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Abstract

-

Parenteral administration remains the mainstay of drug administration for protein
therapeutics. However, for diseases that require frequent drug dose over long
periods of time, injections can result in patient incompliance and poor treatment
outcomes. For such diseases, oral drug delivery is the most non-invasive and
patient-compliant method of drug administration. Although oral delivery of many
small molecule drugs is routine, oral delivery of protein drugs - e.g. insulin
presents several challenges including oral bioavailability of the protein
therapeutic because of degradation in the stomach, inactivation and digestion of
the therapeutics by the proteolytic enzymes in the luminal cavity, and poor
permeability of drugs across the intestinal epithelium.
Polymeric nanoparticle (NP) carriers provide new opportunities for controlled
delivery of drugs, and have the potential to address challenges associated with
effective oral delivery of insulin. NPs can protect the protein therapeutic from
degradation in the GI tract as well as allow targeted transport across the
epithelial lining. An efficient NP based oral insulin delivery solution that can
enable targeted transport of insulin across the GI tract must have (1) high insulin
loading, (2) sub-100 nm size, (3) ability to release insulin before opsonization by
macrophages and (4) the ability to be surface-functionalized with ligands that
facilitate transport across the epithelium.
This work presents a detailed study on mechanistic understanding of polymeric
insulin NP formation with a focus on the effect of synthesis parameters on insulin
loading and NP size. We report how buffer conditions, ionic chelation, and NP
preparation methods influence insulin loading in poly (lactic-co-glycolic acid)-b-
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poly(ethylene glycol) (PLGA-PEG) NPs. We report a 10-fold increase in insulin
loading with the use of chelating zinc ions and by the optimization of the pH
during nanoprecipitation.
Next, we report the development of novel insulin Eudragit-PLGA-PEG blended
NPs (Ins-Eud-NPs) with high insulin loading (13.1%) and sub-100 nm size.
These NPs enable rapid release of insulin when triggered by a change in pH that
occurs when the NPs cross the duodenal epithelium and go from acidic to neutral
pH. The NPs are formed by successfully blending Eudragit S100, a commercially
available polymer which dissolves at pH greater than 7 with a non-pH responsive
polymer, PLGA-PEG. To enable effective transport of these NPs across the
epithelial lining, NPs were designed to use the FcRn transport pathway that
mediates IgG antibody transport across epithelial barriers. We report the
successful chemical conjugation of the Fc fragment on the surface of Ins-EudNPs by overcoming the presence of non-ideal conjugation parameters owing to
the pH restrictions of the system.
This dissertation provides mechanistic insights and helps to understand
fundamental concepts about polymeric NP formation and protein encapsulation.
The modular NP system developed in this work can be extended to other protein
drug delivery systems that are subject to limited drug loading and restricted
transport across epithelial barriers.
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Title: Associate Professor, MIT
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List of Figures
1.1. Strengths, weaknesses, opportunities and threats of the application and
development of biopharmaceuticals.
1.2. (A) The rate at which biopharmaceuticals have reached clinical stages has
increased over the last decades with 4.6 in 1980s to 128 to 2012. (B) Approval
numbers of biopharmaceuticals in each five-year period since 1995 has been
fairly constant, with approximately 54 approved biologics for 2010-2014, but
approval has significantly increased from early 1990s to now.
1.3. Annual biopharmaceutical sales value (cumulative product sales and sales
for the ten top-selling products) for the period 2010 to 2013. This shows the
increase in the economic value of protein therapeutics.
1.4. The 20 top-selling biopharmaceutical products in 2013. Humira leads the
revenue production in 2013 followed by Enbrel and Remicade.
1.5. (A) The mainstay of drug administration for protein therapeutics via.
intramuscular, subcutaneous, intravenous or intradermal injections. (B) Due to
the popularity of biopharmaceuticals for various disease treatments in the last
decade on an average 12 billion injections have been injected which have
caused 20 million infections annually and 100 million adverse reactions.
1.6. Mechanism of how insulin facilitates the uptake of glucose in muscle cells
and adipocytes. Insulin binds to the GLUT-4 receptor in the plasma membrane,
resulting in phosphorylation of the receptor. Activation of phosphoinositide-3
kinase is a major pathway in the mediation of insulin-stimulated glucose transport
and metabolism.
1.7. Structure of insulin. Insulin, a polypeptide hormone that is formed
of two chains A (21 amino acids) and B (30 amino acids) that are connected by
two disulfide bridges; an additional disulfide is formed within A chain.
1.8. Alternative methods of insulin delivery. Various routes of delivery have been
investigated for insulin delivery such as pulmonary, oral, transdermal, nasal,
buccal and by islet transplantation.
1.9. The most well examined methods of insulin delivery are subcutaneous
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injections, subcutaneous infusions, pulmonary delivery and oral delivery. Each of
these methods have advantages and disadvantages. However, oral delivery is
considered to be the most patient compliant and non-invasive way of
administering insulin.
1.10. Some oral insulin delivery projects that are under development and clinical
trial.
1.11. Physiology of the intestinal epithelium. Enterocytes, goblet cells, paneth
cells and M-cells are some of the major cell types that make up the intestinal
epithelium.
1.12. Barriers to effective delivery of insulin. Various chemical and physical
barriers like changes in pH, high protease action and the presence of tight
junctions make the problem of oral delivery very challenging.
1.13. Oral insulin delivery Nanoparticle Design criteria. The nanoparticles (NPs)
must be able to protect insulin from the harsh chemical environment in the GI
tract and from enzymatic degradation. The NPs must be sub-1 00 nm, have the
ability to be functionalized and have the capability of delivering majority of insulin
before the NPs can opsonized.
1.14. Choice of parameters for understanding the nanoprecipitation method
better.
2.1. (a) Insulin standard curve in relation to the BSA standard curve for the BCA
assay. (b) Relation between the insulin and BSA standard curves. (c) Effect of
DMSO, zinc, and polymeric NPs on the insulin standard curve.
2.2. Ins-NPs and Ins-Zn NPs show the potential of long-term storage as they
maintain (a) particle size and (b) zeta potential before and after undergoing the
process of freeze-drying. (c) Ins-NPs and Ins-Zn-NPs are stable in water for up to
4 days from synthesis at RT. (d) Conformational stability of insulin in Ins-NPs and
Ins-Zn-NPs was confirmed by comparing the circular dichroism spectra of
standard insulin and insulin obtained from Ins-NPs and Ins-Zn-NPs before and
after undergoing the process of freeze-drying.
2.3. Insulin loaded PLGA-PEG nanoparticles (Ins-NP). (A) Schematic of Ins-NP
synthesis process by nanoprecipitation, where PLGA-PEG and insulin in dimethyl
sulfoxide (DMSO) is added drop-wise to a stirred beaker containing water (or
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buffer). TEM images of (B) Ins-NPs and (C) PLGA-PEG NPs without insulin.
Effect of buffer wash on Ins-NP characteristics. (D) Schematic of the synthesis of
Ins-NPs where NPs were either washed with PBS buffer (pH 7.4) or with water
only. (E) Insulin loading and encapsulation efficiency show 25-fold higher insulin
loading when NPs were washed with water only (8.95% 1.44) as compared to a
PBS buffer wash (0.36% 0.19) (n = 3, p = 0.008). (F) NP size data show no
significant difference in the size of the Ins-NPs when washed with water or buffer
(n = 3, p = 0.074). Error bars represent

s.d.

2.4. Effect of adding insulin at different stages of nanoprecipitation on Ins-NP
characteristics. (A) Schematic showing the synthesis of Ins-NPs by including
insulin mixed with PLGA-PEG in DMSO before nanoprecipitation (top), and by
adding insulin in DMSO to empty PLGA-PEG NPs after their formation by
nanoprecipitation (bottom). (B) Insulin loading and encapsulation efficiency show
no significant dependence on the stage of adding insulin before (0.36%) or after
(0.32%) nanoprecipitation (n = 3, p = 0.79), but (C) NP size shows a significant
dependence (n = 3, p = 0.005). Effect of mixing insulin in different phases on InsNP characteristics. (D) Schematic showing the synthesis of Ins-NPs by adding
DMSO with insulin and PLGA-PEG to water (top), and by adding DMSO with
PLGA-PEG to water with insulin dissolved in it (bottom). (E) Insulin loading (and
encapsulation efficiency) shows no significant dependence on including insulin in
DMSO (0.36%) or in water (0.28%) (n = 3, p = 0.60), but (F) NP size shows a
significant dependence (n = 3, p = 0.0006). Error bars represent s.d. Note: The
NPs with the label 'Insulin added before' in Figure 2.4B and the NPs with the
label 'Insulin in organic' in Figure 2.4E are the same nanoparticles.
2.5. Empty PLGA-PEG NPs (-25.44 mV) and Ins-NPs (-27.9 mV) was statistically
insignificant. Zeta potential of the Ins-Zn-NPs (-22. 03 mV) is significantly lower
than Ins-NPs and Empty PLGA-PEG NPs (** = p < 0.05).

2.6. Effect of incorporating zinc ions in Ins-NPs. (A) Schematic showing the
formation of Ins-Zn hexamers (top) and of Ins-Zn-NPs (bottom). (B) Dark-field
TEM/EDX image of unstained Ins-Zn-NPs. The lighter regions in the figure show
the presence of NPs, and the red dots correspond to the presence of zinc. The
presence of zinc in the same areas where Ins-Zn-NPs were detected confirms
the presence of zinc in Ins-Zn-NPs. (C) Insulin loading and encapsulation
efficiency show an increase in insulin loading with an increase in zinc ion
concentration. Greater than 10-fold enhancement of insulin loading was obtained
for insulin to zinc ratio of 1:9. (n = 3, p = 0.02). (D) The average diameter of
empty PLGA-PEG NPs, Ins-NPs, and Ins-Zn-NPs. In case of Ins-Zn-NPs, the
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average diameter did not change significantly when different amount of zinc ions
are added. The average diameter of Ins-Zn-NPs was larger than that of empty
PLGA-PEG NPs (n = 3, p = 0.0003) and Ins-Zn-NPs and Ins-NPs (n = 3, p =

0.0001). Error bars represent

s.d.

2.7. Effect of adding zinc ions at different stages of nanoprecipitation on Ins-ZnNPs. (A) Schematic showing the synthesis of Ins-Zn-NPs by adding Ins-Zn
hexamers premixed with PLGA-PEG molecules in DMSO before
nanoprecipitation (top). This forms NPs with high insulin loading (4.07%) and
large NP diameter (127.6 nm). (B) Schematic showing the synthesis of Ins-ZnNPs by adding Ins-Zn hexamers to empty PLGA-PEG NPs after
nanoprecipitation (top). This forms NPs with high insulin loading (3.82%) and
small NP diameter (78.7 nm). (C) Schematic showing the synthesis of Ins-ZnNPs by adding zinc ions to preformed Ins-NPs after nanoprecipitation (top). This
forms NPs with lower insulin loading (1.55%) and smaller NP diameter (57.9 nm).
Dashed lines indicate sizes of empty PLGA-PEG and Ins-NPs for reference.
Error bars represent s.d. For insulin loading n = 3 and PAB = 0.74, pAc = 0.034,
PBc = 0.016. For NP diameter n = 3 and PAB = 0.0004, pAC = 0.0001, PBC = 0.005.

2.8. Effect of pH on Ins-Zn-NP and Ins-NPs. (A) Schematic showing the
synthesis of Ins-Zn-NPs in different buffers (pH 4.65, pH 6.1, and pH 6.5). (B)
Insulin loading of Ins-Zn-NPs and Ins-NPs that were synthesized in buffers with
different pH. Insulin loading increased with increasing pH. (C) Average diameter
of empty PLGA-PEG NPs, Ins-NPs, and Ins-Zn-NPs synthesized in different
buffers.
2.9. Compilation of the effect of NP synthesis parameters on NP properties. (A)
Compilation of the NPs studied for the purpose of understanding the factors that
affect insulin loading and NP size in Ins-NPs and Ins-Zn-NPs. The symbols in
blue contain only PLGA-PEG and insulin while the orange symbols represent
NPs that contain PLGA-PEG, insulin, and zinc. The size of empty PLGA-PEG
NPs has been represented by a grey vertical bar, whose width represents the
standard deviation. Ins-NPs (blue) have low loading and small size. Contrary to
these NPs, Ins-Zn-NPs formed by including zinc during nanoprecipitation (orange
circles) have higher insulin loading, but their diameter is larger. NPs synthesized
by adding Zn ions to preformed Ins-NPs (light triangle) show smaller size and
moderate loading. The optimal NPs are Ins-Zn-NPs (dark triangle) formed by
adding Ins-Zn hexamers to pre-formed NPs combine high loading (3.82 %) and
small size (78.7 nm diameter). (B) Qualitative summary of how different synthesis
parameters affect insulin loading and size. Insulin release. (C) Release of insulin
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from the optimal NPs (Ins-Zn-NPs with insulin loading 3.82%, NP size 78.7 nm)
is comparable with the previously reported release of insulin from PLA-PEG
NPs'.
3.1. Schematic of the NP synthesis set-up. The Ins-Eud-NPs were synthesized
using the nanoprecipitation method. The polymer and the drug was mixed in the
organic solvent (DMSO) and the resulting solution was added drop-wise to a
beaker with pH 5 buffer that was being constantly stirred at 2000 rpm. Following
NP synthesis the NPs were washed multiple times with pH 5 buffer with 150 mM
NaCl.
3.2. (a) Design of the dialysis set up to study the in-vitro release of insulin. (b)
Absorbance from empty NPs when the dialysis devices were soaked for 4 h and
24 h. (c) In-vitro release of free insulin.
3.3. (A) Addition of Eudragit S100 in the NP formulation for Ins-Zn-NPs (12.8%)
did not lead to an improvement in insulin loading when compared with the insulin
loading of Ins-Eud-NPs (13.1%). However, presence of Eudragit leads to an
improvement in insulin loading. (B) Ins-Zn-Eud-NPs failed to illicit the desired pH
response. Insulin released at a faster rate at pH 6 as compared to pH 7.4. This
can be attributed to both the pH vales being larger than the pH of the isolelectric
point of insulin below which Ins-Zn hexamers are unstable.
3.4. (A) Schematic highlighting the failure of Eudragit S100 to self-assemble to
form NPs without the application of an external stabilizer using the process of
nanoprecipitation. (B) The volume size distribution of the Eudragit S100
aggregates which confirm the failure of Eudragit to self-assemble to form NPs
using the nanoprecipitation method. (C) Schematic of our hypothesis that pH
responsive polymer, Eudragit S100 when blended with non-pH responsive
polymer can form pH responsive NPs.
3.5. Blending Eudragit S100 and PLGA-PEG in different ratios was successful in
forming NPs. The inclusion limit of Eudragit in the system is 50% (w/w) Eudragit
as it results in the formation of chunky aggregates. Moreover, increasing amount
of Eudragit S100 blended in Emp-Eud-NPs did not affect the size of the NPs.
However, on preparing Ins-Eud-NPs a size dependence on the amount of
Eudragit was observed. The size of the NPs increased for the compositions that
had 20% and 30% (w/w) Eudragit.
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3.6. Eudragit does not have a significant effect on insulin loading up to 10%
Eudragit in the NPs, but on increasing the Eudragit amount to 20% and 30% we
achieve a higher loading.
3.7. NPs with larger diameter and poor insulin loading are formed at low pH
buffers (pH 3 and pH 4) while NPs with high insulin loading and smaller size are
formed in buffers with pH close to the isoelectric point of insulin ie. pH 5.6.
3.8. Increasing the amount of Eudragit in the NPs slowed doen the release of
insulin after 2 h in pH 6 buffer. But no particular trend was observed in the
release of insulin from Ins-Eud-NPs at pH 7.4. Moreover, NPs with 20% Eudragit
and 80% PLGA-PEG show the maximum difference in the amount of insulin
released in pH 6 and pH 7.4, thus suggesting that this NP composition produces
the most pH responsiveness NPs.
3.9. A significant reduction in the rate at which insulin is released from the NPs at
pH 6 is observed as compared to pH 7.4. The half-life of insulin in pH 7.4 is
between 30-60 min, while the half-life of insulin in pH 6 is 240 min. However, the
current measurement is limited by the resolution of the dialysis set-up (1 h).
3.10. On normalizing the data with respect to the release of free insulin it can be
seen that almost all of the insulin from the NPs gets released as soon as the NPs
are exposed to pH 7.4, while there is a significant reduction in the release of
insulin from the NPs in pH 6. The half-life od insulin at pH 6 was 90 min.
3.11. (A) Effect of reaction buffer on Fc conjugation on NP surface. Maximum Fc
conjugation was obtained at pH 7.4, followed by pH 5 and pH 6 buffer. (B) Effect
of reaction time on Fc conjugation. On incubating Ins-Eud-NPs with Fc-SH in pH
5 buffer for 2 h and 18 h, it was found that the Fc conjugation in 2 h (0.16%) was
not much greater than the Fc conjugation in 18 h (0.23%). (C) On increasing the
amount of Fc by 5 times Fc conjugation increased to 1.48%. (D) Higher Fc
conjugation resulted in longer synthesis time, which resulted in a loss of insulin
leading to a reduction in insulin loading in Ins-Eud-NPs-Fc NPs to 6.8%.
3.12. (A) Formation of NPs after 5 min stirring time and 1 mg/mL NP incubation
concentration resulted in only 0.7% Fc conjugation. However, when all other
synthesis conditions were kept the same and only the stirring time was changed
to 15 min and the NP incubation concentration was increased to 10 mg/mL Fc
conjugation increased to 1.48%. (B) Conjugation of Fc on the NP surface did not
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effect the size of the NPs, size of Ins-Eud-NPs-Fc was 63.9 nm while the size of
NPs without Fc was 68 nm.
3.13. Schematic of Ins-Eud-NP-Fc. The Ins-Eud-NP-Fc is prepared from
biodegradable and biocompatible polymers like PLGA-PEG and Eudragit S100.
Eudragit imparts the NPs an ability to respond release insulin on being stimulated
by pH. The targeting ligand, Fc, has been conjugated to the surface of the NPs to
enable them to cross the epithelial barrier by using the FcRn transcytosis
pathway.
3.14 In vitro transepithelial transport data showed that Ins-Eud-NPs-Fc were
transported 5 times more across the Caco-2 monolayer relative to non targeted
Ins-Eud-NPs.
Al. Sample and separate and dialysis are the two most commonly used methods
for measuring the in vitro drug release profile from polymeric nanoparticles.
A2. (A) Insulin release profile at pH 6 and pH 7.4 obtained by analyzing the data
using the filtrate. (B) Insulin release profile at pH 6 and pH 7.4 obtained by
analyzing the data using the supernatant. Both these curves are counterintuitive
relative to the expected insulin release profile. The significant difference in the
release curve at pH 6 and pH 7.4 is promising data.
A3. (A) Insulin release after 2 h in different incubation volumes shows that the
amount of insulin released by the NPs stabilizes at higher NP incubation volumes
suggesting that a non-equilibrium state reaches at high incubation volumes. (B)
Insulin release profile at pH 6 and pH 7.4 obtained by analyzing the data using
the supernatant and a large incubation volume of 15 mL. Although the insulin
release can be quantified at initial time points, at later time points there is a
decrease in the amount of insulin released which seems incorrect.
A4. Amount of insulin detected in the filtrate remained constant across the
samples that were washed multiple times. However, the amount of insulin
detected in the supernatant decreased as the NPs underwent multiple washes.
Ins NP w/o any wash represents the case without any loss of insulin.
A5. On washing the NPs with pH 6 buffer, most of the insulin was retained in the
supernatant as compared to the filtrate. This suggested that the analyzing the
supernatant would give a more accurate estimation of the insulin content at each
time point.
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A6. (A) After spinning down a 50 pg/mL insulin solution halfway, the
concentration of insulin obtained from the supernatant was 47 pg/mL, similar to
the original solution while the concentration of insulin in the filtrate was much
lower (28 pg/mL). (B) The sum of insulin detected in the filtrate and the
supernatant do not add up to the total insulin that was centrifuged, confirming the
loss of insulin in the centrifugation device.
A7. (A) On centrifuging down the entire volume of insulin, it was found that the
concentration of insulin detected in the filtrate was less than the concentration of
the original solution, suggesting that measurements done using the filtrate can be
inaccurate. (B) The amount of insulin detected in the filtrate was only half of the
total amount of insulin in the system. Moreover, the sum of insulin detected in the
filtrate and supernatant do not add up to the total amount of insulin in the initial
solution, suggesting a loss of insulin.
A8. Insulin left in Ins-Eud-NPs after insulin release at pH 3, pH 6, pH 7.4, and pH
9 initially decreased with time but at longer collection times the amount of insulin
left in the NPs increased. However, a pH dependent release is seen from InsEud-NPs as lesser amount of insulin is detected after insulin release in pH great
than 7.
A9. (A) Inclusion of a magnetic stir bar in the dialysis device did not help in
accurately measuring the insulin release profile. The released insulin failed to
diffuse across the membrane fast enough thereby showing an almost constant
amount of insulin left in the NPs. (B) Insulin release profile obtained by using the
stirred dialysis device set-up could not be used to determine the drug release
kinetics as there was inadequate release and variability in the data.
A10. Blue food dye also failed to diffuse out of the dialysis chambers in 60 min.
Therefore, the current dialysis set-up cannot be used to measure rapid release of
insulin from NPs.
All. Insulin failed to diffuse out of the 10 nm, polycarbonate membrane dialysis
chambers in 60 min.
A12. Schematic of the Float A Lyzer dialysis chamber.
Al 3. Food dye failed to rapidly diffuse out of the Float A lyzer dialysis chambers.
Control in water is the food dye solution which was not dialyzed at all. Sample 1
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is the food dye solution that was allowed to release food dye all night. It showed
very little release of food dye. Lastly, Sample 2 is the sample that was allowed to
release the food dye for 6 h with additional stirring inside the chamber.
A14. (A) Schematic of the dialysis set-up using Float A lyzers. To enable
continuous stirring of the buffer outside the dialysis devices, the beaker was put
on a magnetic stirring plate, which was further placed on an orbital shaker. (B)
By increasing the convectional flow in the system and by choosing a suitable
solvent, majority of the food dye solution managed to escape the dialysis device.
Control in PBS is the blue food dye solution that was not exposed to the dialysis
set up, while Sample 3 is the sample of blue food dye which was measured after
dialysis for 2h 15 min.
Al 5. (A) Schematic of the Float A lyzer with a magnetic stirrer placed inside it.
(B) Schematic of the Float A lyzer with an epoxy cylinder placed inside it.
Al 6. (A) Dialysis of yellow food dye. For both 50 kDa and 100 kDa MWCO
dialysis membrane application of the epoxy cylinder is more effective relative to
internal stirring. (B) Dialysis of blue food dye.100 kDa membrane is more
effective than the 50 kDa membrane in allowing rapid diffusion of molecules
across the membrane for both cases - stirring as well as moving epoxy cylinder.
(C) Application of the epoxy cylinder did not seem to have a much greater
advantage over using stirring to produce agitation and movement in the dialysis
setup.
A17. On comparing the effectiveness of the application of the stir bar relative to
the effectiveness of the epoxy cylinder, 50% of the insulin was diffused from the
dialysis chambers with internal stirring and 60% of the insulin was released from
chambers with the epoxy cylinder. The difference between the half-life of insulin
using these two agitation methods was not drastically different.
Al 8. Release of free insulin solution from Float A lyzer devices (100 kDa
MWCO) with internal stirring at 370C. The half-life of insulin is less than one hour
is which is good for measuring rapid release of insulin from polymeric carriers.
A19. Insulin release profile from Ins-Eud-NPs. Insulin releases rapidly at pH 7.4
and a slower release was observed at pH 6. The data has been plotted with the
diffusion curve of free insulin solution, which superimposes with the insulin
release curve at pH 7.4, indicating that insulin releases instantaneously from NPs
at pH 7.4. However, the reduction in insulin release at longer time points
continued to be puzzling.
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A20. Changing the storage temperature of the NPs collected in between time
points did not have a significant effect on the amount of insulin detected form that
sample.
A21. On performing a dialysis experiment with only Emp-NPs, the absorbance
values increased with time. Here, the absorbance values are plotted for
equivalent amount of insulin to emphasize the effect of the data on the insulin
release data.
A22. (A) A minor increase in the theoretical value of insulin is detected with an
increase in incubation time in samples that were incubated in the Eppendorf
tubes but a more prominent increase in the value of insulin was detected in NP
samples that were incubated in the Float A lyzer dialysis chambers. (B) The
value of absorbance obtained from the buffer solution increased with increasing
time points. Here, we have plotted the theoretical amount of insulin calculated
from the absorbance data.
A23. On incubating the dialysis chambers overnight in buffer and then using
those devices to perform a dialysis experiment on Emp-NPs gives an almost
constant value with increasing incubation times.
A24. Design of the dialysis set up to study the in-vitro release of insulin.
A25. In vitro release of Ins-Eud-NPs shows that there is a significant reduction in
the rate at which insulin is released from the NPs at pH 6 as compared to pH 7.4.
The half-life of insulin in pH 7.4 is between 30-60 min, while the half-life of insulin
in pH 6 is 240 min. The release curve of free insulin superimposes on the release
curve of insulin at pH 7.4.
A26. On normalized the insulin released in pH 6 and pH 7.4 with respect to the
release rate of free insulin solution we can better visualize the difference in the
release of insulin at pH 7.4 relative to pH 6.

List of Tables
Table 1. Properties of the semipermeable membrane on which the Caco-2 cells
were grown.
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CHAPTER 1
INTRODUCTION
1.1 Current trends in biotechnology

.

The advent of the biotechnology revolution has resulted in the discovery and
commercialization of various new biopharmaceuticals 2. Biopharmaceuticals
include peptides, antibodies, and nucleic acids that are designed to have a
therapeutic value. Due to improved efficacy, better technology and cutting edge
innovation, biopharmaceuticals continue to lead the biotech sector. Figure 1.1
summaries the strengths, weakness, opportunities and threats of the application
of biopharmaceuticals 3
In 1982, after the discovery of the first biopharmaceutical Humulin (recombinant
human insulin; Eli Lily, Indianapolis), only eight more biopharmaceuticals were
launched in the market in the next decade. Following the approval of the first
biopharmaceutical, since 1990s the biotech industry has matured due to a
dramatic increase in the number of biologics that have been approved and been
launched in the market2 . Currently, more than 500 peptides are in preclinical
development, 140 are in clinical trials, and around 60 have been approved by the
FDA 3. The rate at which these molecules have reached clinical stages has
increased over the last decades as seen in Figure 1.2A (4.6 in the 1980s, 9.7 in
the 1990s, 16.8 in 2000s, and 128 in 2012)45. Figure 1.2B shows that the

approval rates of biopharmaceuticals in each five-year period since 1995 has
been fairly constant, with approximately 54 approved biologics for 2010-2014.
Moreover, since the 1990s till 2013, the biotech industry has reached an
estimated total sales value of $140 billion as seen in Figure 1.32. Humira
(adalimumab) alone generated global sales of $11 billion in 2013 as seen in
Figure 1.4. Figure 1.4 also lists the 20-top biopharmaceutical products of 2013.
This economic boom further accelerated and supported the development of
several protein-therapeutics. Despite a variety in the kinds of biologics that have
been approved since the 1990s, one aspect that remains constant is the way of
administering these biologics. The majority of them are designed for parenteral
delivery (intramuscular, subcutaneous, intravenous and intradermal, Figure
1.5A). Figure 1.5B shows that approximately 12 billion injections are
administered annually with several unsatisfactory outcomes leading to 20 million
infections and 100 million toxic reactions 2. Due to these issues, nonparenteral
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Figure 1.1. Strengths, weaknesses, opportunities and threats of the application and
development of biopharmaceuticals.
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Figure 1.2. (A) The rate at which biopharmaceuticals have reached clinical stages has
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constant, with approximately 54 approved biologics for 2010-2014, but approval has
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delivery routes like oral, nasal, pulmonary are preferred because they offer
increased patient compliance resulting in improved treatment efficacy. However,
some scientists believe that nonparenteral delivery routes will not drastically
change the course of treatment and will merely result in better quality of life and
treatment experience22
Although the mainstay of drug administration for biologics has been parenteral,
some progress has been made on the front of nonparenteral drug delivery. One
inhaled insulin product Afrezza (MannKind) had been approved in 2012 which is
showing great promise6 . This product was approved after a previous inhaled
insulin product, Exubera (Pfizer), failed to deliver in the market and was taken
off7 . Other than this, some key players in insulin production have promising
products in the pipeline. Novo Nordisk is currently developing an oral insulin
candidate using Merrion (Dublin) technology that uses the GIPET® platform to
deliver insulin along with a matrix consisting of medium-chain fatty acids that is
designed to release insulin in the duodenum 8 whereas Oramed Pharmaceuticals
(Jerusalem) is also working on an oral insulin formulation, which is based on
components that protect insulin in the gastrointestinal tract in combination with
absorption enhancers9.
Intercontinental Marketing Statistics (IMS) Health projections suggest that the
increasing trend in biologics approval will continue to rise and biologics will
continue to increase in terms of overall market share of the pharmaceutical
industry (18% in 2012 to 20% in 2017)2. Monoclonal antibodies and insulin
therapies are expected to lead the spectrum. However, improved nonparenteral
methods of delivery can open access to new frontiers and enable better
treatment outcomes for several biologics.
1.2 Diabetes and Insulin
Scientists predict that the majority of innovations in alternative routes of drug
delivery will be in monoclonal antibodies and insulin2 . Insulin is a peptide that
was discovered in 1921-1922 by Banting and Best, together with Macleod and
Collip at the University of Toronto1 . It is a natural hormone that is produced by
the P-cells in the pancreas and controls the level of glucose in the blood by
facilitating the uptake of glucose, especially in the liver, muscle and adipose
tissue.
After food uptake, carbohydrates are converted into simple sugars, such as
glucose. Glucose is absorbed by the intestines and carried to the liver where
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much of it is stored as glycogen. The remainder is carried to the muscles and
other tissues where it is either oxidized or stored as glycogen. In some cases the
body fails to efficiently metabolize glucose and it circulates in increased
quantities in the blood (hyperglycemia) and is excreted in the urine (glycosuria).
This causes glucose to be unavailable to the body as a source of energy, which
results in the conversion of glycogen to glucose so that the body can utilize it to
fulfill its energy requirements. This results in a loss of protein in the body as it is
converted to glucose. The body produces insulin to facilitate the uptake of
glucose by the cells and thus reduce the level of glucose in the blood. In some
cases there is insufficient production of insulin, which results in uncontrolled level
of glucose in the blood. This condition is called Type 2 Diabetes. It is a metabolic
disease in which carbohydrates are not sufficiently utilized by the body, thereby
causing a derangement of the normal metabolism of proteins and fats as well as
carbohydrates. This derangement of metabolism manifests in increased blood
glucose levels, a voracious appetite, hyperglycemia (increase in the percentage
of sugar in the blood) and glycosuria (sugar in the urine)".
Another type of diabetes, often confused with Type 2 Diabetes is Type 1
diabetes. Currently 5-10% of the people with diabetes have Type 1 diabetes.
Type 1 diabetes, also called Juvenile diabetes, mostly develops in children and
teenagers, although it can appear at any age in the life cycle of a human. In Type
1 diabetes, the body's immune system attacks part of its own pancreas, for a
reason that is not well understood. This results in complete destruction of the @cells leading to absolute insulin deficiency1.

