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A B S T R A C T   

Zwitterionic polymer nanoparticles of diverse morphologies (spherical, cylindrical, and platelet-like) constructed 
from biocompatible sugar-based polymers are designed to extend the pharmacological activities of short- and 
long-acting insulin peptides, thereby providing potential for therapeutic systems capable of reducing the fre
quency of administration and improving patient compliance. Amphiphilic block copolymers composed of 
zwitterionic poly(D-glucose carbonate) and semicrystalline polylactide segments were synthesized, and the 
respective block length ratios were tuned to allow formation of nanoscopic assemblies having different mor
phologies. Insulin-loaded nanoparticles had similar sizes and morphologies to the unloaded nanoparticle coun
terparts. Laser scanning confocal microscopy imaging of three-dimensional spheroids of vascular smooth muscle 
cells and fibroblasts after treatment with LIVE/DEAD® stain and FITC-insulin-loaded nanoparticles demon
strated high biocompatibility for the nanoconstructs of the various morphologies and significant intracellular 
uptake of insulin in both cell lines, respectively. Binding of short-acting insulin and long-acting insulin glargine 
to nanoparticles resulted in extended hypoglycemic activities in rat models of diabetes. Following subcutaneous 
injection in diabetic rats, insulin- and insulin glargine-loaded nanoparticles of diverse morphologies had 
demonstrated up to 2.6-fold and 1.7-fold increase in pharmacological availability, in comparison to free insulin 
and insulin glargine, respectively. All together, the negligible cytotoxicity, immunotoxicity, and minimal cyto
kine adsorption onto nanoparticles (as have been demonstrated in our previous studies) provide exciting and 
promising evidence of biocompatible nanoconstructs that are poised for further development toward the man
agement of diabetes.   

1. Introduction 

Reducing the frequency of dosing and, subsequently, the amount of 
carrier and excipients used to deliver active pharmaceutical ingredients 
could improve patient compliance, particularly for elderly patients, 
children and in certain diseases and conditions, and reduce the toxicity 
associated with the frequent administration of formulations in which the 
drug is encapsulated [1]. Several biomolecules, for instance, peptides, 
are sensitive to the harsh environment in the gastrointestinal tract and 
have insufficient permeability through the intestinal mucosa, due to 

their high molar mass and hydrophilicity [2]. Subcutaneous delivery of 
peptides is considered an effective and well-tolerated route of admin
istration. However, subcutaneous administration is associated with a 
lack of patient compliance, stress from daily injection, and risk of 
infection. Hence, there remains a need for drug delivery platforms that 
provide prolonged bioactivity of biomolecules following subcutaneous 
administration [3]. 

A prolonged delivery platform is designed to extend antidiabetic 
peptide release time and stability, increase bioavailability, and maxi
mize therapeutic efficacy, and, importantly, improve patient compliance 
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via reducing the frequency of administration. Diabetes has been selected 
as a model disease, due to the dramatic rise in diabetes prevalence, 
which is estimated to rise from 425 million adults in 2017 to 629 million 
by 2045, according to the International Diabetes Federation (www.idf. 
org/) [4]. Diabetes mellitus is a chronic metabolic disorder character
ized by persistent hyperglycemia caused by absolute or relative defi
ciency of insulin, depending on the type of diabetes [5]. Prolonged 
delivery of insulin could significantly contribute to advancement of the 
pharmaceutical technology currently in use for management of diabetes, 
particularly, if exploited for delivery of long-acting insulin analogs (e.g., 
insulin glargine). 

