularly cancer, has been shown to be both complex and constantly evolving. As a re-
sult, single therapeutic approaches often prove to be insufficient in realizing enduring pos-
itive outcomes in patients. Nanotechnology, particularly in the form of nanoparticles, has
been the focus of decades of research in attempts to leverage their unique capabilities and
properties towards efficient drug delivery vehicles; however, clinically meaningful impacts
have been limited to date. The biological complexities involved in effectively treating these
diseases is further complicated when considering the body’s natural defense and clearance
mechanisms designed to guard against foreign materials. As discussed, ideal carrier proper-
ties for the various stages of effective drug delivery are often conflicting and speak towards
the need of developing adaptive and complex systems. One possible approach to address
these challenges is the design and synthesis of multifunctional nanoparticles.

As discussed in Chapter 2, the successful treatment of cancers is often best approached
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through the use of multiple therapeutics targeting independent pathways. This strategy is
a direct response to tumor heterogeneity, the various escape mechanisms cancers employ
to evade innate immune responses, and developed resistance to single therapeutics. In the
work presented, highlighting the development of Janus polymeric nanoparticles capable
of independent encapsulation and controlled release of palitaxel and lapatinib, we demon-
strated an ability to (i) load two distinct chemotherapeutics with a control over the relative
molar ratios, (ii) impart control over the relative release kinetics in response to external
stimuli, and (iii) produce a synergistic cellular response through the temporally controlled
release of each drug from a single nanoparticle system, matching that found in free drug
studies.

A natural evolution away from synthetic polymer materials, towards the development of
a protein-based particle delivery system was presented in Chapter 3. As a result of the
work presented, collaboratively developed by members of the Lahann lab, a broad syn-
thetic protein nanoparticle (SPNP) platform yielded an ability to produce a wide array of
particle architectures. The platform resulted in a controlled means to produce monodis-
perse protein nanoparticles using a vast library of proteins, crosslinking macromers, and
encapsulated materials taking a modular approach to particle design. Importantly, each
of the approaches were developed in a way to ensure capability across the whole of the
platform. When combined with an understanding and prior experience of leveraging the
EHD process towards multicompartmental particles, the result was an ability to produce
multicompartmental Janus SPNPs.

Further highlighted and discussed extensively in Chapter 1 were the limitations associated
with a passive targeting approach for nanomedicines. While the EPR effect has been de-
bated for decades since it was first theorized, recent work has shown that it is not universally
applicable, particularly in cancer, despite the rapid angiogenesis observed in most solid tu-
mors. In response, work to extend the protein nanoparticle platform to a targeted approach
was presented in Chapter 4. Here, we developed a straightforward, two-step approach to-
wards the surface functionalization of protein nanoparticles. While demonstrated through
the conjugation of targeting antibodies, care was taken to ensure that the approach could be
more broadly applied to the surface functionalization using an array of targeting moieties.
The result was (i) an effective and reproducible means to conjugate molecules to SPNP sur-
faces, (ii) control over surface ligand density through stiochiometric reactant ratios, (iii) an
ability to selectively control binding and uptake in accordance with cell-surface expressed
receptors, (iv) a demonstrated ability to deliver encapsulate cargo to influence intracellular
protein expression in a cell-specific manner, and (v) an ability to influence the biodistribu-
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tion of systemically injected nanoparticles influenced by their presented surface chemistry.
Moreover, care was taken to ensure that the developed methods of surface conjugation
could theoretically be applied to previously developed Janus SPNPs leading to an ability
to independently and selectively modify particle surfaces utilizing orthogonal chemistries,
similar to that which had been previously demonstrated by our group with PLGA nano-
and microparticles.

Perhaps the most significant of the various biological hurdles and clearance mechanisms
discussed in Chapter 1, the ability to transverse biological barriers was presented. Barriers,
such as the blood-brain barrier (BBB), severely limit nanoparticle accumulation within or-
gans of interest. When considering the BBB, this has proven to be the greatest challenge
in translating promising compounds and biologics towards meaningful and impactful ther-
apeutic outcomes in intracranial and CNS diseases. In Chapters 5 and 6, we developed and
evaluated SPNP performance in an aggressive GBM mouse model. While previous work
identifying the STAT3 pathway as a central hub contributing to poor patient prognosis and
disease progression yielded promising results in an in vitro and in vivo flank model, the
same promising therapeutic effects were absent for in situ tumors. The demonstrated abil-
ity to load and release siRNA into the cytosol from SPNPs was combined with a targeting
approach leveraging the tumor targeting and tissue penetrating peptide iRGD. Distinct from
previous research, iRGD was encapsulated and designed to be released from the SPNPs.
In total, we demonstrated (i) an ability to selectively silence STAT3 protein expression in
GBM cells, (ii) transport SPNPs across the BBB, (iii) significantly increase median survival
with multiple long-term survivors, and (iv) create an immunological response, activating
the immune system leading to long-term survivors of rechallenged mice in the absence of
additional therapeutic intervention. Together, these results show promise for the develop-
ment of clinically impactful therapies in a disease that has seen only marginal advances
despite decades of intensive research and development.