.

Type 1 and Type 2 Diabetes have shown to have an adverse effect on multiple
organs. Type 2 diabetes has shown to induce increased cardiovascular issues
that can manifest as coronary artery disease, peripheral artery disease, and
carotid artery disease1 4 . A study has shown that many people with Type 2
diabetes have the same risk of a cardiovascular event as someone without
diabetes who has already had their first heart attack. In addition to the
macrovasular complications of diabetes, several microvascular complications can
also occur due to uncontrolled glucose levels in the blood. These are common in
patients both with Type 1 and Type 2 diabetes and include eye damage
(sometimes blindness), kidney damage (sometimes requiring dialysis or
transplantation), and nerve damage (resulting in amputation, painful symptoms,
erectile dysfunction, and other problems) 6 18
Diabetes is the world's largest endocrine disease associated with increased
morbidity and mortality rate 19. The estimated worldwide prevalence of diabetes in
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adults (20 to 79 year of age) was 6.6% (285 million people) in 2010 and will
increase to 7.8% (438 million people) by the year 203020. More than 471 billions
USD were spent on healthcare for diabetes in 201321. Diabetes is generally
controlled with the administration of oral medication (Type 2 diabetes) or by the
use of insulin injections (Type 1 and more often Type 2 diabetes) 22 . Intake of
exogenous insulin is considered as the essential treatment for Type 1 diabetes.

.

Insulin controls the homeostasis of glucose by binding to its receptors on target
cells and facilitates the cells to use glucose as energy. On the advent of
increased glucose concentration in the blood (hyperglycemia), the pancreas
increase insulin production, because (1) insulin is key in facilitating the cells to
intake glucose as use it as an energy source, and (2) insulin also encourages the
storage of glucose as glycogen in the liver, muscle and fat cells. Insulin signaling
pathways that regulate glucose metabolism in muscle cells and adipocytes make
use of the glucose transporter GLUT-4. It is the main insulin responsive glucose
transporter and is located primarily in muscle cells and adipocytes. The
mechanism of how insulin facilitates the uptake of glucose in cells can be seen in
Figure 1.623. Figure 1.6 shows that the insulin-stimulated movement of GLUT-4 is
initiated by the binding of insulin to the alpha subunits of the insulin receptor. This
stimulates activation of tyrosine kinase phosphorylation at the beta subunits of
the receptor, resulting in a cascade of catalytic activity of the receptor. The
activated receptor then phosphorylates a number of intracellular proteins, which
in turn alters their activity. Several intracellular proteins have been identified as
phosphorylation substrates for the insulin receptor such as IRS-1. Binding of
insulin to receptors on adipocytes and skeletal muscle cells leads rapidly to
fusion of cell vesicles with the plasma membrane and insertion of the glucose
transporter GLUT-4, thereby giving the cell an ability to efficiently take up
glucose2 4 . When blood levels of insulin decrease and insulin receptors are no
longer occupied, the glucose transporters are recycled back into the cytoplasm.
Unlike the adipocytes and the muscle cells, cells in the brain and liver do not
require insulin to facilitate the uptake of glucose in the cells as they do not use
GLUT-4 to transport glucose in the ce-1 23 2 4
It has been reported that approximately 20 - 30% of all patients with diabetes
take daily insulin injections to maintain their glucose levels in the appropriate
range . Depending on the severity of the disease, the treatment using insulin
action may require three or more injections per day to meet the required glycemic
levels. The need for insulin varies with the kind of diabetes that the patient has,
patients with Type 1 fail to produce insulin due to permanent damage to the Bcells and thus require regular insulin to survive, while patients with Type 2
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diabetes can possibly manage their condition with diet and exercise along with
oral medication to control blood glucose levels. However, if diet and oral
hyperglycemic agents fail to provide the needed glycemic control, patients with
Type 2 diabetes have no choice but to start a treatment regime centered on the
application of insulin.

.

The insulin molecule contains 51 amino acids. Although it is active as a
monomer, during its biosynthesis and storage it assembles to dimers and in the
presence of zinc, to hexamers. X-ray analysis has revealed the 3-dimensional
structure of the insulin molecule in its hexameric, dimeric and monomeric states.
Figure 1.7 shows that insulin, a polypeptide hormone is formed of two chains A
(21 amino acids) and B (30 amino acids) that are connected by disulfide bridges.
Insulin belongs to the group of peptides called IGF (insulin-like growth factors)25
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Figure 1.7. Structure of insulin. Insulin, a polypeptide hormone that is formed
of two chains A (21 amino acids) and B (30 amino acids) that are connected by two
disulfide bridges; an additional disulfide is formed within A chain.

1.3 Methods of insulin delivery
Various forms of insulin have been launched in the market such as short-acting,
intermediate-acting and long-acting type insulin, which differ in their duration of
action. However, as mentioned earlier all forms of exogenous insulin are
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currently administered via injections. The frequency of injections for treatment of
a metabolic disease like diabetes where frequent doses for long periods of time
need to be taken result in extreme patient incompliance and poor treatment
outcomes 26 . The most common route of insulin administration is subcutaneous
insulin injections. The present practice is the use of one or more doses of insulin,
injected subcutaneously. It can be considered that during a lifetime (75 years) a
Type 1 diabetic patient receives nearly 80,000 injections 27. Despite advances in
devices for the injection of insulin (insulin pens and pumps), several approaches
for alternative routes of insulin administration have been developed, such as
pulmonary, colonic, nasal, buccal, transdermal and oral insulin delivery28 2 9
These have been summarized in Figures 1.830 and 1.9.
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Figure 1.8. Alternative methods of insulin delivery. Various routes of delivery have
been investigated for insulin delivery such as pulmonary, oral, transdermal, nasal,
buccal and by islet transplantation.
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Subcutaneous injections
The most common way of administering insulin is via subcutaneous insulin
injections. Here the insulin is administered into the layer of skin, which is directly
below the dermis and the epidermis. Usually, patients inject themselves in
regions with abundant adipose tissue, to allow slow release into the blood and
also to reduce pain. Various improvements have been made to insulin injections
ranging from thinner and shorter needles to a more stable syringe body3 1 -3 2
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Of these modifications, one that stands out is the development of an injection
port called i-port Advance. It is a device that combines the injection port and the
inserter in one device and eliminates the need for multiple punctures for multiple
injections. The i-port Advance@ can be worn on the patient body for up to 72
hours, and patients can inject themselves multiple times without puncturing
themselves multiple times32 . However, with syringe insulin the main challenges
are the cumbersome preparation of inulin dose and the challenge of accurately
dispensing what is needed. Since insulin in the vial or syringe form is cheaper, it
is a good option for low-income patients.
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Figure 1.9. The most well examined methods of insulin delivery are subcutaneous
injections, subcutaneous infusions, pulmonary delivery and oral delivery. Each of
these methods have advantages and disadvantages. However, oral delivery is
considered to be the most patient compliant and non-invasive way of administering
insulin.
The most popular improvement in delivery of insulin via subcutaneous injections
till date has been the insulin pen. The first commercially available insulin pen,
NovoPen® (Novo Nordisk A/S Bagsvaerd, Denmark) was launched in the market
in 198533-34. Ever since then a series of NovoPens have been launched like
NovoFine®, NovoFine Plus@, and NovoTwist@ with improvements aimed to
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making the process less painful and more accurate. Following the footsteps of
NovoPen34 , multiple frugal versions of insulin pens have been launched in the
market, which has resulted in improved accessibility and usage. The success of
insulin pens resulted in several studies regarding improved needle design and
injecting experience. Various needle diameters and needle tip shapes have been
investigated and it has been reported that shorter and thinner needles have
proven to cause less pain to patients 33. These achievements in insulin pens have
resulted in improved accuracy and a less painful experience for patients.
However, despite these advancements patients still have to inject themselves
with a needle each time causing psychological discomfort, especially to those
who are needle phobic.

.

Continuous subcutaneous insulin infusion
In normal physiological conditions, large amounts of insulin is secreted by the
pancreas in response to the increased glucose level after food uptake, while a
small amount of insulin is secreted to control the hepatic glucose output 35 . The
exogenous insulin taken by patients via subcutaneous means using insulin pens
is unable to sense instantaneous insulin need and provides a predetermined
insulin amount that can result in high glycemic variability. In an ideal case, a
more physiologic delivery of insulin is desired. This can be achieved with the
application of an insulin pump. The first commercially available insulin pump was
launched in the market in 1979 in USA3 37
- . Since then major improvements and
advancements have been made in the technology of insulin pumps. More
portable, lighter, accurate and patient friendly pumps have been developed.
Recently, insulin pumps that are capable of continuous glucose monitoring
(CGM) have been launched that have open doors for diabetes treatment for Type
1 diabetes patients. Studies have shown that insulin pumps outperform multiple
drug injections in achieving high efficacy, better glycemic control and fewer
incidents of hypoglycemia 37-39. However, insulin pumps fail to provide a needleless solution to insulin delivery. Their application currently is limited by their high
price, higher chances of subcutaneous infections, patient inconvenience, social
stigma and a theoretical higher risk for diabetic ketoacidosis 40
Pulmonary insulin delivery
The pulmonary route has an expansive surface area of over 140 M 2 , with more
than 95% absorptive surface area 29. This promising physiology led to critical
research interest in pulmonary delivery of insulin. Attempts to deliver insulin via
the pulmonary route started as early as 1920s 41 . Pulmonary delivery research

gained traction when some early studies reported that that delivery insulin via the
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pulmonary route using a nebulizer was successful in producing a hypoglycemic
response 42 43. Despite the success achieved in insulin delivery via the pulmonary
route, the mechanism of insulin absorption remains unclear. However, some
studies have suggested that insulin transport could be dominated by transcytosis
and paracellular mechanisms, but the debate around it still continues.
After decades of research US FDA approved the first inhaled insulin product in
2006. It was called Exubera@. Exubera® was a dry powder inhaler form of
inhaled insulin. It used compressed air to disperse an insulin powder formulation
into a spacer reservoir before inhalation. Powdered insulin (60%) was in a
mixture of mannitol, glycine and sodium citrate. In a study where patients were
given insulin via Exubera® before meals while the control group received
subcutaneous injections 2-3 times a day, inhaled insulin intake showed similar
HbA1 c outcomes as subcutaneous insulin intake44-45. The estimated
bioavailability of insulin was 5-6% relative to subcutaneous insulin44 ' 46. However,
studies revealed increased hypoglycemia risk for smokers because more insulin
absorption happened relative to non-smokers. All patients on Exubera® were
also required to get biannual pulmonary function tests that added to healthcare
costs 47 . Despite showing initial promise and providing a noninvasive route for

insulin delivery, Exubera@ was withdrawn from the market by Pfizer in 2007.
Many speculate that this can be attributed to increased costs, need for
subcutaneous injections while taking Exuber@, potential pulmonary damage, the
44 46 48
bulky device and design and social stigma ' '

After the failure of Exubera@, on June 27, 2014, the US FDA approved another
inhaled insulin product, Afrezza@ (MannKind, Danbury, CT) 49. It is a ultra-rapid
acting inhaled insulin designed to improve postprandial glycemic control in
patients with diabetes. This technology is based on drug delivery system
developed by MannKind called Technosphere@ 50. This captures peptides by
using a diketopiperazine derivative. It has been shown that this formulation selfassembles into a lattice array at low pH and dissolves when it is exposed to the
neutral pH on the alveolar surface rapidly releasing insulin4 9 . This drug is known
to have a more rapid onset of action and a shorter duration of action compared to
.

rapid insulin analogs (insulin aspart, insulin gluisine, and insulin lispro)5 1 -5 2

Afrezza@ has shown significant promise so far and can potentially be the
breakthrough that was long awaited in the alternative insulin delivery space.
However, some side effects that came to the forefront in some clinical trials of
Afrezza@ were hypoglycemia, cough, and throat pain and irritation4 9 . Further
studies need to be done on smokers and patients with asthma to see drug
efficacy for those patients. However, long-term effect on pulmonary function and
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the respiratory tract need to be investigated as well.

,

In addition to the above inhaled insulin products several products are under
clinical trials such as AERx Insulin Diabetes Management System 5 3, Aerodose5 4
ProMaxx 55 (Protein matrix microsphere) and Advanced Inhalation Research.
Although the intrapulmonary route has shown a lot of promise, the low
bioavailability continues to be a point of major concern. Other challenges
associated with intrapulmonary delivery include the need for supplemental
subcutaneous injections. Moreover, a long-acting intrapulmonary insulin
formulation is expected to not be launched anytime soon. However, after the
confirmation of long-term safety of intrapulmonary insulin, it can be called a
successful alternate route of insulin administration.

Rectal delivery
Rectal delivery of insulin has gained interest because this route is a more
physiological route for the application of insulin. Rectal delivery also allows
avoidance of local enzymatic degradation with insulin entering the systemic
circulation predominantly via the lymphatic system 5 6. Another major advantage is
the possibility of partial avoidance of the hepatic first-pass metabolism. However,
absorption of insulin from the rectum is inconsistent and bioavailability in humans
is very low (4-1 0%)57-58. Insulin absorption requires the application of enhancers
or gels, which are another added element that can raise safety and financial
concerns. Although some studies show promise this route of insulin
administration seems far from realization596O.
Nasal delivery
The presence of large surface area for absorption (150 cm 2 ) makes nasal
delivery an attractive route of insulin administration6 1 . However, some challenges
associated with nasal delivery are the presence of proteolytic enzymes,
mucociliary clearance, and low pH of the nasal passage 2 . Various methods have
been applied to increase insulin absorption across the nasal lining. Some of them
include the application of absorption enhancers and protease inhibitors 3 6- 4
However, animal studies have revealed that the use of such absorption
enhancers has an acute adverse effect on mucosal cells 61 . However, some
studies report positive data about the faster absorption of insulin via the nasal
route when compared to the subcutaneous route. But the bioavailability via the
nasal route remains low (20%) relative to subcutaneous insulin 65. A study
showed that lyophilized nasal insulin in conjunction with sodium glycocholate
achieved a glycemic control equivalent to twice daily isophane insulin in patients
with Type 2 diabetes 66 . Another study reported that a gel formulation for nasal
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insulin showed equivalent efficacy to subcutaneous injections and improved
nasal tolerance in Type 1 diabetes patients 67
Two technologies of nasal insulin that are under investigation are Nasulin TM
(CPEX pharmaceuticals) and nasal insulin by Nastech Pharmaceutical Company
Inc. Both insulin preparations have bioavailability of about 15-25% with the onset
of action -10-20 min 68-70. Despite these few instances of promising studies using
nasal insulin, nasal insulin is still restricted to laboratory research. Some side
effects that have been reported in studies include nasal irritation and potential
damage to the nasal mucosa 7173 Moreover, studies have not been done to study
the effect of insulin in the presence of common nasal issues like the common
cold. Current research has been promising but considerable research and work
needs to be done in the area of nasal insulin delivery.
Buccal Delivery
Easy access to the oral cavity, large surface area for absorption, and low
proteolytic activity of enzymes makes buccal delivery route another attractive
insulin delivery route74 . Studies have reported insulin absorption and
bioavailability after the application of absorption enhancers and enzyme
inhibitors 75-77. Previously a study had reported reduction in blood glucose levels
in Type 1 diabetes patients, however, this outcome was achieved after multiple
applications of the human insulin spray designed for buccal delivery7 8 . Due to the
potential of insulin delivery via the buccal route, companies including Generex
Biotechnology and Eli Lily are developing several products7 98~0 . Products that are

being developed by these companies are currently in clinical trial and show
promise.
Transdermal delivery
Transdermal delivery of insulin is of interest to scientists primarily because of the
large surface area of the skin and the absence of proteolytic enzymes, pH
changes or degradation agents 81 . However, the main challenge associated with
transdermal delivery is the impermeability of the skin to hydrophilic peptides likes
insulin. This impermeability can be attributed primarily to the stratum corneum 8 283. Therefore, much of the work in transdermal delivery has been around
improving the permeability of the skin to allow efficient absorption of insulin.
Some strategies to improve skin permeability that have been investigated are
iontophoresis 84, a technique that uses small electric currents to temporarily
makes the skin more permeable in a local area and microdermal abrasion by
removing the stratus corneum, and electroporation85. Transfersulin is a kind of
insulin that has been developed by a group, where they encapsulate insulin in
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transferosomes, which squeeze by themselves to deliver insulin through skin
pores8 . Lastly, another group has developed a device, Insupatch that is used in
addition to the insulin pump, and by the application of local thermal energy it
87 88
enables increased absorption of insulin

.

Despite the effort and innovation to enhance the transdermal delivery of insulin,
success has been very limited. New approaches, possibly involving combinations
of physical and chemical methods should be investigated 9
Oral delivery
The practice of taking pills orally for majority of diseases has been the most
intuitive and patient-compliant way of administering drugs. The frequency of
insulin administration led to a need in the development of an oral formulation for
insulin. In addition to convenience, patient compliance and improved treatment
outcomes, another major reason why oral insulin is so sought after is that insulin
action through oral delivery is very close to the natural physiological action of
insulin. When taken orally, insulin that is absorbed by the intestinal epithelium
reaches the liver through the portal vein and can directly inhibit hepatic glucose
.

output90

.

Even though oral insulin is the preferred route of insulin administration, it is a
very challenging problem. The absorption of insulin by the intestinal epithelium is
very low due to the large size and hydrophilicity of the molecule. Also, proteolytic
enzymes and changes in pH in the luminal cavity degrade insulin. Lastly, the
selectively permeable nature of the epithelial lining due to the presence of tight
junctions and specific transport mechanisms, doesn't allow small molecules to
cross the epithelium with ease91
Multiple individual and combined strategies have been devised to enhance
insulin absorption when administered orally. These include the co-administration
and individual modification of insulin with antiproteases and/or permeation
enhancers (such as cyclodextrins, bile salts, and surfactants), mucoadhesives,
liposomes, polymeric drug delivery systems 92. Despite these technological
advancements in oral delivery techniques are challenged by reduced insulin
bioavailability, poor absorption, and low glycemic control 93 . However, some
products show promise and are being currently undergoing clinical trials and FDA
approval. Figure 1.10 summarizes some of the technologies that are under
development and clinical trials 94 . Other treatment options such as pancreas

transplantation and islet-cell transplantation are being investigated. There is
increased hope for the success of these strategies due to the advancements and
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discoveries in newer immunosuppressant agents 3 0 . Significant amount of work as

also been done in modifying insulin to impart it properties that will enable its
delivery through the oral route. One such modified insulin formulation that is
currently being evaluated in clinical trials is IN-1 0589. It was launched by Biocon,
which is an Indian pharmaceutical company. This is a tablet form of insulin
where a polyethylene glycol side chain at position B29 in the insulin structure
improves the stability and increases the solubility of IN-1 051, ". This form of
insulin has shown high absorption and improved solubility. Clinical trials have
shown some promising data where the insulin dose has been found to be
independent of body weight and significant improvement in postprandial
glucose output"03. Majority of this data was published in 2011, but ever since
then the company has not released much information or outcomes of studies.
However, in 2012 Biocon signed a contract with Bristol-Myers Squibb giving
them the exclusive rights to further develop this technology and also to market it
across the globe93

1.4 Physiology of the Gastrointestinal Tract

.

Agents that are orally ingested transit through the gastrointestinal (GI) tract. The
GI tract consists of the oral cavity, oesophagus, stomach, small and large
intestines. After ingestion, food is exposed to the saliva in the mouth after which
it passes through the oesophagus, which is made of a stratified squamous
epithelium and the submucosa. The oesophagus is characterized by the
presence of a thin mucosal lining and the presence of both voluntary and
involuntary muscles 95
The oesophagus leads food to the stomach. The stomach is known to have a low
pH of 1.2-3 due to the secretion of hydrochloric acid by the parietal cells. The
cells in the stomach also secrete various digestive enzymes like pepsinogen and
gastrin96-97

.

The stomach leads to the small intestine where majority of the chemical and
mechanical digestion takes place. The upper small intestine is called the
duodenum, which is followed by the jejunum and the ileum. The pH in the
intestine ranges to pH 6 in the duodenum to pH 8 in the ileum 98-99 . Almost all the
nutrients, electrolytes, and fluids are absorbed in the small intestine. This is
possible because it is lined with absorptive cells (enterocytes), which allow
selective absorption and also protects the host from unwanted pathogens. Figure
1.11 shows the structure of the intestinal epithelial lining 92
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Figure 1.10. Some oral insulin delivery projects that are under development and
clinical trial94

The most abundant cells in the small intestine are the enterocytes. They are
marked by a dense brush border and are specialized for transporting nutrients
across the epithelial lining92 , 100. Following enterocytes, goblet cells are the next
most abundant cells in the intestinal epithelium. The abundance of goblet cells
increases from the duodenum to the ileum. Their main function is mucus
secretion1 01 . The immune action in the small intestine is initiated by the secretion
of the paneth cells, which are located in the base of the crypts of Lieberkuhn1 02
103. Another important cell type in the small intestine is the M cells. These are
specialized epithelial cells, which are found in the Peyer's patch. M cells have
been a cell-type of interest for groups that have designed technologies to allow
41
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passage of insulin carriers across the epithelial lining. They are characterized by
a flattened apical surface, fewer cytoplasmic lysosomes, and the absence of
mucus covering their surfaces'0 4 . Studies have shown that M cells can take up
foreign objects (antigens, microorganisms) and then deliver it to the underlying
region. Due to this ability scientists have readily studied M cells as a passage
across the epithelial lining 05
1)
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Figure 1.11. Physiology of the intestinal epithelium. Enetrocytes, goblet cells,
paneth cells and M-cells are some of the major cell types that make up the intestinal
epithelium.
Other than these unique and specialized cell types present in the small intestine,
another feature that makes its physiology interesting is the physical integrity of
the intestinal epithelium that can be attributed to the presence of tight junctions
between consecutive epithelial cells. In addition to the highly selective cells these
tight junctions aid in imparting the selectively impermeable character to the
epithelial lining106. Tight junctions are comprised of a combination of complex
transmembrane proteins such as claudins, occludins, and junctional adhesion
molecules 07-1 08. Due to this unique composition, the intestinal epithelial lining
has succeeded in being an efficient barrier preventing pathogens from entering
42

the body yet allowing efficient absorption of nutrients.
Following the small intestine, digestive products enter the large intestine. By the
time they reach the large intestine, the majority of the nutrition and useful
products have already been removed. The large intestine carries out the removal
of water from the digestive products and passes them in the form of semi solid
09

.

feces to the rectum'

This elaborate gastrointestinal tract efficiently extracts all the nutrients required
by the body and also provides a strong barrier to allow passage of unwanted
pathogens.
1.5 Barriers to effective Oral Delivery

.

As mentioned in earlier section, oral insulin is the most desired way of
administering insulin not just due to high patient compliance and improved
treatment outcomes but also because oral delivery of insulin can mimic the
physiological fate of insulin and potentially provide better glucose homeostasis98
However, although oral insulin is an extremely desirable solution, it is a highly
challenging task. The challenges of oral delivery are primarily due to the innate
structure and physiology of the GI tract in addition to the large size and
hydrophilic nature of insulin. The orally administered protein drugs such as
insulin are normally degraded by the chemical and enzymatic action in the GI
tract. The intestinal transport of such drugs is also limited due to the absorption
barriers present in the intestinal epitheliumll0 . Insulin faces three main barriers,
which make oral insulin delivery challenging - chemical barrier, enzymatic barrier
and absorption barrier. These barriers have been summarized in Figure 1.12.
Thus, understanding the characteristics and function of these barriers is essential
in designing an effective carrier for oral administration of insulin.

.

The complex chemical environment in the GI tract makes insulin stability a big
issue. Insulin is a peptide, which makes it susceptible to degradation by the
harsh chemical environment. Throughout its transit along the GI tract it is
exposed to a large variation in pH ranging from acidic in the stomach (pH 1.2-3)
to basic in the small intestine (pH 6-8)111. The drastic change in the pH in the GI
tract can potentially cause pH-induced oxidation, deamidation or hydrolysis of
protein drugs resulting in a loss of their biological activity" 0
The proteolytic enzymes in the GI tract digest majority of orally administered
proteins and break them down into smaller fragments that can be absorbed by

43

S

V
EnzymapH
C

Juctnns
2-3
Enzymes

''b
pH 5-&.5
Enzymes

Mucosal Barrier

(It

Figure 1.12. Barriers to effective delivery of insulin. Various chemical and physical
barriers like changes in pH, high protease action and the presence of tight junctions
make the problem of oral delivery very challenging.

.

enterocytes 1 . Insulin being a protein drug is also susceptible to this enzymatic
degradation. Enzymatic degradation of orally administered protein drugs begins
in the stomach where pepsin is secreted, and then, in the small intestine the
degradation continues due to the presence of pancreatic enzymes such as
trypsin, chymotrypsin elastase and carboxypeptdases 1 3 . Among the various
proteases mentioned above, insulin is mainly degraded by trypsin, chymotrypsin
and carboxypeptidases in the intestinal lumen as well as in the mucus layer'1
Additionally, insulin can be degraded by specific enzymes in the cytosol such as
the insulin degrading enzyme. Lastly, the extensive first-pass metabolism by liver
microsomes further reduces the dose fraction of insulin that would have
potentially entered systemic circulation""16.
Other than the pH changes and the enzymatic degradation, another major
challenge is presence of multiple physical barriers, which significantly reduces
insulin absorption. The first barrier encountered by such drugs is the mucus
layer, which functions as a diffusional and enzymatic barrier and replenishes
itself every 4-5 h'

7 11
-1 8.

The mucus lining prevents the passage of external
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pathogens across the epithelial lining 1 7' 119. The mucus lining poses another
challenge due to its net negative charge. Drugs that are positively changed get
stuck in the mucus lining due to electrostatic attraction and drugs that are
negatively charged get repelled. Insulin is net negatively charged at physiological
pH and is expected to face electrostatic repulsion' 7 . If a drug is able to bypass
the mucus barrier, the next line of barrier is the intestinal epithelium. It has been
reported that drug permeation may occur across the epithelium, either through
the transcellular or paracellular routes1 2 0 . For oral drugs, especially those that are
liphophilic below molecular weight of 700 Da, transcellular passive diffusion is
more common. Most protein drugs are hydrophilic with a MW exceeding 3000
Da, making it difficult for them to traverse through the cell membranes'o,
Transport across the intestinal epithelium via the paracellular route is minimal,
due to the presence of tight junctions106 . Only small hydrophilic drugs, with a MW
of less than 200 Da, can transport through the paracellular pathway. In the
absence of permeation enhancers, protein drugs are generally excluded from this
route0708 Consequently, despite the availability of different transport pathways,
most protein drugs possess an inadequate absorption following oral
administration.
Together both the chemical and the physical barriers to oral insulin delivery make
this an extremely challenging problem. An ideal oral insulin solution should be
designed to circumvent or bypass these barriers. Hence it will have to use
multiple strategies and techniques to successfully deliver insulin across the
intestinal lining with high bioavailability.
1.6 Strategies for Oral Delivery
The chemical, enzymatic and absorption barriers presented by the GI tract pose
major challenges to oral delivery of protein drugs. Several strategies such as the
use of permeation enhancers, mucoadhesives, protease inhibitors and polymeric
drug delivery carries have been studied to improve oral delivery of protein
therapeutics. This section deals with each of the strategies and highlights the
advantages and disadvantages associated with each.
1.6.1 Permeation enhancers
Permeation enhancers, as the name suggests help make the epithelial lining
more permeable to allow easy passage of drugs by enhanced paracellular and
transcellular transport. Permeation enhancers such as bile salts, fatty acids,
surfactants, salicylates, chelators and zonula occludens toxin are some common
enhancers that have been studied extensively . They enable increased
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transport of drugs across the epithelial lining by either increasing membrane
fluidity, decreasing mucous viscosity or by temporarily opening up the tight
junctions. Bile salts and fatty acids are most commonly used to increase
permeability of the lipid bilayer cell membrane of the intestinal epithelium12 4 . A
study where insulin was dispersed in a fatty acid matrix emulsified with sodium
glycocholate showed the desired hypoglycemic effect on rabbits when delivered
orally 125 . Insulin associated with micelles in conjunction with bile salts has shown
to increase the permeation of insulin by accessing a paracellular pathway12 4 . In
addition, a significant decrease in plasma glucose levels has been observed in a
study where insulin was encapsulated in an enteric coating along with
permeation enhancers like sodium salicylate126 . The. use of bile salts and fatty
acids is non-specific and causes uncontrolled permeations in the epithelial lining.
To overcome this challenge a permeation enhancer, zonula occludens toxin
(ZOT) has been studied, which works by increasing the permeability of the tight
junctions. It acts without compromising the overall intestinal lining; its action is
reversible and effective 12 7. An in vivo study using ZOT has shown a 10-fold
increase in insulin absortion in rabbit ileum and jejunum but had no effect on
insulin absorption in the colon12 7
A permeation enhancer based product that has reached clinical trials is Capsulin
It is an enteric-coated capsule that is filled with human insulin in addition to
absorption and solubility enhancers 128 .The outer coating is designed to protect
insulin from proteolytic enzymes as well as low pH and the absorption and
solubility enhancers are utilized to improve insulin absorption.Capsulin is another
insulin formulation, which is being developed by Diabetology using their patented
Axcess delivery system. The application of Capsulin in patients in clinical trials
has failed to produce a clear dose dependent plasma insulin response12 8
Moreover, in a study with 16 patients with Type 2 Diabetes who consumed
Capsulin twice daily before meals failed to show the desired glycemic
response 129. Despite some shortcomings, Capsulin technology continues to
improve and further get developed12 8 129 . In July 2012, Diabetology announced
an exclusive license agreement with USV Limited, an Indian pharmaceutical
company, to develop and commercialize oral insulin in India9 4
ORMD-0801 is another technology based on the application of permeation
enhancers that has reached advanced clinical studies. ORMD-0801 is an oral
insulin formulation developed by a company, Oramed based on their patented
technology called Protein Oral Delivery (POD) 94. This includes the design of an
enteric-coated capsule that protects insulin from enzymatic degradation and pH
changes during its journey through the stomach and the gastrointestinal tract and
releases the insulin in the small intestine1 3 0 . The technology also uses additional
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absorption enhancers that consist of known pharmacopeia additives with a wellstudied safety record8 in conjunction with the enteric coating. ORMD-0801 has
undergone extensive clinical testing in multiple Phase 1 and 2 clinical trials. In
some patients ORMD-0801 worked well and produced the desired glycemic
control while in others it showed no effect (for example in a study ORMD-0801
showed no effect in 3 out of 8 patients)1 3 1 . Therefore, the lack of reproducibility
and consistency in insulin action in a wide span of patients is the biggest shortfall
of ORMD-0801 3
Despite these improvements and the development of promising technologies the
use of absorption enhancers continues to be limited by the fact that once cell
membranes are permeabilized or tight junctions are opened, transport is
enhanced not only for peptide and protein drugs but also for undesirable toxic
.

molecules present in the GI tract122

1.6.2

Protease inhibitors

.