Among the physicochemical properties of nanoparticles, particle 
shape has a profound influence on their interaction with biological 
systems, including cellular binding and internalization, blood circula
tion time, bio-distribution, endocytosis by immune cells, and residence 
time within the cell [6–9]. However, elucidating the effect of nano
particle shape on cellular binding and uptake is somewhat controversial 
[10,11]. Some studies have reported notable internalization for spher
ical shapes compared to non-spherical constructs [10,12]. On the con
trary, other studies have reported efficient cellular internalization of 
rod, discoid, cylinder, triangle sharp-shaped, and quasi-ellipsoidal 
nanoparticles compared to spherical particles [13,14]. Gratton et al. 
reported high internalization rates of rod-like, high-aspect-ratio hydro
gel particles with dimensions as large as 3 μm by human cervical car
cinoma epithelial (HeLa) cells compared with spheres, cylinders, and 
cubes [15]. Banerjee et al. demonstrated a 2-fold higher internalization 
capacity of rod-shaped nanoparticles compared to spherical nano
constructs [16]. Liu et al. revealed the effect of aspect ratio of rod-like 
nanoparticles on cellular uptake, showing that rods with aspect ratios 
of 4 and 8 were ingested much faster by both epithelial and endothelial 
cells than rods with an aspect ratio of 17 [17]. Torpedo-shaped nano
capsules with an aspect ratio of 2.4 exhibited rapid cellular uptake and 
accumulation compared to their spherical analogues [18]. These ob
servations illustrate that the concept of “one size or shape fits all” does 
not apply and emphasize the pivotal role of nanoparticle morphology 
and dimension (shape and aspect ratio) in creating optimized thera
peutic carriers. 

In our recent work, we have synthesized multifunctional polymer 
nanocarriers of tunable size and morphology via crystallization-driven 
self-assembly (CDSA) to afford formation of spheres, cylinders, and 
platelets [19,20]. These nanoparticles were assembled from amphiphilic 
block copolymers of zwitterionic poly(D-glucose carbonate) and semi
crystalline poly(L-lactide) segments, and loaded with silver cation anti
microbials to enhance uroepithelial cell binding. The elongated 
cylindrical and platelet nanoconstructs exhibited enhanced uroepithe
lial binding with significant internalization in the case of platelet 
nanoparticles. The synthesized nanoparticles exhibited negligible cyto
toxicity, immunotoxicity, and cytokine adsorption, confirming the 
biocompatibility of zwitterionic assemblies, while also offering silver 
cation loading capacity, sustained release, and in vitro antimicrobial 
activity against two Escherichia coli strains. Inspired by the substantial 
impact of nanoparticle shape, here, we report an evaluation of the effect 
of nanoparticle morphology and dimension on in vitro cellular inter
nalization and in vivo pharmacological activities of short- and long- 
acting insulin peptides. Nanoparticles of diverse morphologies were 
able to prolong the hypoglycemic activity of both types of peptides 
(insulin and insulin glargine), compared to the free peptides. Spherical 
and cylindrical nanoparticles demonstrated statistically significant dif
ferences in the relative pharmacological availabilities compared to the 
administration of free insulin, whereas only cylinidrical nanoparticles 
resulted in statistically significant difference after in vivo administration, 
compared to the free insulin glargine. 

2. Materials and methods 

2.1. Materials 

Nanopure water (18.2 MΩ⋅cm) was acquired through a Milli-Q water 
filtration system from Millipore Corp (Burlington, MA). Insulin and in
sulin glargine (Lantus®) were obtained from Novo Nordisk Limited and 
Sanofi-aventis US LLC., respectively. Vascular smooth muscle cells were 
kindly gifted by Dr. Andrea Trache at Texas A&M Health Science Center. 
Dulbecco’s Modified Eagle’s Medium (DMEM/F12) was obtained from 
Life Technologies (Carlsbad, CA), while media additives (fetal bovine 
serum, HEPES, penicillin/streptomycin) were purchased from Sigma- 
Aldrich (St. Louis, MO). Cell culture 96-well round-bottom plates were 
purchased from Corning Costar Co. (Corning, NY). All other chemicals 
were purchased from Sigma-Aldrich (St. Louis, MO) and used without 
further purification, unless otherwise noted. 