Together, work presented in this thesis focused on further developing nanoparticle systems
derived using the EHD jetting process. Prior work focused on the creation and optimization
of the system to move to smaller sizes more relevant for systemic delivery. The comprehen-
sive understanding of the process and resulting array of tools were leveraged towards the
creation of Janus nanoparticles with properties informed by the biological understanding of
the target disease. These same key concepts and process parameters were applied to move
the technology to an entirely new phase of development, away from synthetic biodegrad-
able materials, and instead towards biologically derived building blocks. Demonstrating
our unique understanding of the process, the parameters at play, and effects variations in
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those parameters had on the fabricated systems, control of particle architecture, bulk and
surface properties, targeted interactions with biological systems, and ultimately therapeutic
impacts were realized. Not thoroughly presented here, recently completed and ongoing
work continues to push the frontier of nanomedicine with this work and that of recently
departed lab members laying the foundation.

7.2 Applications and Future Directions

As was eluded to at the close of Chapter 6, the design of SPNPs as applied to GBM, is not
limited to the presented approach of delivering siRNA against STAT3; nor is it limited to
this disease in particular. Owing to the versatility of the EHD co-jetting process, the base
system can be varied to deliver any number of therapeutics. Considering the development
of biologics (e.g. siRNA, mRNA, DNA) and small molecule drugs seen in recent decades,
secondary targets and survival mechanisms can be pursued from a single delivery system.
This approach leverages an ability to simultaneously modulate multiple biological, disease-
specific pathways.

Continued work in collaboration with Dr. Maria Castro’s lab examined the key role that
the CXCR4-CXCR12 interactions play in GBM progression (Figure 7.1a). Furthermore,
promising cellular effects in response to AMD3100 (or Plerixafor), a CXCR4 receptor
antagonist, in an in vitro setting suggests this compound could be leveraged towards im-
proving patient outcomes, similar to that of our STAT3 approach (Figure 7.1b-c). Again,
however, negligible transport of the molecule across the BBB severely limits its potential
in a clinical context. Utilizing a similar approach and architecture, particles encapsulating
and capable of releasing AMD3100 were formulated (Figure 7.2). When evaluated in sim-
ilarly aggressive intracranial mouse models, we observed a significant extension of median
survival compared to untreated or free drug cohorts. Coupled with IR, this benefit was
extended even further leading to 60% of mice receiving the combined treatment reaching
the long-term survival timepoint (Figure 7.3b). Rechallenged with a second tumor and in
the absence of further intervention, we again observed a developed anti-GBM immune re-
sponse with all surviving mice reaching a second long-term timepoint (Figure 7.3c).

The above results were achieved using the STAT3i SPNPs as a basis with minimal design
alternations to accommodate the small molecule inhibitor. Key implications for the further
development of this technology must be noted. First, while approaching the disease from
an entirely different mechanism, we realized promising in vivo efficacy. From a disease
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Figure 7.1: Immunological mechanism targeting GBM upon blocking CXCR4 sig-
naling pathway with AMD3100 SPNPs. (1) Radiotherapy induces glioma cell death,
followed by DAMPs release. Dendritic cells are activated by DAMPs and migrate to the
regional lymph node where they prime cytotoxic T lymphocyte immune response. Tumor-
specific cytotoxic T cells infiltrate the tumor and attack glioma cells. (2) Glioma cells
express CXCR4, as well its ligand CXCL12. CXCL12 induces glioma cell prolifera-
tion and, (3) as well as mobilization in the bone marrow of CXCR4 expressing myeloid
MDSC, which will infiltrate the tumor, and inhibit tumor-specific cytotoxic T cells activity.
GEMM of glioma when treated systemically with SPNPs AMD3100 SPNPs plus radia-
tion, nanoparticles block the interaction between CXCR4 and CXCL12, thus (4) inhibiting
glioma cell proliferation and (5) reducing mobilization in the bone marrow of CXCR4 ex-
pressing myeloid MDSC, (6) generating a reduced MDSC tumor infiltration, as well as
releasing MDSC inhibition over tumor specific cytotoxic T cell response.
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perspective, this supports the notion that GBM, like many cancers, are complex and de-
pendent upon multiple pathways to proliferate. Secondly, despite moving from a double
stranded biologic to a low molecular weight, small molecule drug, the overall particle for-
mulation, jetting parameters, and targeting approach remained relatively unchanged. This
point in particular speaks to the versatility of the SPNP platform and the potential for com-
bining the two therapies into a single particle system. Lastly, while the therapeutic cargos
are quite different, the particle architecture and targeting approach proved capable to suc-
cessfully transporting each across the highly impermeable BBB. This last point suggests
that other potent chemotherapeutics, if able to be encapsulated and released from this sys-