Since insulin is a peptide drug it is highly susceptible to degradation by trypsin, achymotrypsin, and elastase, and to a lesser extent, by brush-border membranebound enzymes13 3 . For the successful delivery of insulin it is imperative to ensure
its protection from digestive enzymes. Various strategies have been put in place
to prevent enzymatic degradation of insulin such as the use of enteric coatings,
polymeric carriers and hydrogels133

.

Another well studied and broadly applied strategy is the use of enzyme inhibitors.
Enzyme inhibitors are administered along with insulin and their action inhibits the
enzymes from degrading insulin. A study done by Yamamoto et al. evaluated the
effects of five different enzyme inhibitors- sodium glycocholate, camostat
mesilate, bacitracin, soybean trypsin inhibitor, and aprotinin- on the intestinal
metabolism of insulin in rats134 . The results of the study indicated that sodium
glycocholate, camostat mesilate, and bacitracin were effective in improving the
physiological availability and bioactivity of insulin in the large intestine. However,
none of these enzyme inhibitors was effective in the small intestine 4 . Other
studies have also investigated the use of enzyme inhibitors and their action in
different regions of the GI traCt135-139. A particular area of interest has been the
co-administration of enzyme inhibitors with mucoadhesive or regular polymer
matrix or drug carrier. Studies with their co-administration have shown successful
protection of insulin against trypsin, a -chymotrypsin, and elastase
However, the use of enzyme inhibitors has been intensely debated primarily due
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to the lack of specificity of enzyme inhibitor action. Since they deactivate multiple
nonspecific enzymes they do not degrade regular proteins that need to be
degraded. This can result in toxic effects and can potentially alter the normal
physiology of the GI tract due to insufficient break down of food proteins.
1.6.3 Mucoadhesives
The role of mucoadhesives is to increase the adhesion between polymeric
carriers and the intestinal mucosa, thereby increasing the residence time at the
site of drug absorption to increase the drug concentration gradient 41 . The
residence time of the polymer has to be well tuned with the half-life of the
payload. If the payload gets released after the replenishment of the mucus, the
payload along with the mucoadhesive carrier gets scarified along with the
mucosal cells 1 4 2 . Mucoadhesives are usually co-administered with protease
inhibitors to provide an additional mechanism of protection for insulin
degradation143 144
Several polymers are known to show promise in the application of oral delivery
because they exhibit a dual property of mucoadhesiveness as well as the ability
to protect from proteolytic enzymes. Examples of some mucoadhesive polymers
are poly(lactic acid), poly(sebacic acid), poly(lactic-co-glycolic acid) and
poly(methacrylic acid)- poly(ethylene glycol)' 45'- 49 . These interact with the mucus

via hydrogen bond formation, polymeric entanglement with mucins or/and
hydrophobic interactions. A well-studied way of using mucoadhesive materials for
oral insulin delivery has been the development of pH responsive polymeric
carriers. One such study used poly(methacrylic acid)- poly(ethylene glycol) as a
pH-responsive carrier to form microparticles which was successful in producing a
greater glycemic response without damaging the mucus 1

49-15 1.

Another

successful strategy of using mucoadhesive polymers like poly(methacrylic acid)poly(ethylene glycol) has been the formation of multifunctional pH-dependent
hydrogels which showed a high (-10%) pharmacological availability of insulin1 52
153

Despite these advancements in the application of mucoadhesives, more work is
needed to tune the materials to deliver the payload with more control and
precision before the end of the material residence time.
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1.6.4 Polymeric drug carriers

.

Polymeric drug carriers have gained added interest in the last few decades as a
potential solution of oral formulation. Multifunctional microparticles and
nanoparticles have shown to have the capability of providing solutions to multiple
issues that pose a challenge to oral delivery of insulin. By using the appropriate
material NPs can protect insulin from the harsh pH environment and enzymatic
degradation in the GI tract, the surface of NPs can be functionalized with
targeting ligands that can enable the transport of insulin drugs across the
epithelial lining, control the release rate, and target drug delivery to specific
intestinal sites1 54. The small size increases the specific surface area, allowing
increased contact area with the epithelial surface and a greater potential for nonspecific uptake by cells through transcytosis endocytotic pathways.
It has been shown that pathogens and microparticles smaller than 10 pm enter
the gut-associated lymphoid tissues (GALT) while the submicron particles enter
the intestine via M cells and enterocytes, and by paracellular routes 5 5
Traditionally, M cells have been targeted for oral delivery because they have less
protease activity, a relatively sparse glycocalyx surface and are known to
transport molecules across the epithelial barrier through a transcytosis
pathway1 561- 57 . However, some issues associated with transport across the

epithelial lining using M cells is that they are fewer in number as compared to
enterocytes and after transport the payload gets delivered to the underlying
dendritic cells and lymphocytes which can harm the payload by an immune
response. Therefore, targeting M cells may be a promising approach for
55

.

developing oral vaccines but it is not ideal1

Various polymeric materials have been used to design microparticle and
nanoparticle drug carriers such as dextran58 -1 59 , chitosan60 1 2 , poly(lactic acid)
(PLA) 163, poly(glycolic acid) (PGA), poly(lactic-co-glycolic acid and
poly(methacrylic acid)1 64-1 65 . in particular, a class of well-studied polymeric drug

carriers is the liposome. Liposomes have shown promising results in being
carriers for oral delivery of insulin. In a study, double liposomes containing insulin
were examined in combination with aprotinin. 66 In a similar approach, Zelihagul
et al. investigated the penetration properties of various liposome formulations
containing insulin through a Caco-2 cell monolayer. They found that the oral coadministration of insulin and sodium taurocholate incorporated liposomes
significantly decreased blood glucose levels 167 . Liposomes are promising carriers

for oral delivery of insulin. However, some issues associated with their
application are that it is challenging to synthesize sub-1 00 nm liposomes, which
would be ideal for transport of insulin across the intestinal epithelium.
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Microparticles are another well-investigated polymeric carrier. Various methods
like, double and single emulsion 68 , solvent displacement (nanoprecipitation)
methods1 68, and layer-by-layer self-assembly1 69 technique are used to synthesize
microparticles. A study showed the development of alginate - chitosan
microcapsules that provided a simple method for controlling the loading and
release of protein molecules within polysaccharide microcapsules 70 . Chitosan
has been used extensively to develop microparticles and nanoparticles because
of its excellent properties that make it mucoadhesive and help to enhance
permeation of the epithelial lining1 71 . However, the future of chitosan based
particle based drug carriers is dependent on the advancements made in the
ability to control the carrier size and improve size distribution of chitosan
particles. Issues related to poor bioavailability and repeatable release behavior
also limit the use of chitosan particle based systems17 2 . Due to the complex
chemical environment of the GI tract, pH responsive polymeric particles have
been area of interest for scientists. For this purpose Eudragit S1 00 microspheres
have been developed which show potential to act as an oral carrier for peptide
drugs like insulin173 . Since size of microparticles exceeds the minimum size
required for ligand based transcytosis pathways, microparticles have not been
designed for the application of transport pathways. However, one microparticle
based technology has reached advanced clinical stages. This non-acylated
amino acids microparticle carrier for insulin was developed by Emisphere
Technologies . Here, insulin is designed to diffuse through the lipid bilayers
before non-covalent complex dissociated after crossing the epithelial-cell
membrane' 74. Data from the clinical trials reports faster absorption of insulin
relative to subcutaneous insulin but also faster clearance of insulin (within 2 h). In
2010 Emisphere announced an exclusive license and development agreement
with Novo Nordisk to develop oral formulations of Novo's insulins using
Emisphere's delivery technology (Eligen)94

.

However, it is essential to be able to achieve precise and targeted delivery of
insulin. For targeted delivery solutions polymeric nanoparticles have been
studied because their size can be modulated to meet the size requirements of
multiple transport pathways. NOD Pharmaceuticals, a Chinese subsidiary has
developed a patented nanoparticle (NP) based oral insulin formulation called
Nodlin. In this technology insulin in encapsulated in NPs that are embedded in an
enteric coating capsule1 7 5 . This oral form of insulin is designed to supplement
basal insulin. Therefore various clinical studies have been done where the
efficacy of Nodlin has been compared with the efficacy of injected Humulin
Although the overall response to both forms of insulin was similar, a major
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difference in the metabolic effect was observed94 . Studies continue and
strategies of improving the existing Nodlin technology are underway.

.

To ensure efficient delivery, other NP studies have resulted in the development
of NP solutions that are designed to exploit a particular transport pathway. One
such pathway that has been investigated is the folic acid pathway, which is
mediated by the folate receptor. This receptor has been used in targeted drug
delivery in cancer treatment formulations176 , protein delivery 76 and gene
delivery1 77. Jain et al. reported the successful development of folate - decorated
PLGA nanoparticles designed for oral delivery of insulin. These NPs exhibited a
two-fold increase in the oral bioavailability as compared to subcutaneously
administered insulin solution. Their study concluded that these NPs would be
sufficient to control blood glucose for 24 h after one time administration.
However, a challenge associated with their widespread utilization is the low
expression of the folate receptor in healthy enterocytes 78

.

,

Another pathway, the Vitamin B 12 transport pathway is one of the most
extensively studied transport pathway for oral delivery of peptides. Vitamin B 1 2 is
also called the Cobalamin (Cbl). It is a large molecule that must be bound to
specialized transport proteins to gain entry to the cells. In oral administration
systems it is known to bind to intrinsic factor (IF), a protein released from the
parietal cells in the stomach and proximal cells in the duodenum. The CbI-IF
complex then binds to the IF-receptor located on the surface of the ileum and is
internalized by the cells 179. It has been shown that in humans, uptake of
cobalamin is approximately 1 nmol per intestinal passage. Vitamin B 12 pathway
has been used for the transport of luteinizing hormone releasing factor180
erythropoietin1 81 , alpha-interferon1 82 and insulin183 . Chalasani et al. reported a
29.4% pharmacological availability of insulin delivered via Vitamin B 12 coated
dextran NPs relative to subcutaneous insulin. These NPs resulted in a reduction
of glycemia by 70 - 75% within 5 h, with basal levels being attained in 8 - 10 h in
STZ diabetic rats159
Another targeted transport pathway is the transferrin pathway. Transferrin plays a
role in the uptake of iron by the cells and tissues. Transferrin receptors (TfRs)
have been widely explored for receptor-mediated delivery of anticancer
agents184 185 , in enhancing the transport of drugs across the blood brain
barrier186 187 , and also transport across the epithelial cells of the intestine1 88
Transferrin can be chemically conjugated to the drug/payload. This complex then
binds with the TfR on the cell surface. This binding is sensed by the cells and
results in an uptake of the Tf-TfR complex. The association between transferrin
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and the TfR is a pH sensitive association. Due to a reduced pH in the
endosomes, on reaching the endosomes the association between transferrin and
TfR breaks and transferrin is recycled to the cell surface2 8 . It has been shown
that in polarized cells such as the epithelial and endothelial cells, transferrin can
be transcytosed from the apical to the basolateral membrane 18 9. The presence of
transferrin receptors in high densities in human GI epithelium1 90, and the ability of
transferrin to resist tryptic and chymotryptic degradation makes it a very
promising receptor1 91 . In 1996 Shah et al. successfully conjugated transferrin to
insulin via disulfide linkages and demonstrated that the conjugation resulted in 515-fold increase in insulin transport across Caco-2 cell monolayer192
Another pathway, the FcRn pathway has shown promising results in the
development of targeted polymeric NP based drug delivery platforms' 193. The
neonatal Fc receptor (FcRn) is responsible for mediating IgG transport across
epithelial barriers. Recently, Eric et al. reported that with the successful
conjugation of the Fc ligand on the surface of PLA-NPs, a substantial glucose
reduction and control was demonstrated in in vivo studies. The bioavailability of
insulin was reported to be 10%193. Due to the abundance of the Fc receptor in
the human GI tract and the promise shown by this pathway, we discuss it in
greater detail in the next section.
Since transport pathways like the ones mentioned above do not cause the tight
junctions to open even momentarily, this approach is most desirable in terms of
toxicity and damage to the epithelium.
1.7 FcRn Transcytosis pathway

'

The intestinal epithelium forms a selective barrier that prevents foreign bodies
from crossing the epithelial lining and reaching the underlying tissue. As
mentioned in the previous section various strategies have been devised to
circumvent this barrier and successfully transport drugs across the intestinal
lining. However, the multiple pathways mentioned in Section 1.6.4 tested for oral
insulin delivery have their share of advantages and disadvantages. Some are
limited by the low abundance of their respective receptor while the others are
limited by the challenge of conjugating the ligand to the payload. One particular
pathway that has shown potential as an efficient pathway for transporting NPs
1193
across the intestinal lining is the FcRn pathway
The neonatal Fc receptor (FcRn) is primarily responsible for mediating serum IgG
transport across epithelial barriers. It plays a significant role in early life in the
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transport of IgG from mother to fetus and neonate for passive immunity and later
in the development of adaptive immunity' 94. The FcRn is able to fulfill these roles
due to the efficient bidirectional transport of IgG across epithelial barriers. In
addition to this, FcRn is the homeostatic receptor responsible for extending the
serum half-life of albumin in adults1 95
Other than the intestines 94' 196, FcRn is also expressed in many other tissues in
the adult animal, such as the vascular endothelium

97 ,

lungs'98-199, the blood-

barrier 200, and

brain
the glomerular filter in the kidneys 201-202. However, FcRn is
not highly expressed in the intestine of adult rodents, which imposes a challenge
for in vivo tests 2 03 -2 04 . In epithelial tissues, FcRn is known to facilitate the bidirectional transport of molecules from the apical-to-basolateral as well as
basolateral-to-apical by a pH sensitive mechanism as shown by Dickinson et
al. 194. Fc binds with FcRn at pH less than 6.5, and interaction between Fc and
FcRn weakens at pH greater than 7-7.4 and causes the FcRn to release the Fc.
The FcRn gets recycled and is able to transport multiple Fc molecules cross the
epithelial lining 205

Structurally, FcRn is composed of a a-chain homologous to Major
Histocompatibility Complex (MHC) class-I like molecules and a soluble light
chain, P-2 microglobulin 206 . Under slightly acidic conditions (pH 6-6.5), FcRn
binds with the CH 2 and the CH 3 domains of heavy chains in the Fc region of the
IgG and releases the IgG at neutral-to-basic pH (pH 7-7.4)207. The pH

dependence is induced by the protonation of histidine residues located at the
interface of CH 2 and CH 3 domains of the Fc region of IgG, at acidic pH that aides
in the formation of salt bridges with acidic residues on FcRn surface. Formation
of these salt bridges is instrumental in stabilizing the hydrophobic interactions
between Fc and FcRn at acidic pH 208
The FcRn pathway has been used to increase the half-life of protein drugs and
also to transport drugs across epithelial barriers such as the intestinal epithelium
and the pulmonary mucosa. Various proteins, such as erythropoietin2 09 , folliclestimulating hormone 2 09-2 1 0 , interferon-alpha and -beta, have been conjugated to
the Fc region of human IgG to facilitate such drug delivery upon inhalation
through the upper airway where FcRn resides in humans and non-human
primates 211 . Recently, Pridgen et al. showed the successful transport of Fc
conjugated insulin-loaded PLA-PEG NPs across the intestinal barrier, resulting in
efficient transport and delivery into the systemic circulation. The study showed a
pharmacological bioavailability of insulin of 10%1.

53

Therefore, the FcRn pathway shows immense promise owing to its abundance
across multiple epithelial tissues across the body; particularly the intestines and
the easy conjugation and repeatability associated with this pathway make it an
attractive pathway for investigation and optimization.
1.8 Desired characteristics in a NP based oral drug delivery solution
Designing NPs for oral delivery of insulin using pathways like the FcRn pathway
require the development of small NPs; both in vitro studies using Caco-2 cells
(human adenocarcinoma cell line) and in vivo studies in rats have shown that the
uptake of smaller NPs (-100 nm) is significantly more efficient than that of larger
NPs (500 nm, 1 pm, 5 pm) 19 3. However, it has been challenging to achieve high
loading of hydrophilic protein drugs, including insulin, in PLGA-PEG or PLA-PEG
NPs while maintaining small NP size, because the hydrophobic core (i.e., PLGA
and PLA) resists interactions with the hydrophilic protein drugs2 12 . For example,
the insulin loading in the NPs used in the FcRn study was low (-0.5 wt %)1;
assuming 10% bioavailability and typical insulin dose of -3 mg per dosage2 1 3 , a
0.5 wt % loading translates to an impractically high oral intake of -6 g
NP/dosage. On the other hand, although some studies have shown high insulin
loading in particles 214-216, the particle size (17.4 pm - 120 nm) is too large to
permit use of transcytosis pathways to cross the epithelial barrier of the intestine.
Moreover, once the NP surface is decorated with a transport ligand, it becomes
an even more attractive target for macrophages. Therefore, it is important to
design a NP system, which can protect insulin from the harsh chemical
environment in the GI tract and from the action of degradation enzymes as well
as to release majority of the insulin before the NPs are opsonized by the
macrophages.
Hence, the main challenges associated with making NPs that can efficiently
deliver large protein molecules across the intestinal epithelium are: (1) to ensure
that the NP diameter is small (less than 100 nm), (2) to ensure that the NP has a
high protein loading, (3) to make the drug and the NP survive the changes in pH
in the complex environment of the gastrointestinal tract, and (4) to trigger quick
release of majority of the drug before the NP is excreted from the body. These
requirements give rise to goals of this thesis and have been summarized in
Figure 1.13.
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1

CHARACTERISTICS

NP PROPERTIES

Protection from acidic
environment and
proteolytic enzymes in
the stomach and small
intestines

.pH resistance
.Enzyme resistance
o Biodegradable
,Biocompatible

Ability to cross the
epithelial barrier

* Functionalized NP
surface to use
FcRn transcytosis
pathway
" Small NP size (<100nm)

High bioavailability

. Rapid releasse
of insulin before NPs
get excreted
* High insulin loading

Figure 1.13. Oral insulin delivery Nanoparticle Design criteria. The nanoparticles (NPs)
must be able to protect insulin from the harsh chemical environment in the GI tract and
from enzymatic degradation. The NPs must be sub-1 00 nm, have the ability to be
functionalized and have the capability of delivering majority of insulin before the NPs
can opsonized.

1.8 Thesis goals
The overall goal of this thesis is to develop sub-100 nm nanoparticles with high
insulin loading, capable of delivering bioactive insulin before the nanoparticles
get cleared. The overall goal has been divided into four specific thesis aims.
Aim 1: Understand the effect of synthesis parameters on NP size and
insulin loading.
A challenge associated with the development of PLGA-PEG NPs for drug
delivery is obtaining small NPs with high insulin loading. Usually, an increase in
insulin loading results in an increase in NP size.
Currently, nanoprecipitation, oil-in-water (O/W) emulsification-solvent
evaporation, and water-in-oil-in-water (W/O/W) emuIsification-solvent
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evaporation are the most commonly used methods for making PLGA-PEG
NPs 217. Nanoprecipitation (also called solvent displacement method) is a simple
method that produces smaller NPs as compared to other methods 2 18 ' 2 1 9
However, some of its drawbacks include poor loading of hydrophilic drugs 220 and
incomplete removal of the organic solvent after NP formation22 . On the other
hand, emulsification-solvent evaporation methods (O/W and W/O/W) enable
better loading of hydrophobic and hydrophilic drugs and allow better removal of
the organic solvent22', but the size of the NPs generally ranges from a few
hundred nanometers to a few hundred micrometers 222 that is too large for
effective use with transcytosis pathways such as the FcRn pathway' 1.
Important NP characteristics:
1. Insulin loading

2. NP diameter
How do different parameters affect
insulin loading and NP size?

Criteria for parameter selection
* Studies report insulin loading after washing
NPs with water only
* NPs are exposed to body fluids having
salts and different pH
* Majority of Insulin can
either adsorbed or
encapsulated in the NP
* Several studies reported drug loaded NPs
after adding the drug either In the aqueous
or the organic solvent depending on the
solubility of the drug

Parameter
Washing solvent

Stage at which insulin is added in the
nanoprecipitation process

Solvent in which insulin is dissolved

Figure 1.14. Choice of parameters for understanding the nanoprecipitation method
better.
In this thesis we use nanoprecipitation for NP synthesis and leverage the fact
that it can enable production of smaller NPs as compared to the commonly used
synthesis methods like double and single emulsion, while investigating ways of
overcoming its drawback of poor insulin loading.
Here we use PLGA-PEG, a block copolymer, to form NPs. PLGA-PEG has been
extensively studied as a protein delivery carrier because of its biodegradability
and biocompatibility, well-established safety in clinical trials, tunable surface
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properties for targeted delivery, and their capability to protect the protein drug
from pH and proteolytic enzymes 2 23 -22 5 . Previous studies have also shown gastric

stability of PLGA-PEG, which makes it an ideal material for oral delivery
platforms

2 26 2 2 7

-

214

In this thesis we provide a systematic multi-step approach to control NP
characteristics. To gain a better understanding of the effect of NP synthesis
parameters on insulin loading and NP size we perform experiments to study the
effect of the washing buffer, stage of adding insulin and the solvent for insulin on
NP characteristics. This has been outlined in Figure 1.14.
Aim 2: Improve insulin loading and ensure sub-100 nm diameter of NPs.
To improve insulin loading while retaining a small NP size, we take inspiration
from previous studies that have shown an improvement in insulin adsorption on
flat surfaces and particle systems (including PLGA-PEG micro and nanoparticles)
by incorporating chelating ions like zinc into their systems

214

-216,

228-229.

This

increase in adsorption has been attributed to the formation of stable insulin-zinc
(Ins-Zn) hexamers

2 16

, 230. In fact, it has been shown in previous studies that the

presence of zinc enhances insulin stability and is widely used for the design of
long acting insulin23 1 . Ins-Zn hexamer formation first involves the formation of
insulin dimers, followed by the assembly of two dimers with two zinc ions to give
a tetramer (Zn2+) 2 (In) 4, which then combines with another dimeric unit to give an
insulin hexamer (Zn2+) 2 (In) 6. We demonstrate a 10-fold increase in insulin loading
with the help of zinc chelation. We also show ways of optimizing the size of NPs
using the insights that we gained from Aim 1.
Aim 3: Enable rapid release of insulin from NPs and ensure high insulin
loading and sub-100 nm size.
To enable rapid release of insulin from NPs we develop an environmentresponsive drug delivery platform comprised of hybrid polymeric NPs which can
efficiently encapsulate insulin, and yet maintain small NP size. These NPs elicit a
secondary response when the pH of their surrounding environment changes from
acidic to neutral/or basic, which occurs when the NPs cross over from the acidic
gastrointestinal environment to the blood stream.
These NPs are synthesized by blending a pH responsive polymer, Eudragit S100
with a non-pH responsive polymer, PLGA-PEG. We report a study that helped
finalize the final formulation of the pH responsive NP Finally, we demonstrate
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rapid release of insulin from these NPs at pH 7.4 and a significant reduction in
the release of insulin in pH 6.
Aim 4: Conjugate targeting ligand on rapid insulin releasing NPs and
demonstrate effective transport in an in vitro transepithelial model.
The pH responsive NPs are designed to exploit the FcRn transcytosis pathway to
efficiently delivery insulin to blood. A recent study has reported the conjugation of
Fc fragment of the IgG in PLA-PEG NP surface at physiological pH using the
maleimide-thiol chemistry'. We show the successful conjugation of the Fc
fragment on the surface of the NPs using thiol-maleimide chemistry at pH 5 by
overcoming various synthsis challenges. Lastly, we demonstrate a 5 times higher
transport of Fc targeted NPs relative to NPs without the Fc fragment, in an in
vitro Caco-2 transepithelial model.
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CHAPTER 2
Design of Insulin-Loaded Nanoparticles Enabled by
Multi-Step Control of Nanoprecipitation and Zinc
Chelation
2.1 Abstract
Nanoparticle (NP) carriers provide new opportunities for controlled delivery of
drugs, and have potential to address challenges such as effective oral delivery of
insulin. However, due to the difficulty of efficiently loading insulin and other
proteins inside polymeric NPs, their use has been mostly restricted to the
encapsulation of small molecules. To better understand the processes involved
in encapsulation of proteins in NPs, we study how buffer conditions, ionic
chelation, and preparation methods influence insulin loading in poly (lactic-coglycolic acid)-b-poly(ethylene glycol) (PLGA-PEG) NPs. We report that,
although insulin is weakly bound and easily released from the NPs in the
presence of buffer ions, insulin loading can be increased by over 10-fold with the
use of chelating zinc ions and by the optimization of the pH during
nanoprecipitation. We further provide ways of changing synthesis parameters to
control NP size while maintaining high protein loading. These results provide a
simple method to enhance insulin loading of PLGA-PEG NPs, and provide
insights that may extend to other protein drug delivery systems that are subject to
limited loading.
2.2. Introduction

,

.

Recent years have seen the development of many protein-based therapeutics
that, due to their biological nature, are expected to be less toxic and more
successful in clinical trials than their chemically synthesized counterparts 232
These therapeutic proteins include monoclonal antibodies, cytokines, tissue
growth factors, vaccines, and gene transfer products 2 3 3 that are used for
prevention and treatment of diseases, e.g. biologic disease-modifying antirheumatic drugs for rheumatoid arthritis 234, monoclonal antibodies for cancer 23
and insulin for diabetes 236 . However, therapeutic proteins tend to have poor
chemical and physical stability against external factors like pH, temperature, and
surface interactions. The high molecular weight of proteins, their ionizable nature,
their susceptibility to gastrointestinal enzymes, and their inability to permeate the
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mucosal tissue and the epithelial barrier in the intestine, all limit their oral
bioavailability'.Most biological agents are therefore limited to the parenteral
administration, which is more invasive and poorly accepted by patients.
Among these therapeutics, oral delivery of insulin - a hydrophilic protein that
plays a key role in regulating glucose metabolism - is particularly important due
to the increased incidence of diabetes in the population 237. To improve the
compliance of patients and decrease the number of subcutaneous injections
required to control diabetes, oral, nasal, pulmonary and ocular routes of
administration have been proposed for insulin. 238239. In fact, an inhaled
formulation of insulin was approved by the FDA in 2006, but was discontinued in
2007 due to increased costs and device design complications 238. Regardless,
oral delivery is regarded as the most patient-compliant route of administering
insulin.

.

Recently, polymeric nanoparticle (NP) carriers have shown promise for drug
delivery for treatment of a variety of diseases 218, 240-247, including oral delivery of
proteins and of insulin for type II diabetes1', 223, 248-251. Relevant to oral delivery,
NPs can be easily prepared from a variety of materials, targeting ligands on NPs
can facilitate therapeutics to cross the epithelial barrier250 , and NPs can protect
encapsulated and adsorbed therapeutics from pH changes and enzymatic
degradation in the gastrointestinal tract1 93 , 250, 252. Some proteins that have been
incorporated in polymeric NP-based drug delivery systems include tetanus
toxoid25 3 , insulin 254 , and interleukin 2 (IL-2)2 5 5
NPs prepared from a variety of materials such as chitosan, gelatin, poly-alkylcyano-acrylates, dextran and polycaprolactone have been explored for oral
insulin delivery 227, 248-249, 256. However, PLGA-PEG NPs and poly (lactic acid)-bpoly (ethylene glycol) (PLA-PEG) NPs are preferred and have been extensively
studied as protein delivery carriers because of their biodegradability and
biocompatibility, well-established safety in clinical trials, tunable surface
properties for targeted delivery, and their capability to protect the protein drug
from pH and proteolytic enzymes223.225 Previous studies have also shown gastric
stability of PLGA-PEG, which makes it an ideal material for oral delivery
platforms

2 26 2 2 7

-

214.

