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ABSTRACT: Nanoparticle (NP) carriers provide new oppor-
tunities 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-co-
glycolic 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 insulin 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.
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1. 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.1 These therapeutic
proteins include monoclonal antibodies, cytokines, tissue
growth factors, vaccines, and gene transfer products2 that are
used for prevention and treatment of diseases, e.g., biologic
disease-modifying antirheumatic drugs,3 monoclonal antibodies
for cancer,4 and insulin for diabetes.5 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 mucosal tissue and the

epithelial barrier in the intestine, all limit their oral
bioavailability.6 Administration of most biologics is therefore
limited to parenteral route, which is more invasive and not
favored 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 high global
incidence of diabetes.7 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.8,9 In fact, an
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inhaled formulation of insulin was approved by the FDA in
2006, but was discontinued in 2007 due to increased costs and
device design complications.8 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,10−18 including oral delivery of proteins and of insulin
for type II diabetes.6,19−23 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 barrier,21

and NPs can protect encapsulated and adsorbed therapeutics
from pH changes and enzymatic degradation in the gastro-
intestinal tract.21,24,25 Some proteins that have been incorpo-
rated in polymeric NP-based drug delivery systems include
tetanus toxoid,26 insulin,27 and interleukin 2 (IL-2).28

NPs prepared from a variety of materials such as chitosan,
gelatin, poly alkyl-cyano-acrylates, dextran, and polycaprolac-
tone have been explored for oral insulin delivery.19−21,29

However, PLGA−PEG NPs and poly(lactic acid)-b-poly-
(ethylene glycol) (PLA−PEG) NPs are advantageous in that
they 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 enzymes.22,30,31 Previous studies
have also shown gastric stability of PLGA−PEG, which makes it
an ideal material for oral delivery platforms.21,32,33 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.6 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 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 μm, 5 μm).24 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 drugs.34 For example,
the insulin loading in the NPs used in the FcRn study was low
(∼0.5 wt %);6 assuming 10% bioavailability and typical insulin
dose of ∼3 mg per dosage,35 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,33,36,37 the particle size (17.4 μm−120 nm) is too large
to permit effective 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 role of key process steps and

conditions in the synthesis of insulin-loaded PLGA−PEG NPs
(Ins-NPs) formed by nanoprecipitation, which enables
modification of the NP synthesis process to realize enhanced
insulin loading while maintaining sub-100 nm NP size.38

Specifically, we demonstrate the synthesis of insulin-zinc−
PLGA-PEG NPs (Ins-Zn-NPs) that use chelating zinc ions to
achieve a greater than 10-fold increase in insulin loading while
maintaining the small size (<100 nm) required for FcRn-

Figure 1. 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 dropwise 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.
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mediated transcytosis.6 We also show that these NPs are stable
for long-term storage and that insulin maintains its conforma-
tional 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. This approach can
extend 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, i.e., improving protein loading and controlling
NP size.

2. EXPERIMENTAL SECTION
2.1. Materials. Human recombinant insulin, dimethyl sulfoxide

(DMSO), and zinc chloride were purchased from Sigma-Aldrich.
PLGA10k-PEG5k was purchased from Akina Inc. (West Lafayette, IN).
Micro bicinchoninic acid (BCA) protein assay kit was purchased from
Lamda Biotech, Inc. (St. Louis, MO). Phosphate buffer saline (PBS)

was purchased from Life Technologies (Green Island, NY). Deionized
(DI) water was used for all the experiments.

2.2. Methods. 2.2.1. Synthesis of Ins-NPs and Ins-Zn-NPs. For
the preparation of Ins-NPs by the nanoprecipitation method (Figure
1A), we premixed 120 μL of insulin (10 mg/mL) solution in DMSO
with 400 μL of PLGA10k -PEG5k (10 mg/mL) solution in DMSO. The
resulting solution was added dropwise to 4 mL of DI water or buffer
solution. The solution was stirred for at least 2 h 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 3000g 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 μL of this solution was added 400 μL of PLGA10k

-PEG5k (10 mg/mL). The resulting solution was added dropwise to 4

Figure 2. 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 Ins-NP 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 panel
B and the NPs with the label “Insulin in organic” in panel E are the same nanoparticles.
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mL of DI water or buffer solution for 2 h under magnetic stirring at
2000 rpm. The NPs were purified by the aforementioned process.
2.2.2. 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-Zn-NPs were resuspended in PBS to a final concentration of 1 mg/
mL and heated at 60 °C for 1 h to release insulin. Then, 125 μL of NP
solution was added to each well in a 96 well-plate followed by the
addition of 125 μL of bicinchoninic acid (BCA) assay working
solution. After incubating the NPs at 60 °C for 30 min, the amount of
insulin was analyzed using a TECAN UV spectrophotometer
(Mannedorf, Switzerland) according to the manufacturer’s instruc-
tions. 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 fraction of insulin in the NPs
was measured as encapsulation efficiency. Three separate experiments
were performed for each data point (Supporting Information; details
of the measurement of insulin loading).
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.).
2.2.3. In Vitro Insulin 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 Laboratories) units and incubating them at 37 °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 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 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 (Supporting Information; details of the measurement
of in vitro release of insulin from NPs).