2.2. Synthesis of multifunctional amphiphilic copolymers of varied 
morphology 

Diblock copolymers were synthesized as reported in our previous 
studies [19,20]. Briefly, diblock copolymers were synthesized through 
sequential ring-opening polymerizations (ROPs) of alkyne- 
functionalized cyclic D-glucose carbonate, followed by L-lactide. In a 
one-pot sequential ROP process, the cyclic carbonate of glucose was 
allowed to undergo polymerization at −78 ◦C in dichloromethane for 10 
min, followed by removal of the reaction mixture from the dry ice/ 
acetone bath and the introduction of L-lactide and additional dichloro
methane, with the polymerization being allowed to proceed for an 
additional 2–3 min before being quenched by addition of acetic acid. 
The polymers were then modified via photo-initiated thiol-yne click 
reaction with cysteine (10 equivalents to alkyne groups) under UV light 
(365 nm) in the presence of 2,2-dimethoxy-2-phenylacetophenone 
(DMPA) for 2 h, to facilitate quantitative conversion of the alkyne 
functional groups, render the poly(D-glucose carbonate) segment zwit
terionic, and afford the final multi-functional diblock copolymer poly(D- 
glucose carbonate)(cysteine)-block-poly(L-lactide) [PDGC(cys)-b-PLLA]. 

2.3. Preparation and characterization of insulin- and insulin glargine- 
loaded nanoparticles 

The functional and degradable diblock copolymer PDGC(cys)-b- 
PLLA was assembled into nanocarriers of various sizes and morphol
ogies, and loaded with insulin and insulin glargine. Nanoparticles were 
assembled following our published protocol [19]. PDGC(cys)-b-PLLA 
was dissolved in nanopure water at concentrations between 0.05 and 
0.1 mg/mL and stirred overnight at room temperature. The solutions 
were then heated to 65 ◦C for 30 h to aid dissolution, and then removed 
from heat and allowed to cool to room temperature. Freshly prepared (1) 
unloaded, (2) insulin-loaded, and (3) insulin glargine-loaded nano
particles were analyzed for particle size and particle size distribution 
(polydispersity index, PDI) via dynamic light scattering (DLS, Zetasizer 
Nano ZS, Malvern Instruments, Worcestershire, UK), equipped with a 
backscattered light detector operating at 173◦. Zeta potential values 
(mV) were measured by laser Doppler anemometry using a Malvern 
Zetasizer Nano series ZS instrument. Measurements were performed in 
triplicates at 25 ◦C. 

2.4. Morphological evaluation of nanoparticles 

Morphology of nanoparticles was examined using transmission 
electron microscopy (TEM). TEM images were collected on a JEOL 
1200EX operating at 100 kV, and micrographs were recorded at cali
brated magnifications using an SIA-15C CCD camera. The samples as 
aqueous solutions (8 μL) were deposited onto carbon-coated copper 
grids. Excess sample was wicked off using a filter paper, and the grids 
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were allowed to dry under ambient conditions. Where indicated, grids 
were stained with 8 μL of a 1% phosphotungstic acid aqueous solution. 
After 30 s, excess stain solution was quickly wicked off using a piece of 
filter paper, and the samples were left to dry under ambient conditions 
prior to imaging. 

2.5. Gel retardation assay 

Gel electrophoresis was carried out to examine the binding of insulin 
(3.5, 7, 14 and 28 w/w %) to nanoparticles of different morphologies. 
FITC-labeled insulin-loaded nanoparticles at a concentration of 0.1 mg/ 
mL for spherical and cylindrical nanoparticles and 0.05 mg/mL for the 
platelet-like nanoparticles were added in each well (volume per well =
50 μL) and was run on 1.5% agarose gel. FITC-labeled insulin was used 
as a control. Gel electrophoresis was carried out using a horizontal 
apparatus at 40 V for 75 min, and fluorescence imaging of the FITC- 
insulin bands was performed using a ChemiDoc XRS imager and the 
data were analyzed using Image Lab software (Bio-Rad Laboratories, 
Inc., Hercules, CA). 