In particular, PLA-PEG NPs designed to exploit the FcRn

transcytosis pathway to cross the gastroepithelial barrier and enter into the
bloodstream have shown remarkable promise for oral delivery of insulin The
FcRn transport pathway involves targeting insulin-loaded NPs to the neonatal Fc
receptor (FcRn) that mediates active transport of IgG antibodies across the
epithelial barrier in the GI tract, resulting in efficient transport across the intestinal
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epithelium into the systemic circulation for insulin delivery. However, utilizing the
FcRn pathway requires small NP size; both in vitro studies using Caco-2 cells
(human adenocarcinoma cell line) and in vivo studies in rats have shown that the
uptake of smaller NPs (-100 nm) is significantly more efficient than that of larger
NPs (500 nm, 1 pm, 5 pm) 1 93. However, it has been challenging to achieve high
loading of hydrophilic protein drugs, including insulin, in PLGA-PEG or PLA-PEG
NPs while maintaining small NP size, because the hydrophobic core (i.e., PLGA
and PLA) resists interactions with the hydrophilic protein drugs2 1 2 . For example,
the insulin loading in the NPs used in the FcRn study was low (-0.5 wt %)1;
assuming 10% bioavailability and typical insulin dose of -3 mg per dosage2 13 , a
0.5 wt % loading translates to an impractically high oral intake of -6 g
NP/dosage. On the other hand, although some studies have shown high insulin
loading in particles 2 14 -2 16 , the particle size (17.4 pm - 120 nm) is too large to

permit use of transcytosis pathways to cross the epithelial barrier of the intestine.
Hence, better understanding of the factors and mechanisms that determine
insulin loading, with the goal of designing NPs with higher insulin loading while
retaining a small NP size, is essential.
In this work, we study the influence of key steps and process conditions in the
synthesis of insulin-loaded PLGA-PEG NPs (Ins-NPs) formed by
nanoprecipitation and tailor the process to realize enhanced insulin loading while
maintaining sub-100 nm NP size257 . Specifically, we demonstrate the synthesis of
insulin-zinc-PLGA-PEG NPs (Ins-Zn-NPs) that uses chelating zinc ions to
achieve a greater than 10-fold increase in insulin loading while maintaining small
size (<100 nm) required for FcRn-mediated transcytosis. We also show that
these NPs are stable for long-term storage and that insulin maintains it
conformational structure after being loaded in the NPs. This study provides
insights into the mechanisms of formation of Ins-NPs and illustrates simple
methods for improving insulin loading in PLGA-PEG NPs while controlling NP
size. These findings can be extended to similar polymeric and protein systems
and can lead to significant advancements in the area of NPs based protein
delivery by proving a systematic way of overcoming the two main challenges ie.
improving protein loading and controlling NP size.
2.3. Experimental Section
2.3.1. Materials
Human recombinant insulin, dimethyl sulfoxide (DMSO), and zinc chloride were
purchased from Sigma-Aldrich. PLGA1ok-PEGek was purchased from Akina Inc.
(West Lafayette, IN, USA). Micro bicinchoninic acid (BCA) protein assay kit was
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purchased from Lamda Biotech, Inc. (St. Louis, MO, USA). Phosphate Buffer
Saline (PBS) was purchased from Life Technologies (Green Island, NY, USA).
Deionized (DI) water was used for all the experiments.
2.3.2. Methods
2.3.2.1. Synthesis of Ins-NPs and Ins-Zn-NPs
For the preparation of Ins-NPs by the nanoprecipitation method (Figure 2.3A), we
premixed 120 pL of insulin (10 mg/mL) solution in DMSO with 400 pL of PLGAOk
-PEG 5 k (10 mg/mL) solution in DMSO. The resulting solution was added drop
wise to 4 mL DI water or buffer solution. The solution was stirred for at least two
hours at 2000 rpm. The resulting NP solution was purified by ultrafiltration using
Amicon Ultracel 100 kDa membrane filters to remove free insulin and organic
solvent. The NPs were washed twice with PBS and twice with DI water at 3000 g
centrifugation for 15 min each or 4 times with DI water only. The NPs were
resuspended in PBS to a final concentration of 10 mg/mL. As controls, NPs were
prepared with PLGA-PEG solution alone using the same procedure without the
addition of insulin. In all experiments, the ratio of the organic to the aqueous
phase remained constant at 13:100.
Ins-Zn-NPs were prepared by first mixing insulin (10 mg/mL) and zinc chloride (5
mg/mL) in DMSO in 1:3, 1:6, and 1:9 molar ratios of insulin:zinc. To 120 pL of
this solution, 400 pL of PLGA1Ok -PEG5k (10 mg/mL) was added. The resulting
solution was added drop wise to 4 mL DI water or buffer solution for 2 h under
magnetic stirring at 2000 rpm. The NPs were purified by the aforementioned
process.
2.3.2.2. Characterization of Ins-NPs and Ins-Zn-NPs
The amount of insulin loaded in Ins-NPs and Ins-Zn-NPs was quantified by using
a low protein BCA assay kit. After the purification process, Ins-NPs and Ins-ZnNPs were resuspended in PBS to a final concentration of 1 mg/mL and heated at
600C for 1 h to release insulin. Then, 125 pL of NP solution was added to each
well in a 96 well-plate followed by the addition of 125 pL of bicinchoninic acid
(BCA) assay working solution. After incubating the NPs at 600C for 30 min, the
amount of insulin was analyzed using a TECAN UV spectrophotometer
(Mannedorf, Switzerland) according to the manufacturer's instructions. As a
control, NPs without insulin were also measured by the same procedure. The
weight percent of insulin in the NPs was measured as the insulin loading and the
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fraction of insulin in the NPs was measured as encapsulation efficiency. Three
separate experiments were performed for each data point.
For measuring the hydrodynamic radius and zeta potential, the NPs were
washed and reconstituted in 1 mL of DI water at a NP concentration of 0.5
mg/mL. The solution was loaded in disposable low-volume cuvettes to measure
the hydrodynamic radius and NP size distribution and in folded capillary cells to
measure the zeta potential using the Zetasizer NanoZS instrument (Malvern
Instruments Ltd., U.K.).
2.3.2.3. Measurement of insulinloading
Insulin loading in Ins-NPs and Ins-Zn-NPs was quantified using a low protein
BCA assay kit (Lamda Biotech). NPs were synthesized, purified, and
resuspended in PBS to a final concentration of 1 mg/mL. They were then
incubated at 600C for 2 h to allow for release of insulin from the NPs. 125 pL of
the NP solution was added to each well in a 96 well-plate followed by the addition
of 125 pL of BCA working solution (prepared according to the manufacturer's
instructions. After adding the working solution the well-plate was covered with
aluminum foil to ensure uniform heating of the NP samples at 600C for 30 min.
The amount of insulin was analyzed using a TECAN UV spectrophotometer
(Mannedorf, Switzerland), which measured the absorbance of 562 nm
wavelength by NP samples. Empty PLGA-PEG NPs and blank buffer (pH 7.4)
were included in the analysis as controls. For each set of measurement, insulin
and/or bovine serum albumin (BSA) standard curve was also measured. The
absorbance values of the standard curve were plotted against their respective
concentration values to obtain a linear equation to calibrate absorbance to
concentration.
y =Ax+B ; y = Absorbance, x = Concentration of insulin (pg/mL)
Absorbance-B
Concentration =
A
The concentration of insulin in each sample was measured using the equation
obtained from the standard curve. The data in this paper has been reported with
reference to the insulin standard curve. For data points where only the BSA
standard curve was used as reference, the calibration equation was adjusted
using the relation between the insulin and the BSA standard curves as seen in
Figure 2.1 (a) i.e. each concentration value was divided by a factor of 1.3 (Figure
2.1 (b)). After NP synthesis, the total volume of each NP sample was recorded.
The total amount of insulin in the sample was calculated by taking the product of
the concentration of insulin and the volume of each sample.
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Amount of insulin (pg) = Concentration ()
x Sample volume (mL)
The total amount of insulin added to each batch of the NPs and the weight of the
NPs in each batch were known, from which the insulin loading and encapsulation
efficiency were calculated using the following equations:
Insulin loading (%) = Total amount of insulin detected x 100%
Weight of the NPs

Total amount of insulin detected

Encapsulation Efficiency (%) = Total amount of insulin ded x 100%
Total amount of insulin added
The value of insulin loading in the Ins-NPs and Ins-Zn-NPs was measured after
subtracting the absorbance of the empty NPs from the absorbance of the insulin
loaded NPs.
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Figure 2.1. (a) Insulin standard curve in relation to the BSA standard curve for
the BCA assay. (b) Relation between the insulin and BSA standard curves. (c)
Effect of DMSO, zinc, and polymeric NPs on the insulin standard curve.
The effect of zinc, DMSO and empty PLGA-PEG NPs on the BCA assay was
also studied. Similar concentrations (as in the lns-NPs) of DMSO, zinc and

empty NPs were added to the insulin standard curves. We saw that zinc and
DMSO did not affect the BCA assay standard curve as seen in Figure 2.1 (c).
This verified that the 11-fold increase in insulin loading seen in theIns-Zn-NPs
was due to the presence of more insulin and not due to the interaction of zinc
with the reagents of the BCA assay. However, the presence of empty PLGA-PEG

NPs resulted in a slight deviation of the standard curve, whi 'ch was more
prominent at higher concentrations. We therefore subtracted the absorbance of
empty NPs from Ins-N Ps and Ins-Zn-N Ps to get an accurate measurement of
insulin loading.
2.3.2.4. In vitro insulinof release

The in vitro release of insulin was studied by dividing a batch of Ins-Zn-NPs
equally into 100 kDa Float A Lyzer (Spectrum Labs) units and incubating them at
37 0C in PBS (pH 7.4). At each predetermined time interval, an aliquot of the NPs
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was taken and measured for insulin loading using the BCA assay, which included
heating at 600C for 1 h as previously described. In order to increase the accuracy
of the dialysis setup, a 3 mm magnetic stirrer was inserted in each Float A Lyzer
unit, to allow continuous mixing of the Ins-Zn-NP solution inside the dialysis
chambers. Furthermore, the beaker with the dialysis chambers was kept on an
orbital shaker, to ensure mixing of the buffer solution outside the dialysis
chambers. Three experiments were performed for each data point The
2.3.2.5. Transmission Electron Microscopy
Ins-NPs and PLGA-PEG NPs without insulin were imaged using a FEI Tecnai
TEM at an acceleration voltage of 80 kV. The TEM sample was prepared by
depositing 10 pL of the NP suspension (1.0 mg/mL) onto a 200-mesh formvarcarbon-coated copper grid. After 20 min of incubation, excess sample on the grid
was blotted away with filter paper. The grids were negatively stained for another
20 min at room temperature with sterile-filtered 2% (w/v) uranyl acetate aqueous
solution. The grids were then washed once with DI water and air-dried prior to
imaging. The TEM images of Ins-NPs and PLGA-PEG NPs without insulin are
shown in Figure 2.3B and 2.3C.
TEM-based energy-dispersive X-ray spectroscopy (EDX) was performed using a
JEOL-21 00 Field Emission Electron Microscope at 200 kV with an Oxford X-Max
80 mm 2 high angle annular dark field (HAA DF) detector. The NP samples were
prepared on a 200-mesh carbon coated TEM grid. 7 pL of the sample was
deposited on each grid and was allowed to completely dry out. The grids were
then washed once with DI water and air-dried prior to the EDX analysis.
2.3.2.6. Zeta potential measurement
NP zeta potential was studied by diluting the NP solution to 0.1 mg/mL with
water. The NP solution was loaded in folded capillary cells to measure the zeta
potential using the Zetasizer NanoZS trument (Malvern Instruments Ltd., U.K.).
From Figure 2.5 it can be seen that the zeta potential of Empty PLGA-PEG NPs
(-25.44 mV) and Ins-NPs (-27.9 rnV) is statistically insignificant (n = 3, p =
0.3144). However, the zeta potential of the Ins-Zn-NPs (-22. 03 mV) is
significantly (n =3, p = 0.03928) lower than that of Ins-NPs and Empty PLGAPEG NPs. This difference can be attributed to the presence of positively charged
zinc ions on the surface of the NP that could have resulted in the reduction of the
zeta potential of the Ins-Zn-NPs.
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2.3.2.7. Stabilityof nanoparticles during storage
The stability of NPs was accessed by measuring the size and zeta potential of
the NPs before and after freeze-drying them. An insignificant change in particle
size and zeta potential was observed when insulin loaded NPs were freeze-dried
and stored in 40C as seen in Figure 2.2 (a) and (b). 5mL of 0.1mg/mL NP
solution was filtered using a 0.4pm PTFE filter and then freeze-dried in a of 10%
(w/v) sucrose solution. The freeze-dried NPs were stored in 40C and then
reconstituted in water to make a 0.1 mg/mL solution. The NPs size and zeta
potential were measured both before and after the freeze-drying process.
The stability of the NPs in solution was also studied by measuring their size for
up to a week when the NPs were stored in water at RT. Figure 2.2 (c) shows that
particle size is stable up to 4 days in water after which an increase in particle size
is observed potentially due to aggregation.
2.3.2.8. Conformational stabilityof insulin
The conformational integrity of insulin encapsulated in Ins-NPs and Ins-Zn-NPs
was detected using far UV circular dichroism (CD) spectroscopy (J-1 500,
JASCO, Tokyo, Japan). Standard insulin solution and insulin released from the
NPs were analyzed in the far UV region of 260-190 nm. Data speed and
scanning pitch were 0.5 nm and 50 nm/min respectively. The data obtained was
converted to molecular ellipticity using the following equation.
[

e is ellipticity (mdeg), Mmr,

X

MMrw

[6]mrv = 10 x C x 1

is mean residence molecular weight (g/mol), c is
concentration (mg/mL) and is the path length (cm) of the cuvette.
Figure 2.2 (d) shows the overlay of the CD spectrum of standard insulin solution
and the insulin solution released from different NP formulations. It is evident from
Figure 2.2 that the CD spectra of insulin released from the NPs superimposed
with the CD spectrum of standard insulin solution, confirming the conformational
integrity of insulin after being encapsulated in the NPs. This figure also shows the
overlay of the CD spectrum of insulin solution released from NPs that were
freeze-dried and then later reconstituted in water. The figure confirms that insulin
loaded in the NPs is successful in maintaining conformational stability after being
loaded in the NPs.
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Figure 2.2. Ins-NPs and Ins-Zn NPs show the potential of long-term storage as
they maintain (a) particle size and (b) zeta potential before and after undergoing
the process of freeze-drying. (c) Ins-NPs and Ins-Zn-NPs are stable in water for
up to 4 days from synthesis at RT. (d) Conformational stability of insulin in InsNPs and Ins-Zn-NPs was confirmed by comparing the circular dichroism spectra
of standard insulin and insulin obtained from Ins-NPs and Ins-Zn-NPs before and
after undergoing the process of freeze-drying.
2.4. Results and Discussion
Nanoprecipitation, oil-in-water (0/W) emulsification-solvent evaporation, and
water-in-oil-in-water (W/0/W) emulsification-solvent evaporation are the most
commonly used methods for making PLGA-PEG NPs. Nanoprecipitation (also
called solvent displacement method) is a simple method that produces smaller
NPs as compared to other methods 218 ,21 9. However, some of its drawbacks
include poor loading of hydrophilic drugs220 and incomplete removal of the
organic solvent after NP formation221 . On the other hand, emulsification-solvent
evaporation methods (O/W and W/O/W) enable better loading of hydrophobic
and hydrophilic drugs and allow better removal of the organic solvent 1 , but the
size of the NPs generally ranges from a few hundred nanometers to a few
hundred micrometers 22 2 that is too large for effective use with transcytosis
pathways such as the FcRn pathway', . We therefore focused on
nanoprecipitation and leveraged the fact that it can enable production of smaller
67

NPs as compared to the commonly used synthesis methods like double and
single emulsion, while investigating ways of overcoming its drawback of poor
insulin loading.
Ins-NPs were prepared by nanoprecipitation by first dissolving PLGA-PEG and
insulin in an organic solvent (DMSO), which is miscible in the aqueous phase2 s8
and then adding the solution drop-wise to a stirred aqueous solution (water or
buffer solution) to form NPs (Figure 2.3A). Here DMSO is the solvent and water
is the anti-solvent. Once in contact with water, PLGA-PEG and insulin selfassemble to form spherical NPs. TEM images in Figure 2.3B and 2.3C show that
Ins-NPs and empty PLGA-PEG NPs are spherical and fairly monodisperse with
diameters less than 100 nm.
The long-term stability of NPs was accessed by measuring the size and zeta
potential of the NPs before and after freeze-drying them; an insignificant change
in particle size and zeta potential was observed (Figure 2.2a and 2.2b). The
stability of the NPs in solution was also studied and it revealed that particle size
was stable up to 4 days in water after which an increase in particle size was
observed potentially due to aggregation (Figure 2.2c).
The conformational integrity of insulin after encapsulation in freshly synthesized
NPs as well as NPs that were stored after freeze-drying was confirmed using
circular dichroism spectroscopy (Figure 2.2d).
2.4.1. Effect of washing buffer on insulinloading
Several studies have reported insulin loading in polymeric NPs after washing the
NPs with water only 25 9-26 1 . However, since water wash alone is not representative
of the environment that the NPs are exposed to in vivo, it is important to
understand whether insulin loading is affected by the presence of ions in the
buffer. We therefore investigated the effect of buffer wash on insulin loading and
NP size by preparing Ins-NPs and washing them either with DI water or with PBS
buffer (pH 7.4 with 155 mM NaCl) (Figure 2.3D). Ins-NPs washed only with DI
water showed insulin loading of 8.95 % (Figure 2.3E). By contrast, washing the
NPs with PBS decreased the insulin loading by more than an order of magnitude
to 0.36 % (Figure 2.3E). The NP diameter also decreased slightly after PBS
wash (from 65.2 nm to 62.8 nm), but the change was not significant (n = 3, p =
0.074) (Figure 2.3F). To understand whether the pH of the buffer had a stronger
role in removing the weakly-bound insulin or the presence of 155 mM NaCl in the
buffer, we washed the NPs with an unbuffered 155 mM NaCl solution and the
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NPs showed a loading of 2.4% while washing the NPs with a pH 7.4 buffer
without thel 55 mM NaCl resulted in a loading of 0.85% (Figure S3).
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Figure 2.3. Insulin loaded PLGA-PEG nanoparticles (Ins-NP). (A) Schematic of
Ins-NP synthesis process by nanoprecipitation, where PLGA-PEG and insulin in
dimethyl sulfoxide (DMSO) is added drop-wise to a stirred beaker containing
water (or buffer). TEM images of (B) Ins-NPs and (C) PLGA-PEG NPs without
insulin. Effect of buffer wash on Ins-NP characteristics. (D) Schematic of the
synthesis of Ins-NPs where NPs were either washed with PBS buffer (pH 7.4) or
with water only. (E) Insulin loading and encapsulation efficiency show 25-fold
higher insulin loading when NPs were washed with water only (8.95% 1.44) as
compared to a PBS buffer wash (0.36% 0.19) (n = 3, p = 0.008). (F) NP size
data show no significant difference in the size of the Ins-NPs when washed with
water or buffer (n = 3, p = 0.074). Error bars represent s.d.
The 25-fold decrease in insulin loading with minimal change in NP diameter upon
buffer wash suggests that insulin in the case of NPs washed with DI water is
primarily associated with the corona of the NPs via electrostatic and hydrophobic
interactions where entropic factors could also be operative 2 15 , 26 2 . During a PBS
wash, the NPs are exposed to pH 7.4 (at which insulin is more soluble than
unbuffered water), thereby facilitating release of insulin. Although NaCI does not
play as large a role as pH, it potentially facilitates removal of insulin by shielding
electrostatic interactions. The results also suggest that some regions of insulin
bind via its local positively and negatively charged patches to the corona of the
NPs through electrostatic interactions, as seen in other negatively charged
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proteins like ca-lactalbumin 26 3 . Here, the partial negative charges most likely
facilitate the interactions. Similar removal of loosely bound insulin from silica and
chromium surfaces on rinsing with buffer has also been observed22 22
- 9 . These
results illustrate that washing of NPs using an appropriate solution is extremely
important because it can dramatically alter the measured insulin loading. In the
case of a DI water wash, the insulin loading of NPs is high, but it does not
account for the effect of exposure to pH and salts. On the contrary, PBS wash
gives a low loading of insulin but is more representative of in vivo environments.
Therefore, we used the more conservative PBS wash in the rest of the study to
assess the effect of various factors on insulin loading in NPs.
2.4.2. Mechanism of NP formation
The above results raise the question whether insulin simply adsorbs to the NP
surface and plays little role in the process of nanoprecipitation. Such adsorption
of small molecules on the surface of PLGA-PEG nanoparticles due to
hydrophobic interactions has been reported recently 26 4-26 5 . If this hypothesis is
true, we can expect the insulin loading to be similar regardless of whether insulin
is added to the precursors during nanoprecipitation, or if it is added to the NPs
after nanoprecipitation.
We therefore investigated the effect of the stage at which insulin is added during
NP formation; specifically, we compared insulin loading of NPs formed by adding
insulin along with PLGA-PEG before nanoprecipitation (Figure 2.4A (top), as
described in section2.3.2.1), with NPs formed by adding insulin to empty PLGAPEG NPs after they were already formed by nanoprecipitation (Figure 2.4A
(bottom)). Interestingly, similar insulin loading was obtained regardless of
wheth& insulin was added before or after nanoprecipitation (Figure 2.4B).
However, smaller NPs (62.8 nm) were produced when insulin was mixed with
PLGA-PEG before nanoprecipitation (Figure 2.4C). By contrast, larger NPs (80.5
nm) were formed when insulin was added to already-formed PLGA-PEG NPs;
furthermore, their size was similar to that of empty PLGA-PEG NPs (84 nm). On
studying the zeta potential of these NPs, we found that the zeta potential of
Empty PLGA-PEG NPs and Ins-NPs was not significantly different (Figure 2.5).
The results only partially support the hypothesis that NP formation is independent
of insulin - on one hand, we obtain similar insulin loading by simply adding
insulin to already formed PLGA-PEG NPs, and on the other hand, the NPs are
clearly smaller in size than PLGA-PEG NPs when insulin is added to DMSO
along with PLGA-PEG before nanoprecipitation. This effect offers a potentially
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useful method to make smaller NPs; however, it also raises the question as to
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Figure 2.4. Effect of adding insulin at different stages of nanoprecipitation on InsNP characteristics. (A) Schematic showing the synthesis of lns-NPs by including
insulin mixed with PLGA-PEG in DMS0 before nanoprecipitation (top), and by
adding insulin in DMS0 to empty PLGA-PEG NPs after their formation by
nanoprecipitation (bottom). (B) Insulin loading and encapsulation efficiency show
no significant dependence on the stage of adding insulin before (0.36%) or after
(0.32%) nanoprecipitation (n = 3, p = 0.79), but (C) NP size shows a significant
dependence (n = 3, p = 0.005). Effect of mixing insulin in different phases on InsNP characteristics. (D) Schematic showing the synthesis of lns-NPs by adding
DM50S with insulin and PLGA-PEG to water (top), and by adding DM50S with
PLGA-PEG to water with insulin dissolved in it (bottom). (E) Insulin loading (and
encapsulation efficiency) shows no significant dependence on including insulin in
DMSO (0.36%) or in water (0.28%) (n = 3, p = 0.60), but (F) NP size shows a
significant dependence (n = 3, p = 0.0006). Error bars represent s.d. Note: The
NPs with the label 'Insulin added before' in Figure 2.4B3 and the NPs with the
label 'Insulin in organic' in Figure 2.4E are the same nanoparticles.
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whether a similar reduction in NP size occurs if insulin is included in the aqueous
phase instead of DMSO during nanoprecipitation (Figure 2.4D). We find that
insulin loading is similar regardless of whether insulin was dissolved in water or
in DMSO (Figure 2.4E), or added later to pre-formed NPs. However, dissolving
insulin in the organic phase along with PLGA-PEG produced smaller sized NPs
(62.8 nm) as compared to the NPs that were formed by including insulin in water
(84.9 nm) (Figure 2.4F). Interestingly, the size of NPs formed by
nanoprecipitation with insulin in the aqueous phase is similar to that of empty
PLGA-PEG NPs without insulin, and to that of Ins-NPs formed by adding insulin
to already formed PLGA-PEG NPs. The results show that insulin affects NP size
only when it is dissolved in the organic phase (DMSO) along with PLGA-PEG,
and in all other cases it does not change NP size compared to PLGA-PEG NPs
without insulin.
The fact that nearly all of insulin is washed off by PBS, and that the insulin
loading of NPs formed with insulin dissolved in water during nanoprecipitation is
indistinguishable from insulin loading of NPs formed by adding insulin to PLGAPEG NPs, indicates that insulin is loosely associated with the NP corona rather
than encapsulated within the hydrophobic core. The fact that NPs can be loaded
with insulin by simply adding insulin to NPs implies that NPs can be pre-formed
to desired characteristics and subsequently loaded with insulin, thereby
decoupling NP formation from insulin loading. It suggests that when insulin is
included in the aqueous phase during nanoprecipitation or added after
nanoprecipitation, its role in NP formation is passive - it simply adsorbs to the
corona of the NPs and does not otherwise alter the NPs. However, when insulin
is dissolved in the organic phase along with PLGA-PEG, it does influence the NP
size, which presents a way to prepare smaller NPs compared to the
corresponding PLGA-PEG NPs without insulin. This reduction in size of NPs
when insulin is present during nanoprecipitation may be attributed to the
hydrophilic nature of insulin that could act as a surfactant, potentially by
associating with PLGA-PEG to stabilize smaller NPs and preventing their
aggregation. These insights allow us to optimize the NP size and insulin loading,
as illustrated below.
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significantly lower than Ins-NPs and Empty PLGA-PEG NPs ( = p < 0.05).
2.4.3 Enhancing insulinloading by zinc chelation

.

To improve insulin loading while retaining a small NP size, we took inspiration
from previous studies that have shown an improvement in insulin adsorption on
flat surfaces and particle systems (including PLGA-PEG micro and nanoparticles)
by incorporating chelating ions like zinc into their systems 214-216 , 228 -229. This
increase in adsorption is attributed to the formation of stable insulin-zinc (Ins-Zn)
hexamers 216 , 230. In fact, it has been shown in previous studies that the presence
of zinc enhances insulin stability and is widely used for the design of long acting
insulin 231. Ins-Zn hexamer formation first involves the formation of insulin dimers,
followed by the assembly of two dimers with two zinc ions to give a tetramer
(Zn 2+)2 (In) 4, which then combines with another dimeric unit to give an insulin
hexamer (Zn 2+)2 (In)6 (Figure 2.6A (top)) 266 . The tendency for protein adsorption
is generally expected to increase with molecular weight and hydrophobicity of the
protein 266 . Moreover, the strength of a polyvalent interaction (like Ins-Zn hexamer
with the NP surface) can be much stronger than that which can be achieved by a
fewer number of interactions (like Ins monomer with NP corona) 267 ,268 -269 . Given
the larger size of the Ins-Zn hexamer and its lower solubility in water 270 , we
expect that incorporation of zinc ions in the Ins-NP system will improve insulin
loading. Previous studies have also suggested that the presence of zinc ions
ensures the integrity of the functional secondary structure of insulin, thereby
maintaining its bioactivity2 5-21 6 . Similar results have also been shown for other
proteins like human growth hormone and human nerve growth factor215
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the formation of Ins-Zn hexamers (top).and of Ins-Zn-NPs (bottom). (B) Dark-field
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the presence of NPs, and the red dots correspond to the presence of zinc. The
presence of zinc in the same areas where Ins-Zn-NPs were detected confirms
the presence of zinc in Ins-Zn-NPs. (C) Insulin loading and encapsulation
efficiency show an increase in insulin loading with an increase in zinc ion
concentration. Greater than 10-fold enhancement of insulin loading was obtained
for insulin to zinc ratio of 1:9. (n = 3, p = 0.02). (D) The average diameter of
empty PLGA-PEG NPs, Ins-NPs, and Ins-Zn-NPs. In case of Ins-Zn-NPs, the
average diameter did not change significantly when different amount of zinc ions
are added. The average diameter of Ins-Zn-NPs was larger than that of empty
PLGA-PEG NPs (n = 3, p = 0.0003) and Ins-Zn-NPs and Ins-NPs (n = 3, p =
0.0001). Error bars represent s.d.
We therefore investigated the effect of including zinc ions in the organic phase
along with insulin at different molar ratios (1:3, 1:6, 1:9 of Ins:Zn) to form Ins-ZnNPs, where the stoichiometry for a hexamer is 1:3 (Figure 2.6A). TEM EDX
analysis confirmed the presence of zinc ions in the resulting NPs (Figure 2.6B),
where the zinc signal was co-localized with that from the PLGA-PEG NPs. We
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observed a monotonic increase in insulin loading as the amount of zinc ions was
increased in the NPs while maintaining the same insulin and PLGA-PEG
concentrations (Figure 2.6C). At an Ins:Zn molar ratio of 1:9, the NPs showed
more than 10-fold higher insulin loading (4.07%) as compared to Ins-NPs without
zinc (0.36%). On measuring the hydrodynamic diameter of Ins-Zn-NPs, we
observed that the size of Ins-Zn-NPs (127.6 nm) was significantly greater than
the size of Ins-NPs (62.8 nm) and also the size of empty PLGA-PEG NPs (84
nm) (Figure 2.6D). The zeta potential of Ins-Zn NPs (-22.03 mV) was also
significantly lower as compared to the zeta potential of empty NPs (-25.44 mV)
and Ins-NPs (-27.9mV) (Figure 2.5). However, the size of these NPs was
independent of the amount of zinc ions added to the system. This increase in
size of the NPs is expected since the hexameric form of insulin is less soluble in
the aqueous phase as compared to its monomeric form, which could promote NP
aggregation and lead to larger NPs. Moreover, the presence of zinc ions in the
NPs did not affect the conformational integrity of insulin that was confirmed by
.