2.2.4. 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 μL of the NP suspension (1.0 mg/mL) onto a 200-mesh
Formvar-carbon-coated copper grid. After 20 min of incubation, the
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 1B,C.

TEM-based energy-dispersive X-ray spectroscopy (EDX) was
performed using a JEOL-2100 field emission electron microscope at
200 kV with an Oxford X-Max 80 mm2 high angle annular dark field
(HAA DF) detector. The NP samples were prepared on a 200-mesh
carbon coated TEM grid. A total of 7 μL 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.

Figure 3. 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 the 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.
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3. RESULTS AND DISCUSSION

Nanoprecipitation, oil-in-water (O/W) emulsification-solvent
evaporation, and water-in-oil-in-water (W/O/W) emulsifica-
tion-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.17,39

However, some of its drawbacks include poor loading of
hydrophilic drugs40 and incomplete removal of the organic
solvent after NP formation.41 On the other hand, emulsifica-
tion-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,41 but the size of the NPs
generally ranges from a few hundred nanometers to a few
hundred micrometers42 that is too large for effective use with
transcytosis pathways such as the FcRn pathway.6,24 We
therefore focused on nanoprecipitation and leveraged the fact
that it can enable production of smaller NPs as compared to the
other commonly used synthesis methods of 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 phase,43 and then
adding the solution dropwise to a stirred aqueous solution
(water or buffer solution) to form NPs (Figure 1A). Here,
DMSO is the solvent and water is the antisolvent. Once in
contact with water, PLGA−PEG and insulin self-assemble to
form spherical NPs. TEM images in Figure 1B,C 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 (Supporting Information; measurement
of particle size and zeta potential before and after undergoing
the process of freeze-drying (Figure S5a and b)). 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 (Supporting Information; measurement of particle
size up to 4 days in water (Figure S5c)).
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 spectros-
copy (Supporting Information; measurement of preserved
secondary structure of insulin after encapsulation and release
from NPs using circular dichroism (Figure S 5d)). Lopes et al.
reported that the released insulin retained its secondary
structure as indicated by the CD data.44 The same insulin
was also biologically active, which was analyzed in diabetic rats.
Another study where the preservation of the secondary
structure of insulin as evident from the CD data also exhibited
retained bioactivity in vivo when analyzed used steptozotocin
(STZ)-induced diabetic rats.45 Lastly, in another study the CD
data indicated the presence of conformational integrity, which
mapped to confirmed bioactivity as analyzed by a cell-based
protein kinase B (AKT) phosphorylation assay as well as an
STZ-induced animal model. These examples suggest that the
preservation of the secondary structure of insulin as indicated
by CD is indicative of preserved potential biologically activity of
the protein.46

3.1. Effect of Washing Buffer on Insulin Loading.
Several studies have reported insulin loading in polymeric NPs
after washing the NPs with water only.47−49 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 1D). Ins-NPs washed only with DI
water showed insulin loading of 8.95% (Figure 1E). By
contrast, washing the NPs with PBS decreased the insulin
loading by more than 1 order of magnitude to 0.36% (Figure

Figure 4. 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 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-Zn-NPs 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-Zn-NPs 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.
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1E). The NP diameter also decreased slightly after PBS wash
(from 65.2 to 62.8 nm), but the change was not significant (n =
3, p = 0.074; Figure 1F). 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 NPs
showed a loading of 2.4% while washing the NPs with a pH 7.4
buffer without the 155 mM NaCl resulted in a loading of 0.85%
(Supporting Information; measurement of insulin loading in
buffered and unbuffered solutions with varying NaCl
concentration (Figure S3)).
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.36,50

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 NaCl 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
proteins like α-lactalbumin.51 Here, the partial negative charges
on the polymer likely facilitate the interactions. Similar removal
of loosely bound insulin from silica and chromium surfaces on
rinsing with buffer has also been observed.52,53 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.

3.2. 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.54,55 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 2A (top), as
described in section 2.2.1), with NPs formed by adding insulin
to empty PLGA−PEG NPs after they were already formed by
nanoprecipitation (Figure 2A (bottom)). Interestingly, similar
insulin loading was obtained regardless of whether insulin was
added before or after nanoprecipitation (Figure 2B). However,
smaller NPs (62.8 nm) were produced when insulin was mixed
with PLGA−PEG before nanoprecipitation (Figure 2C). 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 (Supporting Information; zeta potential
measurement (Figure S4)).
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 nano-
precipitation. This effect offers a potentially useful method to
make smaller NPs; however, it also raises the question as to
whether a similar reduction in NP size occurs if insulin is
included in the aqueous phase instead of DMSO during
nanoprecipitation (Figure 2D). We find that insulin loading is
similar regardless of whether insulin was dissolved in water or
in DMSO (Figure 2E) or added later to preformed 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 2F). Interestingly, the size of NPs
formed by nanoprecipitation with insulin in the aqueous phase

Figure 5. 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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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 the 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
PLGA−PEG 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
preformed 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 nanoprecipita-
tion 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.