Figure 7.2: EHD co-jetting and characterization of AMD3100 SPNPs. a) Schematic
of the jetting process for human serum albumin SPNPs encapsulating AMD3100. b) Size
distribution of SPNPs in their dry state. Particle size distribution and shape character-
ized via Scanning Electron Microscopy (SEM) and ImageJ analysis. Average diameter,
98.5 ± 37.3 nm (PDI = 0.143). Scale bar = 3 µm. c) Dynamic Light Scattering (DLS) size
distribution of SPNPs in PBS. Average diameter 161 ± 46.5 (PDI = 0.083).
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Figure 7.3: Combining AMD3100 SPNPs with IR prolong survival of GBM tumor
bearing mice. a) Timeline of treatment for the combined AMD3100 SPNPs + IR sur-
vival study. b) KaplanMeier survival curve. Significant increase in median survival is
observed in all groups receiving AMD3100 alone or IR (p < 0.01). Mice (3/5) treated
with AMD3100 SPNPs + IR reach long-term survival timepoint (100 DPI) with no signs of
residual tumor. c) Kaplan-Meier survival plot for re-challenged long-term survivors from
AMD3100 SPNPs + IR (n = 3), or control (OL61 Untreated) (n = 5). Data were analyzed
using the log-rank (Mantel-Cox) test.

tem, could also potentially find their way into the CNS. Together, these findings open up
the possibility to revisit an array of molecules previously found to be ineffective at treating
intracranial tumors.

Discussed in Chapter 3, we highlighted the ability to form albumin-paclitaxel complexes
through high pressure homogenization. The resulting complex was then successfully in-
troduced to the EHD jetting system to create PTX-SPNPs and the release profile of the
drug from the resulting particles was characterized. Recent studies have shown that certain
chemotherapeutic drugs may contribute to immune-mediated responses by inducing a spe-
cial form of tumor-cell killing, known as immunogenic cell death. More recent work has
explored the potential of combining paclitaxel with the already developed STAT3i SPNPs
to form bicompartmental, STAT3i/PTX/biSPNPs (Figure 7.4a). Each therapeutic modality
targets a distinct mechanism that elicit GBM cell death with concomitant release of DAMPs
and TLR agonists, i.e., high-mobility group box 1 (HMGB1), which has been shown to
elicit immunogenic cell death and triggers anti-GBM immunity, including immunological
memory against GBM. Furthermore, therapeutic agents that target IL-6/JAK/STAT3 have

162



been shown to stimulate anti-tumor immunity.

Figure 7.4: EHD co-jetting of bicompartmental protein nanoparticles (biSPNPs).
a) Schematic of the jetting process for STAT3i/PTX/biSPNPs. b) Size distribution of
biSPNPs in their dry state. Particle size and shape characterized via Scanning Electron
Microscopy (SEM). Scale bar = 2 µm. c) Dynamic Light Scattering (DLS) size distri-
bution of biSPNPs in PBS. d) Summarized size, shape, and surface charge character-
istics for biSPNPs. e) Structured Illumination Microscopy (SIM) super-resolution im-
ages of Janus SPNPs with distinct dyes encapsulated within the two particle hemispheres.
Scale bar = 100 nm.

Merging the two therapeutic approaches into a single particle architecture through EHD
co-jetting, the resulting particles are found to be monodisperse with size distributions of
145± 37.3 nm (PDI = 0.066) in their dry state (Figure 7.4b and d). STAT3i/PTX/biSPNPs,
following collection, are found to be 206 ± 91.4 nm (PDI = 0.197) in PBS when measured
via DLS (Figure 7.4c and d). Preliminary release and in vitro efficacy studies are each
promising. We observe unique release profiles of the two compounds from a single particle
architecture confirming an ability to encapsulate and release each agent independently (Fig-
ure 7.5). When delivered to GL26 glioma cells, we observe significantly increased cellular
toxicity comparing STAT3i/PTX/biSPNPs to each of the individual agents, free PTX or free
siRNA delivered via lipofectamine (Figure 7.6). When compared to a combined approach
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wherein cells are exposed simultaneously to PTX and STAT3i in their free forms, it is noted
that the STAT3i/PTX/biSPNPs perform slightly better than the free compounds, suggesting
that encapsulating the two agents within a particle system does not limit the availability or
efficacy of either. These findings are consistent both with and without treatment of the cells
with IR.