circular dichroism spectroscopy (Figure 2.2d)2 15

2.4.4. Optimizing the size of Ins-Zn-NPs
Based upon our earlier understanding of the Ins-NPs (Section 2.4.2), we
hypothesized that it would be possible to generate sub-100 nm NPs with high
insulin loading by adding zinc or Ins-Zn to already-formed PLGA-PEG NPs. NP
characteristics of Ins-Zn-NPs, synthesized by adding Ins-Zn hexamers mixed in
DMSO along with PLGA-PEG and added before nanoprecipitation (Figure 2.7A),
were compared with Ins-Zn-NPs formed by adding Ins-Zn hexamers to preformed PLGA-PEG NPs (Figure 2.7B) and Ins-Zn-NPs formed by adding zinc
ions to preformed Ins-NPs (Figure 2.7C).
Ins-Zn-NPs formed by adding zinc ions to already synthesized Ins-NPs (Figure
2.7C), showed a reduction in NP size from 127.6 nm to 57.9 nm (similar to size of
Ins-NPs), but the insulin loading decreased from 4.07% to 1.55% (Figure 2.7A
and 2.7C). When Ins-Zn hexamers were added after assembling empty PLGAPEG NPs by nanoprecipitation, the resulting Ins-Zn-NPs were 78.7 nm in
diameter (similar to the size of empty PLGA-PEG NPs) while maintaining more
than 10-fold higher insulin loading (3.82 %) compared to Ins-NPs. Here, we again
observe that addition of Ins-Zn hexamers (or zinc ions) to pre-formed empty
PLGA-PEG NPs (or pre-formed Ins-NPs) does not change the hydrodynamic
diameter of those NPs. However, the size of the Ins-Zn-NPs (-120 nm) formed
by including Ins-Zn in the organic phase (DMSO) is much larger than that of
PLGA-PEG NPs (-80 nm), analogous to, but opposite to the effect of including
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insulin in DMSO during formation of Ins-NPs. These results point to a general
principle, where addition of insulin to pre-formed NPs enables insulin loading
without affecting NP size, but including insulin in the same solution as the
polymeric precursor can influence NP size.
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Figure 2.7. Effect of adding zinc ions at different stages of nanoprecipitation on
Ins-Zn-NPs. (A) Schematic showing the synthesis of Ins-Zn-NPs by adding InsZn hexamers premixed with PLGA-PEG molecules in DMSO before
nanoprecipitation (top). This forms NPs with high insulin loading (4.07%) and
large NP diameter (127.6 nm). (B) Schematic showing the synthesis of Ins-ZnNPs by adding Ins-Zn hexamers to empty PLGA-PEG NPs after
nanoprecipitation (top). This forms NPs with high insulin loading (3.82%) and
small NP diameter (78.7 nm). (C) Schematic showing the synthesis of Ins-ZnNPs by adding zinc ions to preformed Ins-NPs after nanoprecipitation (top). This
forms NPs with lower insulin loading (1.55%) and smaller NP diameter (57.9 nm).
Dashed lines indicate sizes of empty PLGA-PEG and Ins-NPs for reference.
Error bars represent s.d. For insulin loading n = 3 and PAB = 0.74, pAc = 0.034,
pBc = 0.016. For NP diameter n = 3 and PAB= 0.0004, pAC = 0.0001, PBC = 0.005.
2.4.5. Effect of pH on formation of Ins-Zn-NPs
Insulin exhibits pH-dependent behavior with an isoelectric point of 5.6271, which
imparts insulin a net negative charge at pH greater than pH 5.6 and a net positive
charge at pH less than 5.6. Since our findings suggest that the synthesis of InsNPs by nanoprecipitation could be affected partially by electrostatic interactions,
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El

we expect to be able to control the insulin loading by changing the net charge on
insulin by altering the pH of the system.
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Figure 2.8. Effect of pH on Ins-Zn-NP and Ins-NPs. (A) Schematic showing the
synthesis of Ins-Zn-NPs in different buffers (pH 4.65, pH 6.1, and pH 6.5). (B)
Insulin loading of Ins-Zn-NPs and Ins-NPs that were synthesized in buffers with
different pH. Insulin loading increased with increasing pH. (C) Average diameter
of empty PLGA-PEG NPs, Ins-NPs, and Ins-Zn-NPs synthesized in different
buffers.
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To better understand the role of pH, we synthesized Ins-Zn-NPs in three different
buffers: acetate buffer (20 mM, pH 4.65), MES buffer (20 mM, pH 6.1) and
phosphate buffer (20 mM, pH 6.5) (Figure 2.8A). In the case of Ins-Zn-NPs,
insulin loading increases with increasing pH (Figure 2.8B), which can be
attributed to the larger net negative charge on insulin at pH greater than 5.6,
which enables stronger interactions with insulin and zinc ions2 . Ins-Zn-NPs
prepared at pH 6.5 showed higher insulin loading (4.7%) than the Ins-Zn-NPs
prepared in DI water (4.07 %). Therefore, by optimizing the pH of the system,
insulin loading can further be improved in PLGA-PEG NPs. A similar trend was
observed in the case of Ins-NP without zinc, where insulin loading slightly
increased with increasing pH (Figure 2.8B). It is noteworthy that at pH 4.65, zinc
ions did not have any effect on insulin loading in PLGA-PEG NPs, and the insulin
loading both with and without zinc was similar (-0.2 %). This observation can be
attributed to the net positive charge on insulin below pH 5.6 that leads to a
reduction in the interactions between insulin and zinc and makes the Ins-Zn
hexamers unstable below pH 5.6215. By contrast to insulin loading, pH does not
have a significant effect on the size of Ins-Zn-NPs (Figure 2.8C).
2.4.6. Optimization of NPs for small size and high insulin loading
The key factors that affect NP characteristics and how they can be altered to
control two important N P characteristics - insulin loading and NP size - are
summarized in Figure 2.9A and 2.9B. It is evident from the representation in
these figures that Ins-NPs are smaller in size but show poor insulin loading, while
the inclusion of zinc in these NPs during nanoprecipitation helps to increase the
insulin loading but results in an increase in the size of the NPs. We also see that
addition of insulin at different stages and mixing insulin in different phases affects
NP size but does not change the insulin loading. This behavior was exploited in
optimizing the insulin loading and size of Ins-Zn-NPs. On addition of zinc ions to
pre-formed Ins-NPs, insulin loading increased 4-fold (1.55% from 0.36%) without
resulting in an increase in the size of Ins-NP (57.9 nm). Furthermore, the
strategic inclusion of insulin-zinc hexamers to pre-formed empty PLGA-PEG NPs
results in a greater than 10-fold high insulin loading (3.82%) and small NP size
(78.7 nm), thus making them promising NPs for oral delivery of insulin using a
transcytosis pathway like the FcRn pathway.
Figure 2.9C shows the rate at which insulin is released from the Ins-Zn-NPs
(where Ins-Zn is added later; Insulin loading 3.82%, NP size 78.7 nm). The half-
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life of insulin in these NPs is around 60 min. The release curve of Ins-Zn-NPs is
similar to the insulin loaded PLA-PEG NPs release curve which was reported in
an earlier study where the insulin loading in PLA-PEG NPs was about 0.5%1.
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Figure 2.9. Compilation of the effect of NP synthesis parameters on NP
properties. (A) Compilation of the NPs studied for the purpose of understanding
the factors that affect insulin loading and NP size in Ins-NPs and Ins-Zn-NPs.
The symbols in blue contain only PLGA-PEG and insulin while the orange
symbols represent NPs that contain PLGA-PEG, insulin, and zinc. The size of
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size. Contrary to these NPs, Ins-Zn-NPs formed by including zinc during
nanoprecipitation (orange circles) have higher insulin loading, but their diameter
is larger. NPs synthesized by adding Zn ions to preformed Ins-NPs (light triangle)
show smaller size and moderate loading. The optimal NPs are Ins-Zn-NPs (dark
triangle) formed by adding Ins-Zn hexamers to pre-formed NPs combine high
loading (3.82 %) and small size (78.7 nm diameter). (B) Qualitative summary of
how different synthesis parameters affect insulin loading and size. Insulin
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release of insulin from PLA-PEG NPs'.
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2.5. Conclusions
Realizing the full potential of polymeric NP based protein therapeutics will require
more efficient loading of proteins in these NPs. To understand the factors that
control protein loading in NPs, we systematically investigated the effect of
individual steps of the nanoprecipitation process including the washing step, the
mixing phase for insulin, and the stages of adding insulin to the system. First, by
controlling these parameters, we have shown that the type of wash can
dramatically influence the measured insulin loading in Ins-NPs, where buffer
wash removes majority of the insulin compared to water wash. Second, we also
demonstrate that smaller Ins-NPs can be formed by dissolving insulin along with
the PLGA-PEG molecules in organic phase (DMSO) before nanoprecipitation. In
the case of Ins-Zn-NP system, more than 10-fold increase in insulin loading
compared to Ins-NPs was obtained by using Ins-Zn hexamers. We also applied
the insights obtained from the Ins-NP system to Ins-Zn-NP system to achieve
small NP diameter while maintaining high insulin loading. In particular, we find
that insulin and/or zinc may be added to pre-formed NPs to load insulin without
affecting the NP size. Third, in addition, insulin loading in Ins-Zn-NP system
could be optimized by tuning the pH of the system. This study illustrates how
simple modifications of the nanoprecipitation process can provide insights that
enable realization of NPs with desired properties. This approach can potentially
extend to other protein-encapsulating NP systems to understand the
mechanisms of protein loading and to devise processes to enhance protein
loading in NPs formed by nanoprecipitation.
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CHAPTER 3
Design of pH-Responsive Nanoparticles
3.1 Abstract

-

Parenteral administration remains the mainstay of drug administration for protein
therapeutics. However, for diseases that require frequent drug dose over long
periods of time, injections can result in patient incompliance and poor treatment
outcomes. For such diseases, oral drug delivery is the most non-invasive and
patient-compliant method of drug administration. Although oral delivery of many
small molecule drugs is routine, oral delivery of protein drugs - e.g. insulin
presents several challenges including oral bioavailability of the protein
therapeutic because of degradation in the stomach, inactivation and digestion of
the therapeutics by the proteolytic enzymes in the luminal cavity, and poor
permeability of drugs across the intestinal epithelium. To circumvent these
challenges we have designed a pH-responsive nanoparticle (NP) drug delivery
platform. We show that Eudragit S100 and poly (lactic-co-glycolic) acid (PLGAPEG) can be blended to form NPs with high insulin loading (13.1%), small NP
size (83 nm), and with the ability to rapidly release insulin when exposed to basic
pH. We designed the NPs for the neonatal Fc receptor targeted transcytosis
pathway. We demonstrate a 5-fold greater transport across a Caco-2 monolayer
in an in vitro epithelial model, in NPs functionalized with Fc (NPs-Fc) relative to
NPs without the targeting ligand. This pH-responsive targeted drug delivery
platform provides a nontoxic way to safely transport insulin across the intestinal
lining to blood.
3.2 Introduction
Currently, biologics and nanoparticle (NP)-based therapies are administered
primarily via intravenous or subcutaneous injections 2'272 . For diseases that
require frequent doses over prolonged periods of time, such methods of drug
administration result in patient incompliance and inconvenience28, 30, 273-274
Among the alternate routes of administration such as oral, pulmonary, colonic,
nasal, buccal, and transdermal, oral delivery is considered to be the most
desirable because of the improved patient compliance, convenience, and cost
effectiveness as a direct result of flexible schedule, less demands on medical
staff, and less frequent hospital or clinic visits 90, 2 3 8, 275-278. Therapeutic biologics
are large protein molecules such as insulin, calcitonin etc 2 33 -2 36 that face many

chemical and physical barriers along the gastrointestinal tract that may limit their
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absorption or result in their denaturation and degradation 10 . Such barriers
include the extreme pH environments, enzymatic degradation, and poor
permeability across the intestinal epithelium 279. The large size of the protein
therapeutics, and their sensitivity to the complex gastrointestinal environment
comprised of a wide range of pH 111 and enzyme activity, makes it challenging to
deliver these biologics orally2 80

.

Various strategies have been adopted in the past to address the challenges of
efficient oral delivery of protein therapeutics including inhibition of enzymatic
action 1 3 3- 1 3 5 , 1 3 7- 1 3 8 , application of permeation enhancers 123-126 and
141-143
there are illustrated in detail in Chapter 1, Section 1.2..
mucoadhesives1,
However, major issues have been identified with each of the strategies such as
uncontrolled permeation of the intestinal lining, access to unwanted toxic
pathogens, incomplete food digestion, and clearing of the payload along with the
mucosal lining 3 ' 142144, 80. Other strategies of overcoming the barriers of oral
delivery of biologics include the application of pH sensitive hydrogels 281, which
are composed of polymeric material that can be engineered to exhibit
mucoadhesive properties 282. However, these particles have shown to interact
with the tight junctions present in the intestinal lining, opening them reversibly
thereby causing similar concerns as the non-specific permeation enhancers 283
A more specific transportation of therapeutic proteins across the intestinal
epithelial barrier can be achieved by targeting them to receptors that traffic
proteins across the intestinal lining using a transcytosis pathway. This can be
achieved by conjugating protein biologics to ligands capable of targeting the
receptors that are associated with transcytosis pathways1 8' 284. Several
receptors have been investigated for receptor mediated drug delivery to transport
therapeutic agents conjugated with targeting ligands. One such well-studied
receptor is the transferrin receptor184 '185 285, which has been used for transport of
therapeutic agents across the blood-brain barrier 186 -187 as well as the intestinal
epithelium 1 8 8 . Vitamin B 12 pathway is also a well-studied pathway that has been
used to transport luteinizing hormone releasing factor 180, erythropoietin1 81 , alphainterferon 1 82 and insulin 183 . Another receptor mediated transport pathway that has
been used transport insulin is the folic acid pathway 286 . The receptor mediated
transcytosis technology addresses the safety issues associated with the previous
strategies; however, its impact is limited by poor efficiency originating from 1:1
ratio of drug molecules and targeting ligands.
Recently, polymeric nanoparticle (NP) carriers have shown promise in drug
delivery for treatment of a variety of diseases 218, 240-247, including oral delivery of
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proteins such as insulin1', 223, 248-251. Advantageous to oral delivery, NPs can be
easily prepared from a variety of materials, targeting ligands can be conjugated
on NP surfaces that can facilitate therapeutics to cross the epithelial barrier 2 0"
and NPs can protect encapsulated and adsorbed therapeutics from pH changes
and enzymatic degradation in the gastrointestinal tract1 93', 250, 252. The application
of NPs enables design of customized and specific carriers which can be obtained
by modulating physiochemical parameters such as size, surface charge,
hydrophobicity, which result in controlled drug release properties 287. Moreover,
the small size of the NPs can be leveraged to obtain increased contact area with
the epithelial surface and non-specific uptake by cells through transcytosis
pathways.
NPs encapsulate several molecules of the therapeutic agent thereby enabling the
transport of multiple molecules per receptor, which is conjugated on the NP
surface.

.

A recent study demonstrated the successful transport of poly(lactic acid)poly(ethylene glycol) PLA-PEG NPs across the intestinal epithelium using the
FcRn transcytosis pathway. The study demonstrated that the NPs crossed the
gastroepithelial barrier and entered systemic circulation showing remarkable
promise for oral delivery of insulin1 . Moreover, the FcRn pathway has been used
to increase the half-life of protein drugs and also to transport drugs across
epithelial barriers such as the intestinal epithelium and the pulmonary mucosa.
- 0
Various proteins, such as erythropoietin2 09 , follicle-stimulating hormone2o 9 21
interferon-alpha and interferon-beta, have been conjugated to the Fc region of
human IgG to facilitate such drug delivery upon inhalation through the upper
airway where FcRn resides in humans and non-human primates 211
In humans, the neonatal Fc receptor (FcRn) is present on the apical membrane
of the absorptive epithelial cells predominantly in the upper small intestine
(duodenum). The FcRn is responsible for the active transport of IgG antibodies
across the polarized epithelial barrier through the processes of transcytosis.
Under slightly acidic conditions (pH 6-6.5), FcRn binds with the CH 2 and the CH 3
domains of heavy chains in the Fc region of the IgG and releases the IgG at
neutral-to-basic pH (pH 7-7.4)217. The pH dependence is induced by the
protonation of histidine residues located at the interface of CH 2 and CH 3 domains
of the Fc region of IgG, at acidic pH that aides in the formation of salt bridges
with acidic residues on FcRn surface. Formation of these salt bridges is
instrumental in stabilizing the hydrophobic interactions between Fc and FcRn at
acidic pH2 08
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The Fc portion of IgG enables the target payload-NPs to be actively transported
across the intestinal epithelium by targeting the FcRn receptor. In the duodenum
the pH is low (pH 5-6.5) and thus enables the IgG to bind to the FcRn on the
apical membrane of absorptive epithelial cells. During intracellular trafficking
across the cell, NP-Fc continues to bind to the FcRn with high affinity as the
complex passes through endosomal compartments that have acidic pH. Once on
the basolateral side, exocytosis results in exposure to an environment with
physiological pH (pH 7.4), causing dissociation of Fc from the FcRn and release
of NP-Fc into the extracellular environment of the lamina propria. The NP-Fc is
then free to diffuse through the lamina propria and enter the lymphatic and
systemic circulation1', 193
Application of the FcRn pathway has many advantages over other strategies
used for oral delivery. First, the FcRn pathway uses does not compromise the
integrity of the epithelial barrier preventing toxic reactions. Second, this approach
does not require any modification of the therapeutic protein. Third, the FcRn
receptor is abundantly present on absorptive epithelial cells that form a
significant percentage of the absorptive area of the intestine 94' 196. Fourth,
multiple therapeutic agents get transcytosed per FcRn thereby improving the
efficiency of the receptor mediated transcytosis technology.
However, one challenge associated with this strategy is that once the NP-Fc
reach the systemic circulation they become highly susceptible to clearance by
the mononuclear phagocyte system as the presence of Fc fragments enhance
clearance of the NPs. Once the NPs cross the intestinal epithelium, they are
susceptible to clearance by the mononuclear phagocyte system. This problem is
exacerbated in the case of FcRn-targeted NPs that are decorated with Fc
fragments that enhance clearance of the NPs. Rapid release of the payload after
transcytosis of NPs into the blood stream is one way of addressing this issue, i.e.
the drug is released rapidly before the NPs are cleared.
Moreover, it has been shown that transport pathways like the FcRn pathway
work most efficiently for small NPs1' 193. In vitro studies using Caco-2 cells
(human adenocarcinoma cell line) and in vivo studies in rats have shown that the
uptake of smaller NPs (-100 nm) is significantly more efficient than that of larger
NPs (500 nm, 1 pm, 5 pm) 1 93 . It has also been shown using nanogold labeled
IgG Fc and electron tomography analysis that the vesicles containing FcRn are
60-120 nm or smaller 2 88. Therefore, preparing particles with sizes less than 100
nm is necessary for uptake by intestinal epithelial cells.
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Therefore, the main challenges associated with making NPs which can efficiently
deliver large protein molecules across the intestinal epithelium are: (1) to ensure
that the NP diameter is small (less than 100 nm), (2) to ensure that the NP has a
high protein loading, (3) to make the drug and the NP survive the changes in pH
in the complex environment of the gastrointestinal tract, and (4) to trigger quick
release of majority of the drug before the NP is excreted from the body.
To overcome these challenges, in this study we have designed an environmentresponsive drug delivery platform comprised of hybrid polymeric NPs, which can
efficiently encapsulate therapeutic proteins, and yet maintain small NP size.
These NPs are designed to elicit a secondary response when the pH of their
surrounding environment changes from acidic to neutral/or basic, which occurs
when the NPs cross over from the acidic gastrointestinal environment to the
blood stream.
These NPs are made by blending one pH responsive polymer with a non-pH
responsive polymer that can typically form NPs by itself without mixing with the
pH-responsive polymer. The non-pH-responsive polymer aids in the formation of
NPs, whereas the pH-responsive polymer imparts pH-responsiveness to the NP.
The NPs are formed by nanoprecipitation method at a pH in which the pHresponsive polymer is insoluble. This aids in the self-assembly of the NP. As the
results show, the pH during NP formation can be optimized to increase the drug
loading and possibly also the degree of pH-responsiveness. The ratio of the two
polymer components can be changed to optimize loading and NP size. When the
NPs thus formed are exposed to a pH at which the pH-responsive polymer
dissolves, it triggers a change in the NP where the drug payload is rapidly
released.
To demonstrate the above technology, we used an acrylate and methacrylate
based pH responsive polymer, Eudragit S100 as the pH responsive polymer, and
blended it with poly(lactic-co-glycolic acid)-poly(ethylene glycol) (PLGA-PEG) to
make NPs with insulin as the payload for oral delivery. These NPs were
decorated with the Fc fragments so that they can be used in the FcRn
transcytosis pathway'. Ins-Eud-NPs were designed to release insulin when
triggered by a change in pH from acidic to neutral. This property of the NPs can
be utilized to enable oral delivery of insulin using the FcRn pathway, where the
NPs remain intact in the stomach (pH 2-3), upper small intestine (pH 5-6) and in
the cellular endosomes (pH 5) where the pH is acidic but on coming in contact
with blood (pH 7.4), Eudragit S100 begins to dissolve and the NP loses its
integrity, resulting in rapid release of insulin.
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The application of this platform can be extended from oral delivery to any system,
which desires a secondary response due to a change in the pH of the
environment (acidic to neutral/basic). Further, this pH responsive characteristic of
the NPs can be extended to other large protein molecule systems and other
kinds of payloads (such as small molecule drugs) and other transport pathways
including intracellular pathways that involve change of pH.
3.3 Experimental Section
3.3.1 Materials
Human recombinant insulin, dimethyl sulfoxide (DMSO), zinc chloride, sodium
acetate, sodium phosphate, MES hydrate, and Traut's reagent were purchased
from Sigma-Aldrich. PLGA1ok-PEG5k , PLGA1ok -PEG 5k-Maleimide and PLGA5OkFKR 648 were purchased from Akina Inc. (West Lafayette, IN, USA). Eudragit
was donated by Evonik (Essen, Germany). Micro bicinchoninic acid (BCA)
protein assay kit was purchased from Lamda Biotech, Inc. (St. Louis, MO, USA).
Phosphate Buffer Saline (PBS) was purchased from Life Technologies (Green
Island, NY, USA). Human Fc fragment was purchased from Bethyl Laboratories
(Montgomery, TX, USA). Deionized (DI) water was used for all the experiments.
3.3.2 Methods
3.3.2.1 Synthesis of Eud-NPs and Eud-Ins-NPs
For the preparation of Ins-Eud-NPs by the nanoprecipitation method (Figure 3.1),
we premixed 30% (w/w) of insulin (10 mg/mL) solution in DMSO with 20% (w/w)
Eudragit S100 (10 mg/mL) solution and 80% (w/w) PLGA10k -PEG5k (10 mg/mL)
solution in DMSO. The resulting solution was added drop wise to 4 mL Acetate
buffer solution (pH 5, 10 mM). The solution was stirred for at least two hours at
2000 rpm. The resulting NP solution was purified using ultrafiltration using
Amicon Ultracel 100 kDa membrane filters to remove free insulin and organic
solvent. The NPs were washed with 15 mL of Acetate buffer (pH 5, 10 mM, 150
mM NaCI) at 3000 g by centrifugation. The NPs were resuspended in Acetate
buffer (pH 5, 10 mM, 150 mM NaCI) to a final concentration of 10 mg/mL. As a
control, NPs were prepared with PLGA-PEG solution alone using the same
procedure without the addition of insulin and without the addition of Eudragit
S100. In all experiments, the ratio of the organic to the aqueous phase remained
constant at 13:100.
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Ins-Zn-Eud-NPs were prepared by first mixing insulin (10 mg/mL) and zinc
chloride (5 mg/mL) in DMSO in 1:9 molar ratios of insulin : zinc such that insulin
is 30% (w/w) of the polymer. To this solution, 20% (w/w) Eudragit S100 (10
mg/mL) solution and 80% (w/w) PLGA1Ok -PEG5k (10 mg/mL) was added. The
resulting solution was added drop wise to 4 mL Acetate buffer solution (pH 5, 10
mM) and mixed for at least two hours at 2000 rpm. Then, the NPs were purified
by the aforementioned process.
Eudragit-PLGA-PEG
and Insulin in organic
solvent
pH 5
buffer
wash b
pH 5-+

buffer

Figure 3.1. Schematic of the NP synthesis set-up. The Ins-Eud-NPs were
synthesized using the nanoprecipitation method. The polymer and the drug was
mixed in the organic solvent (DMSO) and the resulting solution was added dropwise to a beaker with pH 5 buffer that was being constantly stirred at 2000 rpm.
Following NP synthesis the NPs were washed multiple times with pH 5 buffer
with 150 mM NaCl.
3.3.2.2 Characterization of Eud-NPs and Ins-Eud-NPs
The amount of insulin loaded in Ins-Eud-NPs was quantified by using a low
protein BCA assay kit. After the purification process, Ins-Eud-NPs were
resuspended in Acetate buffer (pH 5, 10 mM, 150 mM NaCI) to a final
concentration of 1 mg/mL and heated at 60*C for 1 h to release insulin. Then,
125 pL of NP solution was added to each well in a 96 well-plate followed by the
addition of 125 pL of bicinchoninic acid (BCA) assay working solution. After
incubating the NPs at 600C for 30 min, the amount of insulin was analyzed using
a TECAN UV spectrophotometer (Mannedorf, Switzerland) according to the
manufacturer's instructions. As a control, NPs without insulin were also
measured by the same procedure. The weight percent of insulin in the NPs was
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measured as the insulin loading and the fraction of insulin in the NPs was
measured as encapsulation efficiency. Three separate experiments were
performed for each data point.
For measuring the hydrodynamic radius, the NPs were washed and reconstituted
in 1 mL of Acetate buffer (pH 5, 10 mM) at a NP concentration of 0.5 mg/mL. The
solution was loaded in disposable low-volume cuvettes to measure the
hydrodynamic radius and NP size distribution using the Zetasizer NanoZS
instrument (Malvern Instruments Ltd., U.K.).
3.3.2.3 Measurement of insulin loading
Insulin loading in Ins-Eud-NPs was quantified using a low protein BCA assay kit
(Lamda Biotech). Empty PLGA-PEG-Eudragit NPs and blank buffer (10 mM pH 5
Acetate buffer with 150 mM NaCI) were included in the analysis as controls. For
each set of measurement, insulin standard curve was also measured. The
absorbance values of the standard curve were plotted against their respective
concentration values to obtain a linear equation to calibrate absorbance to
concentration.
y =Ax+B ; y = Absorbance, x = Concentration of insulin (pg/mL)
Absorbance-B
Concentration =
A
The concentration of insulin in each sample was quantified using the calibration
obtained from the standard curve. After NP synthesis, the total volume of each
NP sample was recorded. The total amount of insulin in the sample was
calculated by taking the product of the concentration of insulin and the volume of
each sample.
Amount of insulin (pg) = Concentration

9)

x

Sample volume (mL)

The total amount of insulin added to each batch of the NPs and the weight of the
NPs in each batch were known, from which the insulin loading and encapsulation
efficiency were calculated using the following equations:
Total amount of insulin detected
Weight of the NPs
x 100%
Insulin loading (%) =
Total amount of insulin detected
Total amount of insulin added X 100%
Encapsulation Efficiency (%)
The value of insulin loading in the Ins-Eud-NPs was measured after subtracting
the absorbance of the empty NPs from the absorbance of the insulin loaded NPs.
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3.3.2.4 In vitro insulin release
The in vitro release of insulin was studied in 20 mM Phosphate buffer (pH 7.4,
150 mM NaCI), which simulated the pH of blood and in 20 mM MES buffer (pH 6,
150 mM NaCI), which simulated the pH of the duodenum. This was done by
dividing a batch of Ins-Eud-NPs equally into 100 kDa Float A Lyzer (Spectrum
Labs) units and incubating them at 370C in 20 mM Phosphate buffer (pH 7.4, 150
mM NaCI). At each predetermined time interval, an aliquot of the NPs was taken
and measured for insulin loading using the BCA assay, which included heating at
60*C for 1 h as previously described. In order to increase the accuracy of the
dialysis setup, a 3 mm magnetic stirrer was inserted in each Float A Lyzer unit, to
allow continuous mixing of the NP solution inside the dialysis chambers.
Furthermore, the beaker with the dialysis chambers was kept on an orbital
shaker, to ensure mixing of the buffer solution outside the dialysis chambers.
Three experiments were performed for each data point.
The in vitro release of insulin was studied by dividing a batch of Ins-Eud-NPs
equally into aliquots and placing them in 100 kDa, Float-A-lyzer (Spectrum Labs)
dialysis devices and incubating them at 370C in 20 mM Phosphate buffer (pH 7.4,