3.3. Enhancing Insulin Loading 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 sys-
tems.33,36,52,53,56 This increase in adsorption is attributed to
the formation of stable insulin-zinc (Ins-Zn) hexamers.56,57 In
fact, it has been shown in previous studies that the presence of
zinc enhances insulin stability and is widely used in the
formulation of long acting insulin.58 Moreover, studies have
also reported the noncytotoxic efficacy of PLGA−PEG
microparticles with zinc and insulin as payload.36,59 Zinc
exposure and consumption is also known to be safe as shown in
a study done with 24 volunteers with 2−35.5 years of exposure
to ≤130 mg zinc/m3 as metallic zinc dust, zinc sulfide dust, and
zinc oxide reported no nausea or vomiting.60

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 (Figure 3A (top)).61 The tendency for protein
adsorption is generally expected to increase with molecular
weight and hydrophobicity of the protein.61 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).62−64 Given the larger size of the Ins-Zn
hexamer and its lower solubility in water,65 we expect that
incorporation of zinc ions in the Ins-NP system will improve

Figure 6. 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 gray 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 preformed 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 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.6
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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
bioactivity.36,56 Similar results have also been shown for other
proteins like human growth hormone and human nerve growth
factor.36

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-Zn-NPs, where the
stoichiometry for a hexamer is 1:3 (Figure 3A). TEM EDX
analysis confirmed the presence of zinc ions in the resulting
NPs (Figure 3B), where the zinc signal was colocalized with
that from the PLGA−PEG NPs. We 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 3C). 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 3D).
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 (−27.9 mV; Supporting
Information; zeta potential measurement (Figure S4)), showing
that the zinc ions decreased the surface charge of the NPs,
presumably by binding to negative charges on insulin. 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, as confirmed by circular
dichroism spectroscopy36 (Supporting Information; measure-
ment of preserved secondary structure of insulin after
encapsulation and release from NPs using circular dichroism
(Figure S5d)).
3.4. Optimizing the Size of Ins-Zn-NPs. Based upon our

earlier understanding of the Ins-NPs (section 3.2), 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 4A), were compared with Ins-Zn-NPs formed by
adding Ins-Zn hexamers to preformed PLGA−PEG NPs
(Figure 4B) and Ins-Zn-NPs formed by adding zinc ions to
preformed Ins-NPs (Figure 4C).
Ins-Zn-NPs formed by adding zinc ions to already

synthesized Ins-NPs (Figure 4C), showed a reduction in NP
size from 127.6 to 57.9 nm (similar to size of Ins-NPs), but the
insulin loading decreased from 4.07% to 1.55% (Figure 4A,C).
When Ins-Zn hexamers were added after assembling empty
PLGA−PEG 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
preformed empty PLGA−PEG NPs (or preformed 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 insulin in DMSO during
formation of Ins-NPs. These results point to a general principle,
where addition of insulin to preformed NPs enables insulin
loading without affecting NP size, but including insulin in the
same solution as the polymeric precursor can influence NP size.

3.5. Effect of pH on Formation of Ins-Zn-NPs. Insulin
exhibits pH-dependent behavior with an isoelectric point of
5.6,66 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 Ins-NPs by
nanoprecipitation could be affected partially by electrostatic
interactions, we expect to be able to control the insulin loading
by changing the net charge on insulin by altering the pH of the
system.
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 5A). In the case of Ins-Zn-NPs, insulin loading
increases with increasing pH (Figure 5B), 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 ions.36 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 5B). 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 5.6.36 By
contrast to insulin loading, pH does not have a significant effect
on the size of Ins-Zn-NPs (Figure 5C).

3.6. 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 NP
characteristics, insulin loading and NP size, are summarized in
Figure 6A,B. It is evident from the representation in this figure
that Ins-NPs are smaller in size but show poor insulin loading,
while the inclusion of zinc in these NPs during nano-
precipitation 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 preformed
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
preformed 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 6C 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-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
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reported in an earlier study where the insulin loading in PLA−
PEG NPs was about 0.5%.6

4. 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 formed by nanoprecipitation, we systematically
investigated the effect of the washing step, choice of the solvent
in which insulin is added, and the stage at which insulin is
added 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 the 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 preformed
NPs to load insulin without affecting the NP size. Third, in
addition, insulin loading in the 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 mecha-
nisms of protein loading and to devise processes to enhance
protein loading in NPs formed by nanoprecipitation.
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