2.6. Biocompatibility and cellular uptake studies 

Three-dimensional (3D) spheroids were cultured and used to inves
tigate the biocompatibility and cellular trafficking of the insulin-loaded 
zwitterionic nanoparticles. Vascular smooth muscle cells (SMCs) were 
isolated from rat cremaster arterioles and were cultured in 5% CO2 at 
37 ◦C in DMEM/F12 supplemented with 10% fetal bovine serum, 10 mM 
HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate, 100 U/mL penicillin, 
100 mg/mL streptomycin and 0.25 mg/mL amphotericin B. Smooth 
muscle cells were seeded in a round-bottom, ultra-low attachment 
spheroid microplates at a density of 10,000 cells per well in 100 μL of 
DMEM/F-12 media. Fibroblasts (FBs, 3 T3 embryonic mouse cells) were 
seeded in a similar way but in media composed of DMEM, 10% FBS and 
1% penicillin-streptomycin antibiotics. Spheroids were formed after 
incubation at 37 ◦C, 5% CO2, for 36 h. Afterwards, 50 μL of each 
formulation was added to the wells. For biocompatibility experiments, 
insulin-loaded nanoparticles were utilized, whereas for intracellular 
trafficking purposes, FITC-insulin-loaded nanoparticles were used. Each 
formulation was prepared from 1 mL of 0.05 mg/mL of each type of the 
nanoparticles (spherical, cylindrical or platelets) and 5 μL of FITC- 
insulin (20 U/mL, Sigma Aldrich) or 1 μL of insulin (100 U/mL). Con
trol was prepared from 1 mL of water and 5 μL of FITC-insulin (20 U/mL) 
or 1 μL of insulin (100 U/mL). 

The 3D spheroids were imaged at 5 and 24 h following addition of 
the formulations. Spheroids were stained with LIVE/DEAD® stain (50 
μL) (calcein-AM with ethidium homodimer-1) per manufacturer in
structions. To image the LIVE/DEAD stained spheroids, laser wave
lengths of 488 nm (calcein-AM “live” stain), 543 nm (ethidium 
homodimer-1 “dead” stain), and 635 nm (transmitted light) were used 
along in-depth scanning mode (step size = 10 μm). For cellular traf
ficking, cells were stained with NucRed™ Live 647 ReadyProbes™ Re
agent (50 μL), and imaged using laser wavelengths of 488 nm (FITC), 
647 nm (NucRed™ stain), and 635 nm (transmitted light) along in-depth 
scanning mode (step size = 10 μm). Maximum intensity z-stack pro
jections of the fluorescent images were then overlaid on their corre
sponding transmitted light images. The spheroids were imaged on a laser 
scanning confocal microscope (FV-1000, Olympus Co.) and images were 
analyzed in ImageJ (NIH, v. 1.50i). 

2.7. In vivo evaluation of hypoglycemic activities of insulin and insulin 
glargine-loaded nanoparticles 

This study was approved by the institutional Animal Ethical Com
mittee of Assiut University, and it adheres to the Guide for the Care and 
Use of laboratory Animals, 8th Edition, National Academies Press, 
Washington, DC. Wistar rats of either sex and an average body weight of 

ca. 200 g were used to study the pharmacological effects of the prepared 
insulin/insulin glargine-loaded nanoparticles compared to unloaded 
insulin/insulin glargine administered as controls. After two weeks of 
acclimatization in the Animal House, diabetes was induced in rats via 
intraperitoneal administration of 1 mL of alloxan monohydrate solution 
prepared in phosphate buffered-saline at 60 mg/kg, as previously 
described [21,22]. After alloxan administration, the blood glucose levels 
of the rats were monitored using a glucometer (Accu-Check, Roche, 
USA) until the diabetic state was reached (i.e., persistent blood glucose 
levels above 200 mg/dL along with signs of diabetes were considered 
diabetic). Control groups received insulin or insulin glargine while test 
groups received a subcutaneous injection (1 mL) of tested nanoparticles 
(7% insulin loading) at a dosage of 0.5 U/kg: Group I was injected 
subcutaneously with insulin (0.5 U/kg), Groups II, III & IV were sub
cutaneously injected with insulin-loaded spherical, cylindrical, and 
platelet-like nanoparticles, respectively, Group V was injected subcuta
neously with insulin glargine (0.5 U/kg), and Groups VI, VII, VIII were 
subcutaneously injected with insulin glargine-loaded spherical, cylin
drical, and platelet-like nanoparticles, respectively. One drop of blood 
was withdrawn from the tail veins of rats before the experiments and at 
different time intervals following the administration of insulin. The 
blood glucose levels of rats after administration of insulin/insulin glar
gine that were either free or loaded into zwitterionic nanoparticles of 
different morphologies were measured using Freestyle Freedom Lite 
Glucose Meter (Abbott, East Lansing, MI), and the areas above the blood 
glucose level time curves (AACs) were calculated by the trapezoidal 
method [23]. The relative pharmacological availabilities of the insulin/ 
insulin glargine loaded into the nanoparticles were calculated by 
comparing the AAC following subcutaneous administration to that of 
free insulin and insulin glargine, as described previously with slight 
modifications [24]. For consistency, AACs were measured for short- and 
long-acting insulin that were either free or loaded into nanoparticles, for 
constant durations of 48 h and 72 h, respectively. Some of the tested 
samples resulted in a return to the initial blood glucose level before the 
entire AAC duration (i.e., 48 or 72 h), and it was unethical to continue 
measuring blood glucose levels after they returned close to the initial 
levels. Hence, in those cases, we halted taking measurements and 
assumed that the blood glucose level would remain at the initial value 
until the end of the experiments. Values are presented as means ± SDs of 
at least five independent experiments. Significant differences between 
groups were evaluated by one-way ANOVA followed by Tukey’s multi
ple comparison tests. Differences between different groups were 
considered significant for p values less than 0.05. 