150 mM NaCI). The detailed study of designing the in vitro release experiment
protocol and set-up is elucidated in the Appendix. The dialysis devices were
prepared according to the manufacturer's guidelines. The Float-A-Lyzer devices
were pre-wetted, by soaking in 15% ethanol solution in a vacuum chamber for 20
minutes, in order to get rid of glycerin and achieve maximum membrane
permeability. In addition, a vacuum chamber was used to allow maximum wetting
of the dialysis membrane. This was followed by thoroughly washing the
membranes twice with DI water. In each wash, the solution inside the devices
was aspirated out, replaced with and soaked in DI water for 30 minutes. In order
to ensure the presence of a concentration gradient to allow movement of insulin,
the NP samples in the devices and the surrounding buffer had to be continuously
stirred with a 3 mm magnetic stirrer was inserted into each device. 1.25 mL of the
1 mg/mL NP solution was added to each device, which were placed in a large
beaker with pH 7.4 or pH 6 buffer at 37*C. Typically, 9-10 dialysis devices were
placed in a beaker with 800-900 mL of pH 7.4 or pH 6 buffer. In order to ensure
the movement of the magnetic stirrers the base of the devices had to be close to
the bottom of the beaker, which made it difficult to add an additional stirrer in the
beaker to stir the dialysis buffer. Therefore, for continuous stirring of the buffer
outside the dialysis devices, the beaker was put on a magnetic stirring plate,
which was further placed on an orbital shaker. This set up is illustrated in Figure
3.2 (a). At each predetermined time interval, an aliquot of the NPs was taken and
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measured for insulin loading using the BCA assay. Three experiments were
performed for each data point.
As a control experiment we measured the absorbance values of empty NPs with
time using the BCA assay after soaking the devices for 4 h. In the ideal case, this
value should be a constant independent of time and should be subtracted from
the absorbance values obtained from Ins-Eud-NPs to get the correct loading
value. However, we saw that the absorbance of empty NPs increased with time.
This observation can be attributed to the presence of chemicals that can leach
out of the dialysis device and interfere with the BCA assay. Therefore, to
completely get rid of any interfering agents, after inserting stirrers in the devices,
we filled them with pH 7.4 or pH 6 buffer and stirred them for 24 h in a beaker
containing pH 7.4 or pH 6 buffer. On repeating the control experiment with
devices that were soaked and stirred in buffer, we were able to achieve a
constant absorbance value for empty NPs detected by the BCA assay (Figure
3.2 (b)). Therefore, all dialysis devices were pre-soaked overnight before release
experiments to ensure a steady baseline signal for the empty NPs.
Another control experiment where the rate at which free insulin diffuses out of the
dialysis devices was performed to measure the temporal resolution of the
experimental set up. The half-life of free insulin was found to be 1 h as seen in
Figure 3.2 (c). This experimental set up can therefore be used to study the
release profile of drugs, which have a half-life of more than 1 h.
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Figure 3.2. (a) Design of the dialysis set up to study the in-vitro release of
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insulin. (b) Absorbance from empty NPs when the dialysis devices were soaked
for 4 h and 24 h. (c) In-vitro release of free insulin.
3.3.2.5 Synthesis of Eud-NP-Fc
To prepare Ins-Eud-NPs we premixed 30% (w/w) of insulin (10 mg/mL) solution
in DMSO with 20% (w/w) Eudragit S100 (10 mg/mL) solution, 70% (w/w)
PLGA10k -PEG 5k (10 mg/mL) and 10% (w/w) PLGA1Ok -PEG 5k-Maleimide (10
mg/mL) solution in DMSO. The resulting solution was added drop wise to 4 mL
Acetate buffer solution (10 mM pH 5). The solution was stirred for 15 min at 2000
rpm. The resulting NP solution was purified using ultrafiltration using Amicon
Ultracel 100 kDa membrane filters to remove free insulin and organic solvent.
The NPs were washed with 15 mL of Acetate buffer (10 mM, pH 5, with 150 mM
NaCl, 5 mM EDTA) at 3000 g by centrifugation. The NPs were resuspended in
Acetate buffer (10 mM, pH 5, with 150 mM NaCI) to a final concentration of 10
mg/mL.
While the NPs were being washed, 5 mg/mL Fc solution was reacted with 5
mg/mL 2-imminothiolane solution in the molar ratio of 10:1 (Traut's reagent to
IgG Fc). 100 uL of this thiolated Fc was added to 400 uL of 10 mg/mL NPs in
Acetate buffer (10 mM, pH 5, with 150 mM NaCI). Thiolated Fc and the NPs were
incubated for 2 h after which the NPs were washed with three times the volume
of Acetate buffer (10 mM, pH 5, with 150 mM NaCI) in 1.5 mL Amicon Ultracel
100 kDa membrane filters at 10 000 g. NPs were resuspened in Acetate buffer
(10 mM, pH 5, with 150 mM NaCI) at a concentration of 1 mg/mL.
As control experiment, NPs were prepared with PLGA-PEG solution alone using
the same procedure without the addition of insulin and without the addition of
Eudragit S100. In all experiments, the ratio of the organic to the aqueous phase
remained constant at 13:100.
To prepare fluorescently labeled Ins-Eud-NP-Fc 10% (w/w) of PLGA5Qk- FKR
648 was added to the organic solution in addition to 30% (w/w) insulin, 20% (w/w)
Eudragit, 70% (w/w) PLGA1Ok -PEG5k and 10% (w/w) PLGAOk -PEG 5k (10 mg/mL).
The resulting solution was added drop wise to 4 mL Acetate buffer solution (10
mM, pH 5) and the NPs were synthesized and purified in the aforementioned
method.
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3.3.2.6 Characterization of Eud-NP-Fc
The amount of Fc conjugated to the Ins-Eud-NPs was quantified by using a low
protein BCA assay kit. After the purification process, Ins-Eud-NP-Fc and EudNP-Fc were resuspended in acetate buffer (10 mM, pH 5, with 150 mM NaCI) to
a final concentration of 1 mg/mL and heated at 600C for 1 h to release insulin.
Then, 125 pL of NP solution was added to each well in a 96 well-plate followed
by the addition of 125 pL of bicinchoninic acid (BCA) assay working solution.
After incubating the NPs at 600C for 30 min, the amount of insulin was analyzed
using a TECAN UV spectrophotometer (Mannedorf, Switzerland) according to
the manufacturer's instructions. As a control, NPs without insulin and Fc, NPs
without Fc and NPs without insulin were also measured by the same procedure.
The weight percent of insulin in the NPs was measured as the insulin loading and
the fraction of insulin in the NPs was measured as encapsulation efficiency. To
estimate the Fc conjugation the absorbance signal from Ins-Eud-NP was
subtracted from the absorbance signal of Ins-Eud-NP-Fc. Three separate
experiments were performed for each data point.
For measuring the hydrodynamic radius, the NPs were washed and reconstituted
in 1 mL of Acetate buffer (10 mM, pH 5) at a NP concentration of 0.5 mg/mL. The
solution was loaded in disposable low-volume cuvettes to measure the
hydrodynamic radius and NP size distribution using the Zetasizer NanoZS
instrument (Malvern Instruments Ltd., U.K.).
3.3.2.7 In vitro Transcytosis
Cyprotex (Cambridge, MA) is an external company that performed the
transepithelial transport study. The study was done using 96-well plate Transwell
plates (Corning) with a Caco-2 cell in media (ATCC formulated Eagle's Minimum
Essential Medium with aqueous penicillin (100 units/mL), streptomycin (100
units/mL), and fetal bovine serum (FBS, 20%)). 24 hours before the transport
experiment, fresh media was added in the apical and basolateral chambers in the
Transwell plates. On the day of the experiment the media was changed to HBSS
pH 6 in the apical chamber and HBSS pH 7.4 in the basolateral chamber and
allowed to equilibrate for 1 h at 37*C and 5% CO2.
Caco-2 cells were grown in tissue culture flasks that were trypsinized, suspended
in medium, and the suspensions were applied to wells of a Millipore 96 well
transwell plate. The cells were allowed to grow and differentiate for three weeks,
feeding at 2 day intervals. The properties of the semipermeable membrane can
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be found in Table 1. 75 pL of 5 mg/mL fluorescently labeled NPs were added to
the apical side and the amount of permeation was determined on the basolateral
side. Caco-2 cells were incubated with the NPs for 2 h before the NP solution
was sampled from the apical as well as the basolateral chamber. At the end of
the experiment the sampled apical and basolateral solutions were lyophilized and
dissolved in DMSO and their fluorescence signal was measured using a TECAN
Safire plate reader (Mannedorf, Switzerland).
3.4 Results and Discussion
3.4.1 Effect incorporating Eudragit in Ins-Zn-NPs
Ins-Zn-NPs with high insulin loading (3.82%) and small NP diameter (78.7 nm)
were previously synthesized. However, for an ideal NP solution for oral delivery
of insulin it is important for majority of the insulin to be released as soon as the
NP reaches blood in systemic circulation otherwise due to the presence of
ligands on the NP surface, there is a high probability that the NPs would be
opsonized by macrophages. However, pH responsive NPs that would protect
insulin and remain intact at pH less than 7.4 and instantly release insulin at pH
7.4 would be an ideal solution. To achieve this we hypothesized that blending a
pH responsive polymer with our existing Ins-Zn-NP technology would produce pH
responsive NPs. To test the hypothesis, we blended Eudragit S100, a copolymer
of methacrylic acid and methyl methacrylate, with PLGA-PEG to form Eud-InsZn-NPs by the process mentioned in Section 3.3.2.1. The insulin loading
obtained from these Eud-Ins-Zn-NPs was compared with that of Eud-Ins-NPs
without zinc.
It was observed that the insulin loading in the case of Eud-Ins-Zn-NPs (12.2%)
was similar to the loading of Eud-Ins-NPs (13.1%) as seen in Figure 3.3A. This
indicates that the presence of zinc did not provide an added advantage by
increasing insulin loading. However, the addition of Eudragit significantly
improved insulin loading in Eud-Ins-NPs (13.1%) when compared with the
loading in Ins-Zn-NPs (3.82%).
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Figure 3.3. (A) Addition of Eudragit S100 in the NP formulation for Ins-Zn-NPs
(12.8%) did not lead to an improvement in insulin loading when compared with
the insulin loading of Ins-Eud-NPs (13.1%). However, presence of Eudragit leads
to an improvement in insulin loading. (B) Ins-Zn-Eud-NPs failed to illicit the
desired pH response. Insulin released at a faster rate at pH 6 as compared to pH
7.4. This can be attributed to both the pH vales being larger than the pH of the
isolelectric point of insulin below which Ins-Zn hexamers are unstable.
Further, we performed a 2-hour test release experiment to investigate if the
presence of zinc ions helped release insulin faster in pH 7.4 as compared to pH
6. Figure 3.3B shows that Eud-Ins-Zn-NPs did exhibit the desired pH responsive
behavior, in fact, the response was opposite of what was expected. Eud-Ins-ZnNPs released insulin much faster at pH 6 as compared to that at pH 7.4.
Both the insignificant change in insulin loading and the opposite response to pH
can be attributed to the breakdown of Ins-Zn hexamers at pH below the
isoelectric point of insulin (pH 5.6)215. Since the pH of the synthesis buffer (pH 5)
was very close to the isoelectric point of insulin the Ins-Zn hexamers could be
unstable at that pH and hence did not show an improvement in insulin loading as
compared to Eud-Ins-NPs without zinc. Similarly, in the test release experiment
the desired effect was not observed in the Eud-Ins-Zn-NPs because both pH 6
and pH 7.4 are above the isoelectric point of insulin that potentially causes the
Ins-Zn hexamers to get compromised and thus fail to illicit the desired pH
response.
These results suggest that although the addition of zinc ions to the NPs system
did not provide the additional benefits of improved loading or the desired pH
response, the application of Eudragit S100 in the NP system showed promise.
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3.4.2 Formation of Eud-NPs
The application of Eudragit showed promise in improving insulin loading as well
as in producing a pH dependent response as mentioned in Section 3.4.1.
Moreover, Eudragit is one of the most widely used pH dependent polymers 289
Eudragit has been used to form enteric coatings 290, microspheres 291 and
nanoparticles 292-293. Majority of the nanoparticles and microparticles have been
produced in conjunction with a stabilizer like polyvinyl alcohol (PVA) 29" 2 94 or
dispersants like poloxamer 292, 295 and polysorbates 291 using techniques like
supercritical antisolvent 293, quasi emulsion solvent diffusion292, 294-295 or salting
out296 . However, not many studies have focused on the formation of Eudragit
S100 NPs using the solvent displacement method.
To synthesize Eud-NPs using the solvent displacement method we used a
synthesis buffer with a pH less than 7 to ensure that the pH of the NP set up was
less than the dissolution pH of the polymer (pH 7). The NPs were synthesized
with only Eudragit S100 as mentioned in Section 3.2.2.1. However, NPs were not
formed by this method as seen in Figure 3.4A and 3.4B. Figure 3.4B shows the
presence of aggregates in the solution and not NPs. This can be attributed to the
absence of a stabilizer, dispersant or an amphiphilic polymer, which can readily
form NPs.
B
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Figure 3.4. (A) Schematic highlighting the failure of Eudragit S100 to selfassemble to form NPs without the application of an external stabilizer using the
process of nanoprecipitation. (B) The volume size distribution of the Eudragit
S100 aggregates which confirm the failure of Eudragit to self-assemble to form
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NPs using the nanoprecipitation method. (C) Schematic of our hypothesis that
pH responsive polymer, Eudragit S100 when blended with non-pH responsive
polymer can form pH responsive NPs.
Since Eudragit S100 failed to form NPs stand-alone, we hypothesized that by
adding Eudragit, a pH responsive polymer, to PLGA-PEG, a well-studied polymer
for NP formation, we can form NPs which would illicit a response to changes in
pH as illustrated in Figure 3.4C. To test the hypothesis it was imperative to
estimate the optimum amount of Eudragit in the system that can lead to NP
formation.
3.4.3 Effect of Eudragit on NP size
Previous studies show that microspheres can be formed by blending Eudragit
S100 with PLGA-PEG using the double emulsion process using polysorbate as a
dispersant and poly vinyl alcohol as the stabilizer291. However, little work has
been done on exploring the formation of sub-100 nm particles using Eudragit
S100 and PLGA-PEG using the solvent displacement method
(nanoprecipitation). We hypothesized that the addition of sufficient amount of an
amphiphilic polymer capable of readily forming NPs can aid in Eudragit S100 NP
formation using nanoprecipitation as seen in Figure 3.4C.
To find the optimum ratio of PLGA-PEG to Eudragit S100 that results in NP
formation we blended increasing amounts of Eudragit with PLGA-PEG and
formed NPs at a pH 5, which is less than the dissolution pH of Eudragit according
to the method mentioned in Section 3.2.2.1. For this purpose we blended the
polymers (Eudragit: PLGA-PEG) in the ratio 0.5:9.5, 1:9, 1:4, 3:7 and 1:1 by
weight.
As seen in Figure 3.5A blending up to 30% (w/w) Eudragit S100 with PLGA-PEG
forms sub-1 00 nm monodisperse NPs and at 50% (w/w) Eudragit S100 the
system reaches the limiting point of blending Eudragit with PLGA-PEG to form
NPs. This is suggested by the large aggregates obtained along with a poor size
distribution indicative of the inability to form NPs. In the formation of Empty EudNPs increasing amounts of Eudragit in the system did not affect the NPs size, up
to 30% Eudragit as seen in Figure 3.5.
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Figure 3.5. Blending Eudragit S1 00 and PLGA-PEG in different ratios was
successful in forming NPs. The inclusion limit of Eudragit in the system is 50%
(w/w) Eudragit as it results in the formation of chunky aggregates. Moreover,
increasing amount of Eudragit S100 blended in Emp-Eud-NPs did not affect the
size of the NPs. However, on preparing Ins-Eud-NPs a size dependence on the
amount of Eudragit was observed. The size of the NPs increased for the
compositions that had 20% and 30% (w/w) Eudragit.
After confirming the formation of NPs by blending varying compositions of
Eudragit and PLGA-PEG we investigated whether the inclusion of insulin in the
NPs will affect the NP properties. To test the effect of addition of insulin in the
NPs we synthesized NPs according to the process mentioned in Section 3.2.2.1
by adding 30% (w/w) insulin and blending the polymers (Eudragit: PLGA-PEG)
in the ratio 0.5:9.5, 1:9, 1:4, 3:7 and 1:1 by weight. As seen with the Empty EudNPs 50% (w/w) of Eudragit S100 in the system resulted in no particle formation.
However, Figure 3.5 shows that Ins-Eud-NPs can be formed successfully by
mixing insulin with different compositions of the polymers. Unlike the trend in
Empty Eud-NPs where increasing amounts of Eudragit in the system did not
affect NP size, an increase in the NP size was observed in Ins-Eud-NPs on
adding 20% (w/w) and 30% (w/w) of Eudragit in the NPs as compared to 5%
(w/w) and 10% (w/w) Eudragit. However, on increasing the Eudragit amount to
20% the NP size remains sub-100 nm (83 nm), which meets our design criteria.
This increasing NP size can be attributed to possible interactions between the
anionic polymer, Eudragit S100, and the positively charged amino acids of
insulin. Moreover, at pH 5, which is below the isoelectric point of insulin, insulin
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has a net positive charge and hence potentially interacts strongly with the anionic
Eudragit S100 forming a polymer and insulin complex which increases in size as
the amount of Eudragit increases.
These results show that Empty Eud-NPs as well as Ins-Eud-NPs can be
successfully formed by blending Eudragit S100 and PLGA-PEG in a ratio less
than 1:1 (Eudragit: PLGA-PEG). Although by the addition of insulin the NP size
increased with increasing amounts Eudragit beyond 20% (w/w) Eudragit in the
system, with NP composition with 20% Eudragit S100 and 80% PLGA-PEG and
synthesis buffer pH of 5, we obtained sub-100 nm NPs (83 nm).
3.4.4 Effect of Eudragit on Insulin loading
The increase in the size of Ins-Eud-NPs observed on increasing the amount of
Eudragit in the system beyond 20% (w/w) suggested possible interactions
between insulin and Eudragit. This increased interaction between Eudragit and
insulin, could also improve insulin encapsulation. In order to test this hypothesis
we synthesized NPs with increasing amounts of Eudragit and measured the
amount of insulin loading. In Figure 3.6 we observe that Eudragit does not have a
significant effect on insulin loading up to 10% Eudragit in the NPs, however, on
increasing the Eudragit amount to 20% we achieve a higher loading (13%), while
the NP size remains small (83 nm). At amounts of Eudragit greater than 20%,
insulin loading increases but NP size increases to more than 100 nm, and at 50%
Eudragit composition, we obtain NPs with a poor size distribution indicative of the
inability to form NPs.
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Figure 3.6. Eudragit does not have a significant effect on insulin loading up to
10% Eudragit in the NPs, but on increasing the Eudragit amount to 20% and 30%
we achieve a higher loading.
The increase in NP size and insulin loading with increasing amounts of Eudragit
beyond 20% (w/w) can be attributed to the enhanced interactions between the
anionic Eudragit S100 and the net positively charged insulin at pH 5. Since the
pH of the synthesis buffer is close to the isoelectric point of insulin (pH 5.6271),
insulin exhibits reduced solubility and possibly precipitates during NP formation
resulting in increased insulin encapsulation.
3.4.5 Effect of synthesis buffer on NP size and insulin loading
Properties of both Eudragit S100 and insulin are sensitive to changes in pH.
Eudragit S100 has a pH-dependent solubility, as it dissolves above pH 7. Insulin
has an isoelectric point of 5.6 that means it is net positively charged at pH less
than 5.6 and is net negatively charged at pH greater than 5.6. Insulin is observed
to be more soluble in aqueous medium in its charged state i.e. in pH less than 4
and pH greater than 7. It has been shown in a previous study that the solubility
behavior of a drug is particularly important, since it influences the partitioning
behavior of the drug between an organic phase and an aqueous phase, which
determines the loading efficiency 297 . In order to investigate the effect of pH of the
synthesis buffer in which Ins-Eud-NPs we synthesized, on insulin loading and NP
size.
Since from the studies in Section 3.4.1- 3.4.5 we observed that the most
optimum NPs in terms of size and insulin loading formed when 20% (w/w)
Eudragit was blended with 80% (w/w) PLGA-PEG. We synthesized Ins-Eud
(20%)-PLGA-PEG (80%) NPs in pH 3, 4, 5 and 6. In Figure 3.7 we see that large
diameter NPs with low insulin loading were formed at pH 3 and pH 4. As we
increase the pH of the synthesizing buffer to pH 5 and 6, we obtain NPs with
better loading and smaller size.
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Figure 3.7. NPs with larger diameter and poor insulin loading are formed at low
pH buffers (pH 3 and pH 4) while NPs with high insulin loading and smaller size
are formed in buffers with pH close to the isoelectric point of insulin ie. pH 5.6.
Since pH 6 is closer to the dissolution pH of Eudragit S100, we chose pH 5 as
the pH of the synthesis buffer. Therefore, for our purpose the optimum
composition for the formation of the Ins-Eud-PLGA-PEG NPs is 20% Eudragit
S100 and 80% PLGA-PEG and the optimum pH for synthesis is pH 5. Under
these conditions the NPs have a 13% insulin loading and 83 nm diameter.
3.4.6 Effect of Eudragit on pH triggered Insulin release
Having optimized NP formulation for optimum insulin loading and NP size in
sections 3.4.1-3.4.6, we explored the effect of the presence of increasing
amounts of Eudragit on the pH responsiveness of Ins-Eud-NPs. Maximum pH
responsiveness is a desired property for an ideal NP solution for oral drug
delivery because it will enable the rapid release of insulin from the NPs before
the NPs get opsonized by macrophages. For this purpose the NPs should remain
stable and intact at pH less than 7.4 as is found in the duodenum (pH 6-6.5) as
well as in the endosomes (pH 5) and once the NPs reach blood (pH 7.4) they
should instantly release majority of the insulin.
To test this, we synthesized NPs with increasing amounts of Eudragit and
measured the amount of insulin they released in pH 6 and pH 7.4 after 2 hours.
Figure 3.8 shows the effect of the amount of Eudragit on the pH responsiveness
of the NPs. It can be seen that decreasing amounts of insulin is released in 2 h in
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pH 6, as the amount of Eudragit increases in the NP. But there is no noticeable
trend in the release of insulin in 2h in pH 7.4. However, on comparing the release
of insulin in pH 6 and pH 7.4 for each composition of the NP, it can be seen that
the pH responsiveness of the NPs increases as the amount of Eudragit increases
in the NPs up to 20%.
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Figure 3.8. Increasing the amount of Eudragit in the NPs slowed doen the
release of insulin after 2 h in pH 6 buffer. But no particular trend was observed in
the release of insulin from Ins-Eud-NPs at pH 7.4. Moreover, NPs with 20%
Eudragit and 80% PLGA-PEG show the maximum difference in the amount of
insulin released in pH 6 and pH 7.4, thus suggesting that this NP composition
produces the most pH responsiveness NPs.
Therefore, from these experiments we can conclude that 20% Eudragit and 80%
PLGA-PEG is the optimum composition of the NPs as it enables maximum
loading and pH responsiveness, with a size less than 100 nm. The NPs in these
experiments were made in pH 5.
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3.4.7 pH sensitive in vitro release of insulin from Ins-Eud-NPs
24 hour in vitro release of Ins-Eud-NPs was measured according to the method
mentioned in Section 3.3.2.4. Figure 3.9 shows the in vitro release of 20%
Eudragit NPs which were synthesized in pH 5. It shows that there is a significant
reduction in the rate at which insulin is released from the NPs at pH 6 as
compared to pH 7.4. The detected half-life of insulin in pH 7.4 is between 30-60
min, while the half-life of insulin in pH 6 is 240 min. Although the measured halflife of insulin at pH 7.4 was 30-60 min, we predict that the actual half-life would
be shorter. This can be attributed to the limitations presented by the
measurement resolution of the dialysis set-up. The release of free insulin solution
also had a half-life of 30-60 min as seen in Figure 3.2 (C).
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Figure 3.9. A significant reduction in the rate at which insulin is released from the
NPs at pH 6 is observed as compared to pH 7.4. The half-life of insulin in pH 7.4
is between 30-60 min, while the half-life of insulin in pH 6 is 240 min. However,
the current measurement is limited by the resolution of the dialysis set-up (1 h).
To better visualize this data and to account for the maximum measurement
resolution of the experimental setup, we normalized the insulin released in pH 6
and pH 7.4 with respect to the release rate of free insulin solution using the mass
flux relation given in Equation 1. In this relation, -ii is the mass flux, k is diffusive
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permeability, C 1 is the concentration of the solution in the dialysis chamber, and
C 2 is the concentration of the solution in the dialysis buffer. Similarly, V1 is the
volume of the solution in the dialysis chamber and V 2 is the volume of the dialysis
buffer. A is the area of the membrane in contact with the dialysis solution. Figure
3.10 shows that almost all of the insulin from the NPs gets released as soon as
the NPs are exposed to pH 7.4, while there is a significant reduction in the
release of insulin from the NPs in pH 6.
Eq. 1

V2 dtrh = k(c1 - c2)A = -Vdc=
1
dt

Therefore, these NPs would remain intact and prevent the loss and degradation
of insulin in the stomach (pH 1-3), and in the upper intestine (pH 5-6) and trigger
quick release of insulin once the NPs reach the blood (pH 7.4). The crossover of
the NPs from the upper intestinal area, through the intestinal lining will be
achieved via the FcRn pathway.
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Figure 3.10. On normalizing the data with respect to the release of free insulin it
can be seen that almost all of the insulin from the NPs gets released as soon as
the NPs are exposed to pH 7.4, while there is a significant reduction in the
release of insulin from the NPs in pH 6. The half-life od insulin at pH 6 was 90
min.
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3.4.8 Fc conjugation approach and challenges
Various transport pathways have been used to target NPs for oral delivery of
insulin such as the FcRn, transferrin and folic acid pathway. However, due to the
abundance of the FcRn in the human intestines and due to the recent success of
the application of the FcRn pathway, we designed the Ins-Eud-NPs with the Fc
fragment on the NP surface. A previous study has reported the successful
conjugation of the Fc fragment of the IgG on the surface of the PLA-PEG NPs by
using maleimide-thiol chemistry'. 298The challenge in using the same chemistry
for the Ins-Eud-NPs was that the maleimide-thiol chemistry is most efficient at
physiological pH (pH 7.4). However, due to the pH restrains in the Ins-Eud-NP
system, we had to optimize the conjugation protocol parameters such as
conjugation buffer, reaction time, concentration of the NPs, and amount of Fc
used.
In order to conjugate the Fc fragment on the NP surface we synthesized the NPs
in the aforementioned process, however, we included 10% PLGA10k-PEG5k with a
maleimide terminal group (PLGA-PEG-mal). IgG-Fc was modified using 2iminothiolane (Traut's reagent), which is a water-soluble reagent that reacts with
primary amines to introduce thiol groups. The thiol-modified Fc (Fc-SH) was then
be incubated with the NPs to allow for the thiol-maleimide conjugation reaction to
occur. Once the reaction was complete, the NPs-Fc were washed to remove any
unconjugated Fc. The Fc conjugated to the surface of the NPs was then
quantified using a BCA protein assay.
Various challenges were overcome to optimize the above reaction. The thiolmaleimide reaction occurs rapidly at pH 7.4. However, since the Ins-Eud-NP
system is sensitive to pH, it was important to explore the conjugation efficiency at
different reaction buffers. For this purpose we incubated Ins-NPs with Fc-SH in
three different buffers (pH 5, pH 6 and pH 7.4) for 2 h. As expected, maximum Fc
conjugation occurred when the reaction buffer pH was 7.4 as seen in Figure
3.1 1A. For reasons that are unclear, we observed more conjugation at pH 5 than
at pH 6.
Since the Fc conjugation at pH 6 was less than that at pH 5, next we investigated
the effect of reaction time on Fc conjugation in pH 5 buffer. We incubated the
NPs with Fc-SH for 2 h and 18 h. Although great amount of Fc was conjugated
when the NPs and Fc-SH were incubated for 18 h, this value was not much
greater than the Fc conjugation obtained after incubating for 2 h. A major
disadvantage of longer incubation times is that they tend to increase the amount
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of insulin lost in the NPs. For this reason we performed the rest of the
experiments by incubating the NPs for 2 h.
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Figure 3.11. (A) Effect of reaction buffer on Fc conjugation on N P surface.
Maximum Ec conjugation was obtained at pH 7.4, followed by pH 5 and pH 6
buffer. (B) Effect of reaction time on Fc conjugation. On incubating Ins-Eud-NPs
with Fc-SH in pH 5 buffer for 2 h and 18 h, it was found that the Fc conjugation in
2 h (0.16%) was not much greater than the Fc conjugation in 18 h (0.23%). (C)
On increasing the amount of Fc by 5 times Fc conjugation increased to 1.48%.
(D) Higher Fc conjugation resulted in longer synthesis time, which resulted in a
loss of insulin leading to a reduction in insulin loading in Ins-Eud-NPs-Fc NPs to
6.8%.
To improve Fc conjugation another approach is to increase the amount of Fc that
is incubated with the NPs. Larger amount of Fc will also possibly prevent NP
aggregation since there will be sufficient free Fc to bind to reactive groups on the
NPs. However, if the amount of Fc is significantly less than the amount of NPs, it
can potentially lead to NP crosslinking as a single Fc molecule can react with the
available reactive groups in more than one NP. So far we were adding 20.48 pL
of 5 mg/mL Fc to 4 mL of 1 mg/mL NPs. To test the effect of increasing the
amount of Fc in the conjugation stem, we increased the amount of Fc added to 5
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times. Figure 3.11 C shows that the addition of 5 times more Fc significantly
improved the Fc conjugating on the NP surface.
Although we succeeded in improving the Fc conjugation from 0.2% to 1.48%, the
amount of insulin loading in the NPs dropped from 13.1% to 6.8%. This loss in
the insulin loading occurred to due to the increase in reaction time as well
synthesis time.
3.4.9 Fc conjugation optimization
By optimizing the conjugation parameters we were successful in developing InsEud-NPs-Fc with 1.48% Fc conjugation. However, the long synthesis time led to
loss of insulin from the NPs resulting in the net insulin loading in Ins-Eud-NPs-Fc
to drop from 13.1% to 6.8%.
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Figure 3.12. (A) Formation of NPs after 5 min stirring time and 1 mg/mL NP
incubation concentration resulted in only 0.7% Fc conjugation. However, when all
other synthesis conditions were kept the same and only the stirring time was
changed to 15 min and the NP incubation concentration was increased to 10
mg/mL Fc conjugation increased to 1.48%. (B) Conjugation of Fc on the NP
surface did not effect the size of the NPs, size of lns-Eud-NPs-Fc was 63.9 nm
while the size of NPs without Fc was 68 nm.
In order to improve these NPs we have to further improvise the NP synthesis and
the Fc conjugation prcoess. Two steps that consume majority of the time in the
process are the 2 h stirring time that enables stable NP formation and the 2 h
Ins-N Ps and Fc-SH incubation time. The NPs get washed after each of these
time periods to either get rid of the excess drug, organic solvent, polymer or to
get rid of the unreacted Fc. In addition to that the released insulin also gets
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washed away. Another potential way of controlling the loss of the insulin by the
NPs is by reducing the concentration of NPs that is being incubated with Fc-SH.
The increase in concentration will prevent the formation of a strong concentration
gradient, preventing insulin to readily get released by the NPs.
To test this, we prepared NPs after adding drop wise the organic polymer and
insulin solution to a beaker with acetate buffer (pH 5, 10 mM) that was constantly
being stirred at 2000 rpm. The NPs were allowed to equilibrate for 5 min (as
opposed to 2 h in other experiments) after which they were washed multiple
times to get rid of excess insulin and the organic solvent. Following that the NPs
were resuspended in acetate buffer (pH 5, 10 mM) to form a 1 mg/mL NP
solution. Fc-SH and the Ins-Eud-NPs were then incubated for 2 h, followed by
washing them and then quantifying the Fc conjugation using the BCA assay.
Figure 3.12A shows that this enables us to get only 0.7% Fc conjugation as
opposed to 1.48% that we had obtained earlier.
This observation suggested that controlling the concentration of the NPs when
they are incubated with Fc-SH could help improve the Fc conjugation efficiency
as a higher concentration of NPs will result in greater interaction and reaction
points for the thiolated Fc. We repeated the aforementioned experiment after
making two changes. First, instead of stirring the organic solutions with the
aqueous phase for 5 min, we did that for 15 min to enable the NPs to stabilize
and to allow more organic solvent to evaporate. Second, instead of incubating
the Ins-Eud-NPs at a 1 mg/mL concentration with the thiolated Fc, we incubated
Ins-Eud-NPs at 10 mg/mL concentration. Figure 3.12A shows that the insulin
loading in the NPs increased from 6.8% to 8.5% and the Fc conjugation also
increased to 1.9%.
On characterizing the size of the Ins-Eud-NPs-Fc, we see (Figure 3.12B) that the
size of Ins-Eud-NPs-Fc was 63.9 nm while the size of NPs without Fc was 68
nm. Therefore, the conjugation of Fc did not affect the size of the NPs
considerably.
By optimizing the synthesis and conjugation parameters we were able to develop
Ins-Eud-NPs-Fc with 1.9% Fc conjugation, 8.5% insulin loading, 63.9 nm
hydrodynamic radius and high pH responsiveness. A schematic of the NP can be
seen in Figure 3.13.
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Corona: Poly(ethylene glycol)
- Particle stability and "stealth"
- Mucus penetration
-FDA approved