Figure 7.5: Controlled release of paclitaxel and siRNA. Dual release of PTX (black) and
siRNA (open circles). Release observed over a period of 4+ days in PBS at 37°C. PTX
release quantified via HPLC-MS; Cy3-labeled siRNA quantified via fluorescence. Data is
presented as mean ± SEM (n = 3 biological replicates.)

Tumor cells undergoing immunological cell death up-regulate ”eat me” and ”danger” sig-
nals. The eat me signals, such as calreticulin (CRT) exposed on the surfaces of dying
tumor cells, enable dendritic cells (DCs) to phagocytose tumor cells debris and present
tumor antigen epitopes in the context of major histocompatibility complex (MHC) class I
or II. In turn, the danger signals, such as HMGB1 released by dying tumor cells, promote
activation of DCs and trigger antigen-specific T cell responses. Extending our in vitro char-
acterization to evaluate signs of immunogenic cell death, we looked specifically at levels
of HMGB1, CRT, and ATP (a marker of DAMPs). In whole, we observe increased lev-
els of each in the STAT3i/PTX/biSPNPs treatment group compared to the free compounds
(Figure 7.7).
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Figure 7.6: biSPNPs enhance radio-sensitivity in mouse glioma cells. Impact of biSPNP
on radio-sensitivity on GL26 glioma cells. Cell viability assay shows the effect of the
biSPNPs (at IC50 values) +/- IR (3Gy) on cellular proliferation in the cells. Cells were
also treated with combined (STAT3i + PTX), free-PTX, free-STAT3i, scrambled-siRNA,
lipofectamine-only and empty-biSPNPs at their respective IC50 values within the same ex-
perimental condition. To compare the efficacy of biSPNP with standard STAT3i inhibitor,
cells were treated with either WP1066 (5 µM) or in combination with 3Gy of radiation and
analyzed after 72 h. Results are expressed in relative luminescence units (RLU). ns = non-
significant, *p < 0.05, **p < 0.01, ***p < 0.0001, ****p < 0.0001; two-way ANOVA
(n = 3 technical replicates).
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Figure 7.7: biSPNPs enhance immunogenic cell death in mouse glioma cells. a) Levels
of immunogenic cell death (ICD) marker HMGB1 in GL26 cells were determined through
ELISA following biSPNP treatment (at IC50 values) alone or in combination with 3Gy
of IR. b) Levels of immunogenic cell death (ICD) marker Calreticulin (CRT) expression
in GL26 cells were determined following biSPNP treatment (at IC50 values) alone or in
combination with 3Gy of IR. c) Levels of ATP (marker of DAMPs) as ICD markers in the
culture supernatants of GL26 cells were determined by ENLITEN ATP Assay kit according
to manufacturers instructions following biSPNPs in combination with IR (3Gy) treatment.
For all experiments, controls include combined (STAT3i + PTX), free-PTX, free-STAT3i
and empty-biSPNPs at their respective IC50 values within the same experimental condi-
tions. To compare the efficacy of biSPNPs with standard STAT3i inhibitor, cells were
treated with either WP1066 (5 µM) or in combination with 3Gy of radiation and analyzed
after 72 h. ns = non-significant, *p < 0.05 **p < 0.01, ***p < 0.0001, ****p < 0.0001;
unpaired t-test. Bars represent mean ± SEM (n = 3 biological replicates).

7.3 Future Outlooks

The work presented in this dissertation serves as a framework for the further development
of multifunctional nanoparticle systems. First validating the approach of dual drug delivery
from a single nanoparticle system to achieve synergistic activity, we demonstrated a means
to simultaneously target two distinct biological pathways. Taking advantage of responsive
material properties and tumor-specific physiological traits, we engineered a nanoparticle
system with responsive properties. We found that in modulating the bulk composition of
the nanoparticles, controlled and decoupled release kinetics could be achieved. While the
goal was to specifically deliver a synergistic combination of lapatinib and paclitaxel with
temporal control, we found that release profiles were primarily dependent upon the bulk
polymer properties and composition of the individual compartments, rather than the chem-
ical structures and properties of the encapsulated materials. Additionally, this work led
to the development of methods allowing for the release and cellular effects to be charac-
terized. These findings, along with the versatility of the EHD co-jetting process, opens
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the door to applying this same approach to an array of therapeutics directed at orthogonal
disease pathways.