3. Results and discussion 

3.1. Preparation and characterizations of insulin-loaded nanoparticles 

Multifunctional, fully degradable synthetic zwitterionic block co
polymers of PDGC(cys)-b-PLLA of varying block lengths were designed 
to afford micellar nanostructures of spherical, cylindrical, and platelet- 
like morphologies based on the weight percentage of PLLA in the co
polymers [19]. Copolymers with the lowest PLLA content yielded 
spherical micelles, due to the strong repulsion between the hydrophilic 
PDGC-cys chains of polymers, which favored the formation of spherical 
structures with high interfacial curvature upon aqueous CDSA. On the 
contrary, cylindrical and platelet-like nanostructures were formed upon 
increasing PLLA weight percentage and this was attributed to the 
insufficient coronal repulsion in case of high hydrophobic content. Sun 
et al. showed that for PLLA-b-poly(acrylic acid) copolymers, higher 
hydrophobic weight fraction led to formation of lamellar particles with 
low interfacial curvature because of insufficient corona repulsion, while 
spherical structures were formed when polymers of lower hydrophobic 
fractions were used [25]. Furthermore, Hurst et al. reported that longer 
PLLA in PLLA-b-PEG copolymers resulted in formation of lower corona 
density and facilitated the formation of 3D structures [26]. 
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Fig. 1. Transmission electron microscopy images of A) insulin-loaded 
spherical NPs, B) insulin glargine-loaded spherical NPs, C) insulin- 
loaded cylindrical NPs, D) insulin glargine-loaded cylindrical NPs, E) 
insulin-loaded platelet NPs, and F) insulin glargine-loaded platelet NPs at 
7% w/w loading. The fundamental chemical structure of the polymers 
having different block segment degrees of polymerization to afford the 
formation of spherical (m = 70, n = 18), cylindrical (m = 47, n = 44) and 
platelet (m = 39, n = 74) morphologies upon multi-molecular supramo
lecular assembly in water, are also indicated. Schematic illustrations of the 
diverse morphological nanostructures are provided in ref. 19.   
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The nanoparticles were mixed with insulin and insulin glargine at 
various loading ratios. Insulin and insulin glargine that were either free 
or loaded into nanoparticles were characterized in terms of size, size 
distribution, zeta potential, morphology, and insulin binding affinity. 
Encapsulation of insulin and insulin glargine into zwitterionic nano
particles could occur via various mechanisms, for instance, through in
teractions with the amino groups within the hydrophilic nanostructure 
corona. TEM studies indicated that spherical, cylindrical and platelet- 
like morphologies of PDGC(cys)-b-PLLA nanoparticles were retained 
after loading of insulin and insulin glargine (Fig. 1). Cluster formation 
was observed only for insulin-loaded spherical polymer nanoparticles 
(Supplementary Materials, Fig. S1). This phenomenon might be due to 
lower surface charge of insulin (isoelectric point = 5.3) at the acidic pH 
value of the nanopure water, and possibility of interactions between 
insulin molecules and more than one spherical nanoparticle simulta
neously. This phenomenon of cluster formation was not observed with 
insulin glargine (isoelectric point = 6.7), probably due to the higher 
charge density at the pH of the solution (ca. 5.5). Cluster formation was 
also not observed with cylindrical and platelet nanoparticles, possibly 
due to the lower collision incidence compared to their spherical coun
terparts. Aside from technical complications that were experienced from 
the cluster formation between insulin and spherical nanoparticles, the 
particle-particle aggregation provides evidence for the association of 
peptides with the synthetic nanocarriers. 