-

Targeting Ligand: IgG Fc
Targets the FcRn

Drug: Insulin

pH responsive polyrmer:
Eudragit S100
- Dissolves at pH 7
" Enables instant release of
insulin on reaching the blood
-FDA approved

Core: Poly(lactic
glycolic acid)
- Biodegradable
material
-FDA approved

Figure 3.13. Schematic of Ins-Eud-NP-Fc. The Ins-Eud-NP-Fc is prepared from
biodegradable and biocompatible polymers like PLGA-PEG and Eudragit S100.
Eudragit imparts the NPs an ability to respond release insulin on being stimulated
by pH. The targeting ligand, Fc, has been conjugated to the surface of the NPs to
enable them to cross the epithelial barrier by using the FcRn transcytosis
pathway.
3.5.10 NP in vitro transcytosis
Transport of drugs and NPs across the epithelial lining has been investigated
using a standard transcytosis assays 299. Studies have shown the successful
transport of small molecules across a Caco-2 cell monolayer on porous
membranes on transwell plates' 194, that is typically used a model of the intestine
for drug permeability. Caco-2 cells have been reported to express human FcRn
that has been used for IgG transport studies. One particular study showed the
successful transport of Fc targeted insulin loaded PLA-PEG NPs across a caco-2
cell monolayer 94. Targeting the NPs to the FcRn resulted doubling the NPs that
crossed the Caco-2 monolayer, as compared to the NPs that were not targeted
with the Fc fragment.
As mentioned in Section 3.3.2.7. the transepithelial NP transport experiments
were done by Cyprotex. To study the NP transepithelial transport of Ins-EudNPs-Fc we used an in vitro epithelial monolayer model with Caco-2 cells as
decribed in Section 3.3.2.7. We used fluorescently labeled NPs to measure
transport across the Caco-2 monolayer. The transport set-up was designed to
mimic the chemical conditions presents in the intestine, where the apical side of
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the transport chamber, which was representing the duodenum was filled with
HBSS at pH 6 and the basolateral chamber which was representing blood was
filled with HBSS at pH 7.4. 75 pL of 5 mg/mL NPs were added to the apical side
and the transport set up was placed on an orbital shaker to incubate for 2 h to
allow for transport. After NP transport, the solution from the apical side as well as
the basolateral side was collected and lyophilized. Later, the solution was
dissolved in DMSO and their fluorescence signal was measured using a TECAN
Safire plate reader. As a control, NPs without Fc targeting were also used to
compare the transport with NPs conjugated with the Fc fragment.
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Figure 3.14 In vitro transepithelial transport data showed that Ins-Eud-NPs-Fc
were transported 5 times more across the Caco-2 monolayer relative to non
targeted Ins-Eud-NPs.
Membrane diameter
Membrane thickness
Cell growth area
Initial NP concentration

4.26 mm
10 pm
0.14 cm 2
5 mg/mL

Table 1. Properties of the semipermeable membrane on which the Caco-2 cells
were grown.
In Figure 3.14 in vitro transepithelial transport data shows that there was 5 times
greater transport of Ins-Eud-NPs-Fc across the Caco-2 monolayer relative to
non-targeted Ins-Eud-NPs. 375 pg of Ins-Eud-NPs were added to the apical
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chamber and 9.4 pg of Ins-Eud-NPs targeted with Fc were successful in crossing
the epithelial barrier, while only 1.02 pg of non-targeted Ins-Eud-Fc-NPs were
successful in crossing the Caco-2 monolayer. This 5 times increase in the
transport rate confirms that targeting NPs with Fc ligand enables a larger uptake
of NPs.
3.5.11 Conclusion

-

Targeted drug delivery using polymeric carriers has been an area of interest for
decades. Several strategies have been explored to by using different materials,
synthesis process and targeted transport pathways. However, the key to an ideal
NP solution is to use multiple strategies in a way that they complement each
other. In this study we show how some of these strategies can be put together to
develop an efficient NP based drug delivery system for oral delivery of insulin. At
the onset of the study it was critical to design the system to have high insulin
loading, sub-100 nm size and the ability to release the majority of insulin before
the NPs gets opsonized by macrophages. We showed that blending a pH
responsive polymer, Eudragit S100 with a non-pH responsive polymer, PLGAPEG successfully forms monodispersed NPs. We optimized key NP properties
insulin loading, size and pH responsiveness - by investigating the effect of
incorporating Eudragit in the system. This enables us to develop Ins-Eud-NPs
with 13.1% insulin loading and 83 nm size. These NPs exhibited the desired pH
response, which was evaluated using in vitro insulin release data at conditions
that mimic the chemical environment in the GI tract. We showed that the majority
of insulin was released rapidly on exposing the NPs to pH 7.4 buffer while the
half-life of insulin in pH 6 was 90 min. To enable the Ins-Eud-NPs to cross the
intestinal epithelial barrier we used the FcRn pathway because NPs targeted with
the Fc ligand have been shown to successfully cross the intestinal epithelium and
because of the abundance of FcRn in the human intestinal lumen. We used a
well-studied conjugation chemistry, maleimide - thiol chemistry to conjugate Fc
on the surface of the NPs. By methodically studying the impact of various
processing parameters - reaction time, reaction buffer, NP concentration, and
concentration of Fc - on insulin loading and Fc conjugation, we were able to
circumvent the challenges associated with maleimide - thiol chemistry at a pH
much lower (pH 5) than the optimum pH (pH 7.4) for this conjugation chemistry.
We were able to produce Ins-Eud-NPs-Fc with 8.5% insulin loading, 63 nm size
and 1.9% Fc conjugation. Lastly, we showed that the NPs were able to cross the
epithelial lining as tested using a Caco-2 cell model. In this work we developed
and exhibited the application of a pH responsive system that will protect insulin
from the hard chemical environment in the stomach (pH 2-3) and in the
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duodenum (pH 6-6.5) and will be readily transcytosed using the FcRn pathway.
The NPs will protect the insulin in the endosomes (pH 5) and will get released in
the basal side into blood (pH 7.4). Here the basic pH of blood will trigger the NP
to release the majority of insulin in the blood. This modular NP formulation has
potential to provide a way to efficiently transport various drugs across the
intestines. In fact, FcRn is found in other organs in the body like the brain,
kidneys, livery and lungs and this formulation can potentially be used to transport
drugs across the epithelial lining at numerous sites.
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CHAPTER 4
Conclusion and Outlook
Parenteral delivery has been the mainstay for administering insulin to patients
with diabetes. Even after decades of research done by groups across the world,
state of the art for insulin delivery continues to be subcutaneous injections.
Physicians and patients over the years have unanimously agreed that innovation
in the field of alternative insulin delivery is necessary due to increasing level of
patient incompliance and poor treatment outcomes owing to the frequent need of
insulin injections for prolonged periods of time. As a result, several strategies of
alternative insulin delivery like oral, pulmonary, buccal, rectal, nasal and
transdermal have been investigated. Significant advancements have been made
in these drug delivery methods particularly in insulin delivery via the oral and the
pulmonary route. Although a couple of pulmonary delivery formulations have
reached advanced stages of FDA approval and commercialization, no oral
formulation of insulin has been launched in the market with success.
Due to the ease of administration and the possibility of action of insulin in a
physiological manner through the liver makes oral delivery of insulin very
desirable. Although oral insulin is the more preferred way of administering insulin,
it is a very complex and challenging problem. These challenges are attributed to
the harsh chemical environment in the GI tract due to the presence of varying
pH, the presence of protease inhibitors and the strongly regulated intestinal
epithelial barrier, which prevents efficient absorption of insulin. The application of
nanoparticles (NPs) to overcome these challenges has been extensively
explored. By choosing an appropriate material, NPs can be designed to protect
insulin from the harsh chemical environment in the GI tract, from enzymatic
degradation and can allow targeted transport across the gastrointestinal lining by
enabling surface functionalization with a targeting ligand.
Various NP formulations and transport pathways have been studied such as
neonatal Fc Receptor, Vitamin B12, folic acid and transferrin pathway. Due to the
recent success in transporting PLA-PEG NPs across intestinal linings, an
abundance of FcRn in the intestinal lumen and due to the efficient transport of
IgG across the epithelial lining via FcRn, the FcRn pathway was of particular
interest to the work presented in this thesis.
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To design an effective oral insulin delivery system, various key design criteria
have been identified such as (1) NPs must be sub-100 nm to allow the
application of a pathway like the FcRn, (2) NPs must have high insulin loading to
ensure high bioavailability and less consumption of polymer per insulin dose, (3)
NPs must have the ability to be functionalized by a ligand of a transport pathway,
and (4) the majority of insulin must get released from the NPs before the NPs get
opsonized by macrophages to ensure higher bioavailability.
Keeping the above design criteria at the forefront, this thesis provides detailed
work and insights into achieving each of these requirements. To understand the
factors that control protein loading in NPs, we systematically investigated the
effect of individual steps of the nanoprecipitation process including the washing
step, the mixing phase for insulin, and the stages of adding insulin to the system.
We demonstrated that smaller Ins-NPs could be formed by dissolving insulin
along with the PLGA-PEG molecules in organic phase (DMSO) before
nanoprecipitation. We provided a simple way to increase the insulin loading in
PLGA-PEG NPs by zinc chelation. Ins-Zn-NP exhibited more than 10-fold
increase in insulin loading compared to Ins-NPs. We also demonstrated ways of
achieving small NP diameter while maintaining high insulin loading. In particular,
we found that insulin and/or zinc may be added to pre-formed NPs to load insulin
without affecting the NP size. Also, insulin loading in Ins-Zn-NP system could be
optimized by tuning the pH of the system. This part of the thesis illustrates how
simple modifications of the nanoprecipitation process can provide insights that
enable the realization of NPs with desired properties. This approach can
potentially extend to other protein-encapsulating NP systems to understand the
mechanisms of protein loading and to devise processes to enhance protein
loading in NPs formed by nanoprecipitation.
After demonstrating ways of improving NP size and insulin loading, we focused
on developing a pH responsive NP system that will rapidly release insulin when
exposed to neutral pH. We showed how the application of Ins-Zn hexamers
along with PLGA-PEG and a pH-responsive polymer, Eudragit failed to produce
NPs with improved insulin loading or the desired pH response. However, we
demonstrated that blending a pH responsive polymer, Eudragit S100 with a nonpH sensitive polymer, PLGA-PEG successfully formed monodispersed NPs.
-

We optimized key NP properties - insulin loading, size and pH responsiveness
by investigating the effect of incorporating Eudragit in the system. This study
enabled us to develop Ins-Eud-NPs with 13.1% insulin loading and 83 nm size.
These NPs exhibited the desired pH response, i.e., slow release at pH 6 that is
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experienced in the GI tract before transcytosis and rapid release at physiological
pH encountered after transcytosis, which was evaluated using in vitro insulin
release data at conditions that mimic the chemical environment in the GI tract.
We showed that the majority of insulin was released rapidly on exposing the NPs
to pH 7.4 buffer while the half-life of insulin in pH 6 was 90 min.
To enable the Ins-Eud-NPs to cross the intestinal epithelial barrier using the
FcRn pathway, we functionalized the NPs with Fc. We used the well-studied
maleimide-thiol chemistry to conjugate Fc on the surface of the NPs. By
methodically studying the impact of various processing parameters - reaction
time, reaction buffer, NP concentration, and concentration of Fc - on insulin
loading and Fc conjugation, we were able to circumvent the challenges
associated with use of the maleimide - thiol chemistry at a pH much lower (pH 5)
than the optimum pH (pH 7.4) for this conjugation chemistry. We realized InsEud-NPs-Fc with 8.5% insulin loading, 63 nm size and 1.9% Fc conjugation.
Lastly, we showed that the NPs were able to cross the epithelial lining as tested
using a Caco-2 cell model. In this work, we developed and exhibited the
application of a pH-responsive system that will protect insulin from the harsh
chemical environment in the stomach (pH 2-3) and in the duodenum (pH 6-6.5)
and will be readily transcytosed using the FcRn pathway. It is expected that the
NPs will protect the insulin in the endosomes (pH 5) and will get released on the
basal side into blood (pH 7.4). Next, the basic pH of blood will trigger the NP to
release the majority of insulin in the blood. This modular NP formulation has
potential to provide a way to transport various drugs across the intestines
efficiently.
To conclude, this thesis has made contributions in gaining insights on improving
NP characteristics and in developing a modular pH-responsive NP system that
has potential applications beyond just oral delivery of insulin.
In the drug-delivery industry, several NP systems have been designed for oral
insulin delivery. However, the long-term efficacy and success of these
formulations will be determined by their ability to provide glycemic control in
larger animals and humans. Reliably quantifying the dose required to control
glucose levels will be another challenging frontier as high doses of insulin may
induce mitogenic changes in the GI epithelium, as insulin is also a growth factor.
Therefore, given the complexity of the problem, a multilayered NP system with
multiple facets will be needed to be a complete solution for oral delivery of
insulin.
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Future outlook

Ins-Eud-NPs-Fc, as well as the Ins-Zn-NPs, exhibit improved NP characteristics
as well improved in vitro efficacy. However, there are multiple aspects that need
more investigation, modifications, and improvements.
As reported in this work, Ins-Zn-NPs demonstrated promise as an insulin carrier
with high insulin loading and well-controlled NP size. Zinc chelation is an easy to
execute and controllable way of improving protein loading in polymeric carriers.
This mechanistically sound approach can be extended to other protein delivery
systems, which struggle with the challenge of inadequate protein loading. The
roadmap provided in Chapter 2 about optimizing NP properties can be applied
directly to other systems to gain better insights and to improve protein loading
and control NP size.
Ins-Eud-NPs-Fc demonstrated improved efficacy in in vitro studies, however, a
detailed investigation of the transport of Ins-Eud-NPs-Fc is needed. Effect of
various parameters like temperature, Fc saturation, and Fc blocking agents need
to be studied to gain a mechanistic understanding of the underlying functioning of
the NP system in vitro.
In addition to more in vitro tests, this formulation needs to be tested in vivo to
understand the pharmacokinetics of the NPs accurately. In vivo experiments
designed to understand the time scale of the action of the NPs, elimination of the
NPs, release of insulin in the GI tract and studies determining the dosedependent glycemic response, need to be performed.
A challenge associated with the Ins-Eud-NPs-Fc is the presence of the Fc on the
surface of the NPs that makes these NPs a very attractive target for opsonization
by macrophages. The Ins-Eud-NPs-Fc pH-responsive system is designed to
ensure maximum release of insulin before the NP gets degraded or excreted.
However, a possibility of an even more efficient system is the possible
conjugation of Fc on the NP surface using pH-sensitive chemical linkers. These
linkers can be designed to dissolve at pH 7.4 resulting in shedding of the Fc. This
strategy will enable a longer circulating NP and can open doors to long-acting
oral insulin formulations.
Lastly, it has been reported that Fc is not just found in human intestines, but also
in the epithelial lining of other organs like the brain, liver, lungs, and kidneys.
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Most of these epithelial linings have a similar chemical composition regarding the
pH of the solutions on either side of the membrane. Therefore, Eud-NPs-Fc can
be modified to suit the transportation of protein therapeutics across the epithelial
lining of these organs.
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Appendix
Optimization of in vitro release study protocol for insulin
release from Ins-NPs
Nanoparticles (NPs) formed from biodegradable polymers such as poly(lactic
acid) (PLA) and poly(lactic-co-glycolic acid) (PLGA) have been extensively used
as drug delivery carriers for protein therapeutics 300 -3 03 . NPs are a particularly
good solution for oral delivery of protein drugs because they enhance stability of
protein therapeutics, provide continuous and controlled drug release, enable
reduced dosage, decrease systemic side effects, protect the protein from the
harsh chemical environment in the gastrointestinal tract, and allow surface
functionalization which can open a whole avenue of targeted delivery
possibilities300, 304-306
A key feature of polymeric NPs is the ability to release drugs in a controlled way.
Successful estimation of drug release from NPs requires well-characterized in
vitro or in vivo studies. In the initial screening of potential NPs, in vitro drug
release is very common as it enables the assessment of the drug release profile
in a fairly cost effective, accurate and quick way. This is why before testing the
pharmacokinetics of the formulation in vivo, it is first tested in vitro.
Currently, the most common methods used to study drug release from

2 14 3 07 3 0 8
microspheres are the sample and separate , - and the dialysis212,261,

3 09

methods 310. These methods have been illustrated in Figure Al. The more
conventional method is the sample and separate method in which drug-loaded
NPs are incubated in an EppendorfEppendorf tube and at predetermined time
points, the solution is centrifuged using an Amicon filter to separate the free
released drug from the NPs. Advantages of the sample and separate method are
accurate measurement of the initial burst of drug from microspheres and the
ease of the setup. However, some of the disadvantages include the possibility of
the system reaching equilibrium before all the drug has been released and the
loss of drug in the filter of the centrifugation device. To overcome these
challenges partially, the both the supernatant and the filtrate is sometime
analyzed for the drug content.
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Figure Al. Sample and separate and dialysis are the two most commonly used methods for
measuring the in vitro drug release profile from polymeric nanoparticles.
The second popular method for estimating the in vitro release of drugs from
nanoparticles and microparticles is dialysis. Here, instead of incubating the
samples in Eppendorf tubes, the drug loaded NP samples are incubated in
dialysis chambers that are suspended in a dialysis buffer. A dialysis membrane
of an appropriate molecular weight cut off separates the NP solution from the
dialysis buffer. As the NPs release the drug, it diffuses through the dialysis
membrane into the dialysis buffer. One way of estimating the released drug is to
sample the dialysis buffer or to samples the NPs at predetermined time points.
One challenge associated with sampling the dialysis buffer is that usually the
volume of the dialysis buffer is 10-20 times the volume of the dialyzing solution,
therefore after the drug releases into the buffer solution the concentration of the
resulting solution is very low and often it is hard to analyze it due to limited
resolution of protein detection assays and techniques. One advantage of this
system is the ease of sampling. However, depending on the preparation of the
dialysis chambers the initial setup can be very cumbersome and similar to the
sample and separate method, the sample can reach equilibrium in the dialysis
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set up as well.
In order to measure the initial burst release from NPs, the sample and separate
method is considered to be more effective because the slow equilibration limits
an accurate analysis of initial drug levels in formulations using the dialysis
method.
Insulin in vitro release profile using the sample and separate method
For this study we used the sample and separate method to study the in vitro
release of insulin from Ins-Eud-NPs. We prepared Eud (10%) PLGA-PEG (90%)
Insulin (30%) NPs using the nanoprecipitation method. We made a final NP
concentration of 1 mg/mL. Next, we made 200 pL volume aliquots of the NPs and
at predetermined time points centrifuged each aliquot using a Millipore Amicon
filter (MWCO 1OOkDa) for 10 min at 10,000 g. We collected and analyzed
samples from both the supernatant as well as the filtrate. Figure A1A shows that
when the filtrate, which contains released insulin is analyzed the data shows an
almost flat line denoting that there is not much change in the amount of insulin
released by the NPs with time. When the data is analyzed using the supernatant
from the same NPs as seen in Figure Al B, the data initially shows that insulin is
getting released from the NPs but at longer time intervals less insulin is released
which is counterintuitive. In both Figures AlA and Al B the amount of insulin
released is expected to increase with time till all the insulin is released from the
NPs. Although we were unable the ascertain the release profile of insulin using
the sample and separate method, a promising observation that we made was
that there is a distinct difference in the amount of insulin released in in pH 6
(MES buffer, 20 mM, 150 mM NaCI) as compared to pH 7.4 (Phosphate buffer,
20 mM, 150 mM NaCI).
From the almost flat line in Figure A2A it appears that insulin released from the
NPs and the insulin adsorbed on the NP surface are in equilibrium with the each
other. This observation can be attributed to the free insulin possibly re-adsorbing
to the NP surface with time with no increase in the amount of insulin released
with time, possibly due to changes such as rearrangements of the polymer
chains in the NP that alter the position of insulin equilibrium. We also cannot rule
out the possibility of the filtration step interfering with the assay, since there is
clearly loss in the amount (data in Figures A2A and A2B does not always add up
to 100%). This could also explain why the amount of insulin released decreases
with increase in time as seen in Figure A2B.
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Figure A2. (A) Insulin release profile at pH 6 and pH 7.4 obtained by analyzing the data
using the filtrate. (B) Insulin release profile at pH 6 and pH 7.4 obtained by analyzing the
data using the supernatant. Both these curves are counterintuitive relative to the expected
insulin release profile. The significant difference in the release curve at pH 6 and pH 7.4 is
promising data.
Although our study faced the potential challenge of the NP system reaching
equilibrium, this has not been reported or discussed in previous studies.
The sample and separate release method where we sampled 200 pL of solution
at each time point failed to estimate the release kinetics of insulin from Ins-EudNPs. As mentioned previously, the NP system potentially reached equilibrium as
time proceeded and that enabled released insulin to again adsorb on the NP
surface. One way of disrupting the equilibrium is to significantly reduce the
concentration of the NP solution.
Effect of incubation volume on insulin in vitro release profile measurement
We performed an experiment to understand the impact of incubation volume on
the amount of detected released insulin. We measured the insulin loading after
incubating the NPs in different incubation volumes (400 pL, 2 mL, 5 mL, 10 mL
and 14 mL) for a 2-h time period. Figure A3A shows that the amount of insulin
released stabilizes at higher NP incubation volumes. This suggests that at larger
incubation volumes the equilibrium is disrupted and potentially generate more
accurate data.
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Figure A3. (A) Insulin release after 2 h in different incubation volumes shows that the
amount of insulin released by the NPs stabilizes at higher NP incubation volumes
suggesting that a non-equilibrium state reaches at high incubation volumes. (B) Insulin
release profile at pH 6 and pH 7.4 obtained by analyzing the data using the supernatant and
a large incubation volume of 15 mL. Although the insulin release can be quantified at initial
time points, at later time points there is a decrease in the amount of insulin released which
seems incorrect.
Having observed that large incubation volumes possibly provide more accurate
data, we performed an experiment where after synthesizing Ins-Eud-NPs we
incubated the same volume in 15 mL of buffer instead of 200 pL. Figure A3B
shows that released insulin can be quantified at initial time points but at later time
points there is a decrease in the amount of insulin released which is counter
intuitive. From these results we can conclude that the sample and separate
method fails to accurately estimate the amount of insulin released at larger time
points. Since these challenges have not been reported in literature, it was
important to further investigate the system to gain a better understanding.
Loss of insulin in the centrifugation device during multiple washing steps
Previous studies have reported successful application of the sample and
separate method to study the in vitro release of drugs from NPs. However, as
mentioned earlier we were unable to ascertain the insulin release profile from the
data we obtained using the sample and separate method.
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We were unable to successfully estimate the insulin release profile because
potentially some insulin was getting trapped in the washing device due to
adsorption on the cellulose filter instead of being in solution in the supernatant or
the filtrate. Moreover, we had very different results of insulin release on analyzing
the data using the filtrate and the supernatant from the same NPs. To test our
hypothesis and to understand whether the filtrate or the supernatant was a more
reliable source to analyze the data, we studied the effect of replacing the Amicon
filter after every washing step. This would explain if there was any loss of insulin
due to the protein affinity of the filter material. Since insulin has a better solubility
in pH 7.4 buffer it is expected to get washed away more readily with using this as
the washing buffer. In order to have the maximum detection of insulin even after
some loss we selected pH 7.4 buffer as the washing buffer for the initial
experiments. This was not an in vitro release study, instead, it was an experiment
to better understand the role of the filter in multiple washing cycles and to select
whether we should use the filtrate or the supernatant to analyze the release data.
We synthesized Ins-Eud-NPs and divided them into 4 aliquots each with a
volume of 200 pL. We did not wash one aliquot at all, washed the second aliquot
only once with 200 pL pH 7.4 buffer, washed the third aliquot twice, each time
using 200 pL pH 7.4 buffer and a fresh Amicon filter and lastly we washed the
fourth aliquot of NPs thrice, each time using 200 pL pH 7.4 buffer and a fresh
Amicon filter. We measured the amount of insulin present in the filtrate and the
supernatant in each case. Ideally the amount of insulin detected in the filtrate and
concentrate in each case should add up to the amount of insulin present in the
sample where the NPs were not washed at all. Any sum of insulin less than that
can be regarded at lost.
Figure A4 shows that the amount of insulin detected in the filtrate remained
constant across the multiple washed samples. However, the amount of insulin
detected in the supernatant decreased as the NPs underwent multiple washes.
This decrease in the amount of insulin detected can be attributed to the loss of
NPs as they get trapped in the filter membrane and insulin as it gets adsorbed to
the filter material.
From these observations it can be seen that there is loss of insulin from the NPs
due to protein adsorption in the filter membrane. To minimize this loss of insulin
only one filter must be used to wash a batch of NPs without replacing filters
between washing cycles. These results also indicate that if an extremely small
amount of insulin is present in the NP solution, it might get lost in the filter and
would be hard to detect it in the filtrate as well as the concentrate.
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Figure A4. Amount of insulin detected in the filtrate remained constant across the
samples that were washed multiple times. However, the amount of insulin detected in
the supematant decreased as the NPs underwent multiple washes. Ins NP w/o any
wash represents the case without any loss of insulin.
To further confirm whether free insulin is being lost in the filter during the washing
step we synthesized Ins-Eud-NPs and divided the NP solution in two equal
volumes of 200 pL each. We did not wash one half of the NPs, but washed the
other half with pH 6 buffer (MES buffer, 20 mM, 150 mM NaCI). It was expected
that by washing the NPs with pH 6 buffer (MES buffer, 20 mM, 150 mM NaCI),
less insulin would get released. As expected most of the insulin was retained in
the supernatant as compared to the filtrate (Figure A5). However, on calculating
the insulin release profile using the filtrate data and the concentrate data, we
found a mismatch.
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Figure A5. On washing the NPs with pH 6 buffer, most of the insulin was retained in
the supernatant as compared to the filtrate. This suggested that the analyzing the
supernatant would give a more accurate estimation of the insulin content at each time
point.
To further understand the system better, as a control experiment we took a
solution with a known concentration of insulin (50 pg/mL) and centrifuged it such
that we had half of the insulin solution left both in the supernatant and as well as
in the filtrate. If insulin does not get lost in the Amicon filter then the concentration
of insulin both in the filtrate as well as in the supernatant should be the same.
However, Figure A6A shows that the concentration of insulin obtained from the
supernatant (47 pg/mL) was similar to the original concentration of insulin (50
pg/mL) used for the experiment while the concentration of insulin in the filtrate
was much lower (28 pg/mL). Moreover, Figure A6B shows that the sum of insulin
detected in the filtrate and the supernatant do not add up to the total insulin that
was centrifuged. This indicates that some of the insulin gets trapped/lost in the
filter of the centrifugation device and does not reach the filtrate. Therefore, using
the filtrate data to study the in vitro release of insulin from NPs would not be
accurate, as it would fail to account for the amount of insulin lost in the filter.
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Figure A6. (A) After spinning down a 50 pg/mL insulin solution halfway, the

concentration of insulin obtained from the supernatant was 47 pg/mL, similar to the
original solution while the concentration of insulin in the filtrate was much lower (28
pg/mL). (B) The sum of insulin detected in the filtrate and the supernatant do not add
up to the total insulin that was centrifuged, confirming the loss of insulin in the
centrifugation device.