Our work quickly pivoted to the engineering of synthetic protein nanoparticles (SPNPs)
with a goal of moving towards more biocompatible drug delivery systems. Throughout
the development process, our work focused primarily on the evaluation of various proteins,
crosslinking approaches, and encapsulated materials. In exploring this design space, we
again found that the versatility of the EHD jetting process facilitated a wide range of ma-
terials to be incorporated into the final particle architecture. While a diverse library of
synthetic routes were developed, this work only briefly explores the full potential of SPNP
synthesis via EHD jetting. Current and future work within the group will undoubtedly
continue to build on these methods. Here, we focused on the delivery of small molecule
therapeutics and siRNA, briefly exploring their combined delivery. Potential exists for
the incorporation of an array of both established and emerging technologies (e.g. plas-
mid delivery or CRISPR-Cas9) into the delivery platform. Just a handful of proteins were
presented here; however, the library of proteins and enzymes to which the process can be
applied is vast. One could envision multi-step, enzyme-catalyzed reactions taking place
within a single particle architecture. Perhaps most exciting though, is the potential for new
and functional macromers. The approach of developing responsive macromolecules capa-
ble of imparting specific and controllable properties to the overall particle system could
have impacts including, but certainly not limited to, targeting cellular uptake mechanisms
and controlled release kinetics.

Stepping beyond the bulk properties of SPNPs and how these contribute to particle architec-
ture, we turned our attention to surface properties. Taking advantage of unique biological
signatures of target sites, we aimed at creating a simple, yet adaptable, method of target-
ing SPNPs. Here, we leveraged chemical functional groups universally present in proteins
alongside established bioorthogonal conjugation techniques to develop antibody-targeted
protein nanoparticles. Validated in both in vitro and in vivo settings, we demonstrated
selective cellular uptake and altered biodistribution, respectively. The approach of chemi-
cally conjugating antibodies to the particle surfaces translates to a targeting approach that
is easily adapted through the identification and substitution of alternative antibodies spe-
cific to a disease or region of interest. Control of ligand density is easily achieved and
modulated through stoichiometric ratios of staring materials. Furthermore, we developed
alternative strategies compatible with multicompartmental particles; together with previous
work demonstrating an ability to selectively modify regions of a single particle, we open
a path towards controlled and sequential binding events. Future work will undoubtedly
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extend this approach, and when combined with bulk properties, may be leveraged towards
selective biodistribution, cellular targeting and transport, and intracellular trafficking.

In parallel to the work described above, we aimed to develop and validate a disease-specific
application of SPNPs. Here, we were tasked with developing a particle system capable
of penetrating the blood-brain barrier to target glioblastoma. Utilizing an alternative tar-
geting approach, we drew upon previous work by our collaborators highlighting, i) a de-
pendence on the STAT3 pathway in GBM, ii) overexpressed integrins (namely αvβ3 and
αvβ5) within GBM, and iii) the integrin binding and tissue penetrating properties of iRGD.
Together, we leveraged these properties, along with the compatibility of our SPNPs with
peptides and siRNA, to develop a GBM-targeted nanoparticle system. Validated within a
highly aggressive murine GBM model in combination with focused ionized radiation, we
observed reproducible and sustained therapeutic effects. Speaking to the heterogeneous
and dynamic disease landscape, previous work highlights the advantages, and often re-
quirement, for the targeting of multiple pathways. Ongoing work described in this final
chapter, highlights how we aim to build upon these promising results. Having established
a means to penetrate the BBB in the diseased state, the development of multifunctional
SPNPs targeting multiple biological pathways may prove to a significant advancement in
GBM therapies not previously achieved. Future work to fully characterize the therapeutic
impact and long-term effects will prove crucial to advancing the platform beyond the bench
towards real clinical impacts for patients.
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“Acetal-derivatized dextran: An acid-responsive biodegradable material for thera-
peutic applications,” J. Am. Chem. Soc., vol. 130, no. 32, pp. 10494–10495, 2008.

[124] H. M. Borteh, M. D. Gallovic, S. Sharma, K. J. Peine, S. Miao, D. J. Brackman,
K. Gregg, Y. Xu, X. Guo, J. Guan, E. M. Bachelder, and K. M. Ainslie, “Electrospun
acetalated dextran scaffolds for temporal release of therapeutics,” Langmuir, vol. 29,
no. 25, pp. 7957–7965, 2013.

[125] K. E. Broaders, J. A. Cohen, T. T. Beaudette, E. M. Bachelder, and J. M. Fréchet,
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