Lastly, we performed another control experiment where we took a known solution
of insulin (70 pg/mL) and centrifuged such that the entire volume of the insulin
solution (other than the dead volume) passed through the filter. If there was no
loss of insulin during the washing step, the concentration and the amount of
insulin detected in the filtrate should be almost equal to that of initial insulin
solution. But Figure A7A shows that the concentration of insulin detected in the
filtrate was less than the concentration of the original solution. Figure A7B shows
that only half of the amount of insulin is detected in the filtrate. Moreover, the
amount of insulin detected in the filtrate and supernatant do not add up to the
total amount of insulin in the initial solution. This validated that some insulin is
getting lost in the centrifugation device, potentially by getting adsorbed to the
filter material. This further confirms that e amount of insulin released from the
filtrate data gives a lower and inaccurate value.
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Figure A7. (A) On centrifuging down the entire volume of insulin, it was found that the
concentration of insulin detected in the filtrate was less than the concentration of the
original solution, suggesting that measurements done using the filtrate can be
inaccurate. (B) The amount of insulin detected in the filtrate was only half of the total
amount of insulin in the system. Moreover, the sum of insulin detected in the filtrate
and supernatant do not add up to the total amount of insulin in the initial solution,
suggesting a loss of insulin.
The above results suggest that both the filtrate and the supernatant are not ideal
for measuring the in vitro release of insulin from Ins-Eud-NPs. Hence, we
performed the rest of the studies using the second most common in vitro release
method i.e. dialysis method.
In vitro release of insulin using the dialysis method - Slide A Lyzer
We used the dialysis method to study the in vitro release of insulin from Ins-EudNPs. We prepared Eud (10%) PLGA-PEG (90%) Insulin (30%) NPs using the
nanoprecipitation method and made a final NP concentration of 1 mg/mL. We
divided the NP solution into 1 mL volume aliquots and added them to 8 Slide A
lyzer units (Maximum volume: 2 mL, MWCO 20 kDa) and collected the NP
solution from the dialysis units at predetermined time points. The dialysis
chambers were placed in a large buffer bath, in which the respective buffer was
constantly being stirred using a magnetic stir bar. We performed the experiment
with 4 different pH buffer solutions to better understand the role of pH in the in
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vitro release of insulin. We used citrate buffer (pH 3, 20 mM, 150 mM NaCI),
MES buffer (pH 6, 20 mM, 150 mM NaCI), phosphate buffer (pH 7.4, 20 mM, 150
mM NaCl) and Carbonic buffer (pH 9, 20 mM, 150 mM NaCI). Figure A8 shows
that amount of insulin left in the NPs initially decreased with time as expected,
but then at longer collection times, the amount of insulin left in the NPs
increased. Ideally, the amount of insulin left in the NPs should have consistently
decreased with time. Even though we did not see a release curve that enabled
understanding of the release kinetics of insulin from these NPs, we saw a pH
dependence in the insulin released. Larger amounts of insulin was being
released in buffers with pH greater than 7. The lesser amount of insulin released
at large time points was also observed in the previous release experiments that
we had performed using the sample and separate method. As in that case, here
also it could be that that the released insulin possibly gets adsorbed on the
surface of the NPs stimulated by a state of equilibrium reached by the system at
longer incubation times.
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Figure A8. Insulin left in Ins-Eud-NPs after insulin release at pH 3, pH 6, pH 7.4, and
pH 9 initially decreased with time but at longer collection times the amount of insulin
left in the NPs increased. However, a pH dependent release is seen from Ins-Eud-NPs
as lesser amount of insulin is detected after insulin release in pH great than 7.
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Effect of stirring the NP sample in the dialysis chamber
On using a 20 kDa Slide A lyzer unit to study the release profile of insulin from
Ins-Eud-NPs we found that at longer time intervals the released insulin fails to
escape the dialysis device and instead adsorbs on the NP surface. This
manifests in less insulin released at longer time points as compared to shorter
time points. To enable faster escape of insulin from the dialysis chamber we
performed an experiment where we added a magnetic stirrer in each dialysis
chamber and measured the insulin release from Ins-Eud-NPs using the stirred
dialysis devices in pH 3, pH 6, pH 7.4 and pH 9 over a period of 1 h. The updated
experimental set up had stirring both inside the dialysis chamber as well as in the
buffer outside the chamber. The hypothesis was that this increased convectional
flow in the system would enable faster escape of insulin from the dialysis
chamber and hence prevent adsorption of insulin on the NP surface by ensuring
a non-equilibrium system. Figure A9A shows that free released insulin failed to
diffuse across the membrane fast enough. In fact, in the first 1 h, insulin hardly
diffused from the NP solution into the dialysis buffer. Insulin release profile
obtained in Figure A9B using the stirred dialysis device set-up could not be used
to determine the drug release kinetics, as there was inadequate release and
variability in the data.
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Figure A9. (A) Inclusion of a magnetic stir bar in the dialysis device did not help
in accurately measuring the insulin release profile. The released insulin failed to
diffuse across the membrane fast enough thereby showing an almost constant
amount of insulin left in the NPs. (B) Insulin release profile obtained by using the
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stirred dialysis device set-up could not be used to determine the drug release
kinetics as there was inadequate release and variability in the data.
The very slow diffusion of insulin could be because the large size of insulin (56
kDa) as compared to the MWCO of the dialysis membrane (20 kDa) and also its
hydrophilic nature at philological pH. Ideally, it is recommended that the pores in
the dialysis membrane be 10 times larger than the size of the cargo being
diffused. However, we were restricted by manufacturing capability because 20
kDa is the largest MWCO that is available in the Slide A lyzer. However, to test
the effect of size we performed the same experiment using the blue food dye in
PBS. Figure Al0 shows that the diffusion of blue food dye across the 20 kDa
membrane was also very slow. This could possibly be the case because of the
absence of enough convection in the system to allow unhindered movement of
free solution and due to the affinity of the test solutions with the material of the
Slide A Lyzer membranes.
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Figure A10. Blue food dye also failed to diffuse out of the dialysis chambers in 60 min.
Therefore, the current dialysis set-up cannot be used to measure rapid release of
insulin from NPs.
Effect of using a large pore size polycarbonate membrane in the Slide A
Lyzer
The dialysis experiment using 20 kDa Slide A Lyzer device with additional
convection showed very slow diffusion of both insulin and food dye out of the
dialysis chamber. This could be attributed to lack of sufficient convectional
movement, small pore size of membrane or the high protein affinity of the dialysis
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membrane. To study if the pore size of the dialysis membrane and the material of
the membrane could be responsible for poor diffusion of insulin across the
dialysis chamber, we performed the same dialysis experiment with a 10 nm pore
size polycarbonate membrane. Since the size of insulin is around 5500 Da 10 nm
membrane would have large enough pores to provide unhindered movement of
insulin molecules. To prepare dialysis units with 10 nm polycarbonate
membranes, we cut out the 20 kDa membranes from the Slide A Lyzer devices
and used epoxy to carefully adhere 10 nm polycarbonate membranes and
trimmed off the excess membrane around the edges.
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Figure All. Insulin failed to diffuse out of the 10 nm, polycarbonate membrane
dialysis chambers in 60 min.
We performed an experiment using the 10 nm polycarbonate dialysis devices
where we added a magnetic stirrer in each dialysis chamber and measured the
insulin released from Ins-Eud-NPs in pH 3, pH 6, pH 7.4 and pH 9 over a period
of 1 h. The hypothesis was that the larger pore size (10 nm) of the membrane as
well as the different material (polycarbonate) would provide unhindered
movement of insulin molecules across the membrane. However, Figure Al 1
shows that insulin failed to diffuse fast enough from the dialysis chambers. These
data suggest that the poor diffusion of released insulin across the chamber could
be because of the structure of the dialysis unit in conjunction with lack of enough
convection in the system. The shape of the Slide A lyzer is in the form of an open
cylinder with the dialysis membrane in the base of the cylinder. This allows
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insulin to diffuse only through the surface area of the membrane in contact with
the solution, which is only at the base of the device.
The above results suggest that mixing of the liquid in the dialysis device as well
as the area of the membrane in contact with the NP solution play a major role in
accurately estimating the in vitro release of insulin from Ins-Eud-NPs.

In vitro release of insulin using the dialysis method - Float A lyzer
Stirring inside the dialysis chamber as well as in the buffer outside the chamber
is important to allow unhindered movement of insulin to accurately estimate the
rapid release of insulin from Ins-Eud-NPs. In addition to stirring, previous
experiments suggest that the role of surface area of the membrane in contact
with the NP solution also plays a significant role in accurately estimating the
amount of insulin released. To validate this hypothesis, we performed a dialysis
experiment using a different dialysis chamber, Float A lyzer. As seen in Figure
A12, the Float A lyzer has a cylindrical chamber which holds the NP solution
made of the dialysis membrane, providing increased surface area which is in
contact with the NP solution. We used a MWCO (100 kDa) that is 18 times the
molecular weight of insulin (5.6 kDa) to ensure unhindered movement of insulin
across the membrane.
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Figure Al 2. Schematic of the Float A Lyzer dialysis chamber.
Diffusion of food dye in water using Float A lyzer
To test the efficacy of the device we tested the diffusion of food dye in a water
bath. The dialysis devices were prepared according to the manufacturer's
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guidelines. They were pre-wetted, by soaking in 15% ethanol solution in a
vacuum chamber for 20 minutes, in order to get rid of glycerin and achieve
maximum membrane permeability. In addition, a vacuum chamber was used to
allow maximum wetting of the dialysis membrane. This was followed by
thoroughly washing the membranes twice with DI water. In each wash, the
solution inside the devices was aspirated out, replaced with and soaked in DI
water for 30 minutes.
The Float A lyzer chambers were filled with 1.25 mL of food dye solution in water
and were submerged in a water bath which was stirred using a magnetic stir bar.
Figure Al 3 shows that very little amount of food dye diffused out of the chamber.
This low diffusion can be attributed to the lack of enough movement/ agitation in
the sample. Another possible reason can be the application of water as the
solvent for the dye as well as the different solvent. Food dye is more readily
soluble and forms a more stable solution in PBS as compared to water.
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Figure A13. Food dye failed to rapidly diffuse out of the Float A lyzer dialysis
chambers. Control in water is the food dye solution which was not dialyzed at all.
Sample 1 is the food dye solution that was allowed to release food dye all night. It
showed very little release of food dye. Lastly, Sample 2 is the sample that was
allowed to release the food dye for 6 h with additional stirring inside the chamber.
Diffusion of food dye in PBS using Float A lyzer and additional stirring
Poor movement of insulin and the choice of an inadequate solvent for the food
dye potentially caused poor diffusion of the food dye as seen in Figure Al 3. PBS
is an ideal solvent to dissolve food dye as presence of additional salt in the buffer
helps to stabilize the food dye solution. Moreover, to ensure the presence of a
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concentration gradient to allow movement of food dye in the devices, the
surrounding buffer had to be continuously stirred with a 3 mm magnetic stirrer
that was inserted into each device. 1.25 mL of the food dye solution was added
to each device, which was placed in a large beaker with pH 7.4. In order to
ensure the movement of the magnetic stirrers the base of the devices had to be
close to the bottom of the beaker, which made it difficult to add an additional
stirrer in the beaker to stir the dialysis buffer. Therefore, for continuous stirring of
the buffer outside the dialysis devices, the beaker was put on a magnetic stirring
plate, which was further placed on an orbital shaker. This set up is illustrated in
Figure A14A.
At each predetermined time interval, the food dye solution was sampled and the
absorbance was measured using a TECAN plate reader. The absorbance from
each of the collected time points was compared with the absorbance of the initial
solution of food dye. Figure A14B shows that the majority of food dye had
diffused out of the dialysis chambers in 2h 15 min. This data validated our initial
hypothesis that the presence of adequate movement and the choice of the right
buffer for dialysis can significantly improve the rate of diffusion from the Float A
lyzer devices.
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Figure A14. (A) Schematic of the dialysis set-up using Float A lyzers. To enable
continuous stirring of the buffer outside the dialysis devices, the beaker was put on
a magnetic stirring plate, which was further placed on an orbital shaker. (B) By
increasing the convectional flow in the system and by choosing a suitable solvent,
majority of the food dye solution managed to escape the dialysis device. Control in
PBS is the blue food dye solution that was not exposed to the dialysis set up, while
Sample 3 is the sample of blue food dye which was measured after dialysis for 2h
15 min.
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Effect of different agitation mechanisms and different MWCO dialysis
membranes
Generation of adequate agitation was crucial to the successful and unhindered
diffusion of molecules across the dialysis membranes in Float A lyzer dialysis
devices. Our previous observations validate how adding additional stirring in the
dialysis set up enabled faster diffusion of blue food dye. Stirring helps in rapidly
renewing the layer of the food dye solution, which is in contact with the dialysis
membrane enabling a continuous concentration gradient and faster movement of
molecules across the membrane. Possibly reducing the thickness of the layer of
food dye solution would enable faster contact of food dye molecules with the
dialysis membrane when compared to regular stirring using a magnetic stirrer.
To design a set up that would create a thin layer of the solution around the
membrane we customized the Float A lyzer units. We prepared epoxy cylinders
with 17 mm height and 8 mm diameter and inserted them in the Float A lyzer
devices. A schematic of the Float A lyzer with the stir bar and the epoxy cylinder
can be seen in Figure Al 5. To enable rotation of the epoxy cylinder within the
devices to allow rapid renewing of the layer of food dye in contact with the
dialysis membrane the beaker with the dialysis devices with epoxy cylinders was
placed on an orbital shaker. This not only helped agitate the dialysis buffer but
also enabled continuous movement of the epoxy cylinder in the dialysis devices.
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Figure Al 5. (A) Schematic of the Float A lyzer with a magnetic stirrer placed inside
it. (B) Schematic of the Float A lyzer with an epoxy cylinder placed inside it.
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We performed a dialysis experiment using 2 different dyes (yellow and blue), 2
different MWCO dialysis membranes (50 kDa and 100 kDa) and 2 different
agitation mechanisms (stirring and moving epoxy cylinder). We added 1.25 mL of
food dye solution in PBS to each of the dialysis devices and sampled at
predetermined time points. The sampled volumes were analyzed using a TECAN
plate reader. Figure A16A shows that using the10 kDa MWCO dialysis
membrane yellow food dye has a shorter half-life when the food dye solution is
stirred inside the dialysis chambers. The 100 kDa membrane did not show much
more improvement when the samples were collected from the devices which had
an epoxy cylinder in them. However, in both cases 50 kDa as well as 100 kDa
membranes the application of the epoxy cylinder in the devices proved to be
better at enabling the measurement of rapid diffusion of molecules across the
dialysis membrane as opposed to just stirring.
In the experiments with blue food dye, Figure A16B shows that the 100 kDa
membrane was significantly better than the 50 kDa membrane in allowing rapid
diffusion of molecules across the membrane for both cases - stirring as well as
moving epoxy cylinder. However, the results of another experiment (Figure
A16C) show that the use of the epoxy cylinder did not seem to have a much
greater advantage over using stirring to produce agitation and movement in the
dialysis setup.
From the above observations, it was evident that the dialysis membrane with 100
kDa MWCO is more suited for studying rapid diffusion of molecules. Also, even
though the application of the epoxy cylinder was more efficient, the sampling
process in the presence of the epoxy cylinder was more cumbersome. Each time
before sampling the dialysis membrane had to be cut open using a razor and
then the pipette had to be inserted in the cut to extract the sample from the
device. Since it was not a precise technique of sampling, each time a different
amount of sample was lost in the process, leading to unwanted errors.
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Figure Al 6. (A) Dialysis of yellow food dye. For both 50 kDa and 100 kDa MWCO
dialysis membrane application of the epoxy cylinder is more effective relative to
internal stirring. (B) Dialysis of blue food dye.100 kDa membrane is more effective than
the 50 kDa membrane in allowing rapid diffusion of molecules across the membrane
for both cases - stirring as well as moving epoxy cylinder. (C) Application of the epoxy
cylinder did not seem to have a much greater advantage over using stirring to produce
agitation and movement in the dialysis setup.
Diffusion of insulin from 100 kDa dialysis devices using different agitation
methods
Previous experiments with food dye suggested the 100 kDa MWCO dialysis
membranes are more suited for our study. Although the application of the epoxy
cylinder as the agitation mechanism was more efficient, retrieving the sample
was a cumbersome and inconsistent process. The 100 kDa was a
straightforward selection, but to select the appropriate agitation mechanism we
did some more experiments.
We studied the diffusion of free insulin solution in PBS using the two methods of
producing agitation, by stirring the sample and by including the epoxy cylinder in
the device. To allow continuous agitation of the beaker with the dialysis devices
with both the stir bars and the epoxy cylinders was placed on an orbital shaker.
We allowed the insulin to diffuse out of the chambers for 2 hours after which we
sampled the solutions. The dialysis experiment was performed at 250C. Figure
A17 shows that the 50% of the insulin was diffused from the dialysis chambers
with internal stirring and 60% of the insulin was released from chambers with the
epoxy cylinder.
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Figure A17. On comparing the effectiveness of the application of the stir bar relative to
the effectiveness of the epoxy cylinder, 50% of the insulin was diffused from the
dialysis chambers with internal stirring and 60% of the insulin was released from
chambers with the epoxy cylinder. The difference between the half-life of insulin using
these two agitation methods was not drastically different.
These results suggest that the application of the epoxy cylinder is slightly better
than internal stirring in the dialysis devices. However, when we consider the
inconsistency in the collection volume of the sampled solution as in the case with
the epoxy cylinder, use of the stir bar seemed more repeatable and efficient.
However, for the estimation of insulin release from Ins-Eud-NPs, a resolution of 2
h as half-life of insulin is not ideal. With the current resolution of the dialysis set
up it will be hard to estimate the amount of insulin released in the first few hours.
Diffusion of insulin from 100 kDa dialysis devices with stirring at 370C
The application of 100 kDa dialysis membrane accompanied by internal stirring
to maintain the concentration gradient and allow movement of the sample so far
allowed diffusion of insulin with a half-life of 2 h. The above experiments were
performed at 250 C. However, at temperatures closer to the physiological
temperature (37 0C) diffusion is expected to be faster due to an increase in the
kinetic energy of the system due to increased temperature. To test that
hypothesis we performed the insulin diffusion experiment at 37 0 C. We studied
the diffusion of free insulin solution in pH 6 MES buffer (20 mM, 150 mM NaCl)
and in pH 7.4 PBS buffer (20mM, 150 mM NaCl) using 100 kDa MWCO
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membrane Float A lyzer dialysis devices with additional internal stirring. To allow
continuous agitation of the beaker with the dialysis devices was placed on an
orbital shaker. This not only helped agitate the dialysis buffer but also enabled
continuous movement of the magnetic stir bar. We sampled the insulin solution in
the dialysis chambers at predetermined time points (0, 15, 60, 120, 240 and 360
min). Figure A18 shows that by performing the experiment at increased
temperature (370C), insulin diffuses out faster from the dialysis chambers. Insulin
solution has a half -life of less than 1 h. Moreover, the insulin diffusion curve at
pH 6 superimposes with the insulin diffusion curve at pH 7.4 which indicates that
the solubility of insulin in the two buffers does not affect the diffusion of insulin
from the dialysis chambers.
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Figure Al 8. Release of free insulin solution from Float A lyzer devices (100 kDa
MWCO) with internal stirring at 370C. The half-life of insulin is less than one hour is
which is good for measuring rapid release of insulin from polymeric carriers.
Initial test release of insulin from Ins-Eud-NPs
The in vitro release of insulin was studied by dividing a batch of Ins-Eud-NPs
equally into aliquots and placing them in 100 kDa, Float-A-lyzer dialysis devices
and incubating them at 370C in 20 mM Phosphate buffer (pH 7.4, 150 mM NaCI).
The dialysis devices were prepared according to the manufacturer's guidelines.
In order to ensure the presence of a concentration gradient to allow movement of
insulin, the NP samples in the devices and the surrounding buffer had to be
continuously stirred with a 3 mm magnetic stirrer was inserted into each device.
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1.25 mL of the 1 mg/mL NP solution was added to each device, which were
placed in a large beaker with pH 7.4 or pH 6 buffer at 370C. Typically, 9-10
dialysis devices were placed in a beaker with 800-900 mL of pH 7.4 or pH 6
buffer. In order to ensure the movement of the magnetic stirrers the base of the
devices had to be close to the bottom of the beaker, which made it difficult to add
an additional stirrer in the beaker to stir the dialysis buffer. Therefore, for
continuous stirring of the buffer outside the dialysis devices, the beaker was put
on a magnetic stirring plate, which was further placed on an orbital shaker. At
each predetermined time interval, an aliquot of the NPs was taken and measured
for insulin loading using the BCA assay. Figure A19 shows that insulin gets
released at a faster rate at pH 7.4 as compared to pH 6. The half-life of insulin
released in pH 7.4 was a little less than 1 h while the half-life of insulin released in
pH 6 was 2h. However, at longer time points we see a decrease in the amount of
insulin released both in pH 7.4 as well as pH 6.
Figure A19 also shows that on superimposing the data of a control experiment as
mentioned in the previous section where the rate of free insulin diffusion was
characterized. We find that the rate of diffusion of free insulin is almost identical
to the rate at which insulin is released in pH 7.4. This suggests that the rate of
release of insulin at pH 7.4 is indistinguishable from the rate of release of free
insulin solution, thereby indicating that at pH 7.4 the Ins-Eud-NPs behave like an
insulin solution i.e. rapid release of insulin from the NPs. Here the measured
release rate of insulin in pH 7.4 is limited by the resolution of the dialysis set up.
Although the above results helped us better understand the release kinetics of
insulin in pH 7.4 and pH 6, we continued to see aberrant measurements at later
time points.
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Figure A19. Insulin release profile from Ins-Eud-NPs. Insulin releases rapidly at
pH 7.4 and a slower release was observed at pH 6. The data has been plotted
with the diffusion curve of free insulin solution, which superimposes with the
insulin release curve at pH 7.4, indicating that insulin releases instantaneously
from NPs at pH 7.4. However, the reduction in insulin release at longer time
points continued to be puzzling.
Effect of storage temperature of the NP sample in between release time
points
After the changes mentioned in the above section we were successful in
obtaining a release curve for Ins-Eud-NPs. However, the reduction in the insulin
released at later time points indicated that possibly the storage conditions of the
samples in between collection points could be a source of interference. For the
previous release experiments we collected samples at predetermined time points
and stored them at room temperature (250 C) in Eppendorf tubes. At the end of
24 hours, all the samples were analyzed together using the BCA assay. Our
hypothesis was that the storage temperature and conditions could be causing
changes within the samples that could explain these outliers at longer time
points.
To test this hypothesis we performed a dialysis experiment using Ins-Eud-NPs
and collected the NP at predetermined time points. After collection we stored one
half of the sample at room temperature (25*C) and the other half at
40C. Figure
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A20 shows that storing the NP samples at different temperatures in between
collection time points did not have a significant impact on the amount of insulin
detected.
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Figure A20. Changing the storage temperature of the NPs collected in between
time points did not have a significant effect on the amount of insulin detected form
that sample.
Dialysis experiment using Empty-NPs
Storing NPs at different temperatures between collection time points did not
impact the amount of insulin detected. However, we continued to detect lesser
insulin released at longer time points. Another possible source of interference
could be the polymer of the NPs, which can undergo changes over time due to
hydrolysis of the polymer and interfere with the accuracy of the readings at
longer time points. To investigate that we performed an experiment to study the
background noise generate by Emp-NPs. We studied this by preparing NPs and
dividing a batch of Emp-NPs equally into aliquots and placing them in
100 kDa,
Float-A-lyzer dialysis devices and incubating them at 370C in 20 mM Phosphate
buffer (pH 7.4, 150 mM NaCl). The dialysis devices were prepared according to
the manufacturer's guidelines. As in the previous cases, the NPs were stirred by
adding a magnetic stirrer in the dialysis chamber. 1.25 mL of the 1 mg/mL NP
solution was added to each device, which were placed in a large beaker with pH
7.4 buffer at 37*C. Typically, 9-10 dialysis devices were placed in a beaker with
800-900 mL of pH 7.4 buffer.
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At each predetermined time interval, an aliquot of the NPs was taken and
absorbance values of the Emp-NPs was measured using the BCA assay. In the
ideal case, this value should be a constant independent of time and should be
subtracted from the absorbance values obtained from Ins-Eud-NPs to get the
correct loading value. However, Figure A21 shows that the absorbance of empty
NPs increased with time. We also observed a sudden increase in absorbance
data of the Emp-NPs from 0 time point to 15 min time point. The increase in
absorbance was equivalent to an insulin loading increase from 3.6 ug (t = 0) to
7.7 ug (t = 15 min). Experimentally the main difference between the sample
collected at t = 0 and t = 15 mins was that the sample at t = 0 was not exposed to
the dialysis chamber while the sample collected at t =15 min as well as the
samples collected at other time points were all exposed to the dialysis chamber.
This suggested that the constituents of the dialysis chamber or the combination
of the NPs and the dialysis chamber are possibly interfering with the absorbance
data.
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Figure A21. On performing a dialysis experiment with only Emp-NPs, the
absorbance values increased with time. Here, the absorbance values are plotted for
equivalent amount of insulin to emphasize the effect of the data on the insulin
release data.
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Absorbance data after NP incubation in dialysis devices versus in
Eppendorf tubes
Studying the absorbance from Emp-NPs showed that absorbance data increased
with longer incubation times in the dialysis chamber. Our hypothesis was that
either the NPs are reacting with the dialysis membrane or the dialysis chambers
are leaching out chemicals, which are interfering with the components of the BCA
assay resulting in an increase in the absorbance data.
To test the former hypothesis, we designed an experiment where we synthesized
Emp-NPs and divided them in aliquots, half of which were incubated in the Float
A lyzer dialysis chamber and the other half were incubated in Eppendorf tubes.
We collected the samples from both the sets at predetermined time points and
measured the absorbance using the BCA assay. If the interaction between the
Emp-NPs and the dialysis chamber was causing the increase in the absorbance
data we would ascertain that through this experiment as the data would be
different from the absorbance data collected form the samples that were
incubated in the Eppendorf tubes.
Figure A22A shows that there was a minor increase in the theoretical amount of
insulin with time in samples that were incubated in the Eppendorf tubes. The
increase in the theoretical amount of insulin with time in the samples incubated in
the dialysis chamber was more pronounced. However the difference in the data
was not prominent enough to reach a conclusion.
To test our next hypothesis that potentially the dialysis chambers are leaching
out chemicals that are interfering with the BCA assay and resulting in increasing
theoretical value of detected insulin with increasing incubation times, we
performed another experiment where instead of incubating NPs we filled the
dialysis chambers with the same buffer (pH 7.4, 20 mM PBS, 150 mM NaCI) as
the dialysis buffer in which the dialysis chambers were submerged. Four dialysis
chambers were filled with buffer (pH 7.4, 20 mM PBS, 150 mM NaCI) and the
samples were collected at predetermined time points. We used the BCA assay to
estimate measure the absorbance and converted it to calculate the theoretical
amount of insulin. Figure A22B shows that the value of theoretical insulin
increased with increasing time points. This observation can be attributed to the
presence of chemicals that can leach out of the dialysis device and interfere with
the BCA assay.
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Figure A22. (A) A minor increase in the theoretical value of insulin is detected
with an increase in incubation time in samples that were incubated in the
Eppendorf tubes but a more prominent increase in the value of insulin was
detected in NP samples that were incubated in the Float A lyzer dialysis
chambers. (B) The value of absorbance obtained from the buffer solution
increased with increasing time points. Here, we have plotted the theoretical
amount of insulin calculated from the absorbance data.
Removal of interfering agents from dialysis chambers
The failure of proper removal of interfering agents from the dialysis chambers
resulted in an increase in the theoretical insulin loading even from plain buffer.
This possibly resulted in the anomalous in vitro insulin release from Ins-NPs. To
ensure removal of interfering agents from the dialysis chambers we soaked the
dialysis devices overnight in buffer at 370C after preparing them according to the
manufacturer's instructions. We performed the release experiment using those
chambers the following day.
We studied the absorbance signal obtained from Emp-NPs using the dialysis
chambers, which were soaked for 24 h. Figure A23 shows that there was no
increase in the theoretical insulin loading (calculated by using the absorbance
data generated from Emp-NPs) even at longer time points. This can be attributed
to the longer incubation time for the chambers in the buffer that allowed
unwanted interfering materials to gradually leach out of the chambers.
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Figure A23. On incubating the dialysis chambers overnight in buffer and then
using those devices to perform a dialysis experiment on Emp-NPs gives an almost
constant value with increasing incubation times.
Improved experimental set up for in vitro insulin release study from InsEud-NPs
The in vitro release of insulin was studied by dividing a batch of Ins-Eud-NPs
equally into 100 kDa Float A Lyzer (Spectrum Labs) units and incubating them at
370 C in PBS (pH 7.4). At each predetermined time interval, an aliquot of the NPs
was taken and measured for insulin loading using the BCA assay, which included
heating at 600 C for 1 h as previously described. In order to increase the accuracy
of the dialysis setup, a 3 mm magnetic stirrer was inserted in each Float A Lyzer
unit, to allow continuous mixing of the Ins-Eud-NP solution inside the dialysis
chambers. Furthermore, the beaker with the dialysis chambers was kept on an
orbital shaker, to ensure mixing of the buffer solution outside the dialysis
chambers. Three experiments were performed for each data point.
The dialysis devices were prepared according to the manufacturer's guidelines.
The Float-A-Lyzer devices were pre-wetted, by soaking in 15% ethanol solution
in a vacuum chamber for 20 minutes, in order to get rid of glycerin and to achieve
maximum membrane permeability. In addition, a vacuum chamber was used to
allow maximum wetting of the dialysis membrane. This was followed by
thoroughly washing the membranes twice with DI water. In each wash, the
solution inside the devices was aspirated out, replaced with and soaked in DI
water for 30 minutes. To completely get rid of any interfering agents, after
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inserting stirrers in the devices, we filled them with pH 7.4 buffer and stirred them
for 24 h in a beaker containing pH 7.4 buffer. This procedure can be seen in
Figure A24.

Float-A-Lyzer
dialysis device

Soak in 15% EtOH
solution for 20 min

Rinse and soak in
Dl water for 30 min

Rinse and soak in
DI water for 30 min

Insert stir bar, rinse and soak
in pH 7.4 buffer overnight

Figure A24. Design of the dialysis set up to study the in-vitro release of insulin.
In order to ensure the presence of a concentration gradient to allow movement of
insulin, the NP samples in the devices and the surrounding buffer had to be
continuously stirred with a 3 mm magnetic stirrer was inserted into each device.
1.25 mL of the 1 mg/mL NP solution was added to each device, which were
placed in a large beaker with pH 7.4 buffer at 37 0C. Typically, 9-10 dialysis
devices were placed in a beaker with 800-900 mL of PBS buffer. In order to
ensure the movement of the magnetic stirrers the base of the devices had to be
close to the bottom of the beaker, which made it difficult to add an additional
stirrer in the beaker to stir the dialysis buffer. Therefore, for continuous stirring of
the buffer outside the dialysis devices, the beaker was put on a magnetic stirring
plate, which was further placed on an orbital shaker. This set up is illustrated in
Figure A24. At each predetermined time interval, an aliquot of the NPs was taken
and measured for insulin loading using the BCA assay. Three experiments were
performed for each data point.
pH sensitive in vitro release of insulin from Ins-Eud-NPs
24 hour in vitro release of Ins-Eud-NPs was measured according to the method
mentioned above. Figure A25 shows the in vitro release of 20% Eudragit NPs
which were synthesized in pH 5. It shows that there is a significant reduction in
the rate at which insulin is released from the NPs at pH 6 as compared to pH 7.4.
The half-life of insulin in pH 7.4 is between 30-60 min, while the half-life of insulin
in pH 6 is 240 min. To better visualize this data and to account for the maximum
measurement resolution of the experimental setup, we normalized the insulin
released in pH 6 and pH 7.4 with respect to the release rate of free insulin
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solution. Figure A26 shows that almost all of the insulin form the NPs gets
released as soon as the NPs are exposed to pH 7.4 while there is a significantly
slowed release of insulin from the NPs in pH 6.
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Figure A25. In vitro release of Ins-Eud-NPs shows that there is a significant
reduction in the rate at which insulin is released from the NPs at pH 6 as
compared to pH 7.4. The half-life of insulin in pH 7.4 is between 30-60 min, while
the half-life of insulin in pH 6 is 240 min. The release curve of free insulin
superimposes on the release curve of insulin at pH 7.4
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Figure A26. On normalized the insulin released in pH 6 and pH 7.4 with respect to
the release rate of free insulin solution we can better visualize the difference in the
release of insulin at pH 7.4 relative to pH 6.
Conclusion
The study mentioned in this section helped gain valuable insights which lead to
the development of a dialysis set up that can be used to measure and
characterize rapid release of insulin in the first few minutes and hours from
polymeric nanoparticles. This systematic study helped understand the issues
related to current in vitro drug release measurement protocols, such as slow
diffusion, loss of drug in sampling and the attainment of equilibrium by the
system. By methodically investigating each of these issues, we were able to
circumvent them and provide solutions to improve the existing methods of in vitro
drug release measurement.
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