Histograms of the intensity-, volume-, and number-averaged hy
drodynamic diameters of insulin, insulin glargine, zwitterionic polymer 
nanoparticles of diverse morphologies (spherical, cylindrical and 
platelet), unloaded and loaded with varying amounts of insulin and 
insulin glargine were generated to allow for further investigation of the 
peptide-nanoparticle interactions (Fig. 2). The histograms illustrate 
efficient binding of peptides (i.e. insulin and insulin glargine) to nano
particles, as evidenced by the absence of free insulin peaks (ca. 2–5 nm) 
in the insulin-loaded nanoparticle histograms. Detailed information on 

sizes, size distributions and zeta potentials of insulin/insulin-glargine- 
loaded nanoparticles of diverse morphologies are also available (Sup
plementary Materials, Tables S1-S6). It is worth mentioning that the 
zwitterionic character of the nanoparticles may exist only within a 
specific pH range, over which the charged groups have intra salt struc
tures and become electrically neutral. Experiments were, therefore, 
conducted in nanopure water at pH 5.5. Nonetheless, along the polymer 
backbone and between polymer chains in nanoscopic assemblies, there 
may also be intra- and/or intermolecular polymer side chain in
teractions that either do not allow the expected protonation of amine 
groups or may lead to the inadvertent protonation of carboxylates in this 
pH range. The zeta potential values were generally negative for the 
nanostructures, suggesting either negative or neutral states for the side 
chain moieties, and they became less negative upon binding positively- 

Fig. 2. Histograms of the number-averaged hydrodynamic diameters for overlaid data that were collected from separately prepared and measured samples that 
include insulin or insulin glargine (Lantus) as free peptides vs. peptides added to solutions of zwitterionic polymer nanoparticles of diverse morphologies (spherical, 
cylindrical and platelet), loaded with varying amounts of insulin and insulin glargine as indicated by the %w/w values. Each distinctly colored histogram was 
collected for a different sample formulation. 

Fig. 3. Gel retardation assay of FITC-insulin that is either free (lane 1) or 
loaded at 3.5 (lane 3), 7 (lane 4), 14 (lane 5), and 28%w/w (lane 6), into 
spherical (left panel), cylindrical (middle panel) and platelet-like nanoparticles 
(right panel) onto agarose gel at 40 V for 75 min. Unloaded nanoparticles are 
also shown on the respective gel (lane 2). Agarose gels were prepared at 1.5%, 
nanoparticles were prepared at concentrations of 0.1 mg/mL for spherical and 
cylindrical nanoparticles, and at 0.05 mg/mL for platelet nanoparticles (volume 
per well = 50 μL). 

M. Elsabahy et al.                                                                                                                                                                                                                              



Journal of Controlled Release 334 (2021) 1–10

6

charged insulin glargine, Lantus. Binding of insulin by the nanoparticles 
was further confirmed by gel retardation assays (Fig. 3). For this pur
pose, FITC-labeled insulin was utilized to spike the insulin-loaded 
nanoparticles that were loaded onto agarose gel and the gel migra
tions were compared against the free FITC-labeled insulin, as a control. 
Unloaded insulin migrated freely, whereas nanoparticle-loaded insulin 
could not migrate through the gel, as indicated by the absence of insulin 
bands within the agarose gel, at insulin loading of 3.5 and 7%w/w. 
However, upon increasing insulin loading, partial migration of insulin 
occurred. It was obvious that platelet-like nanoparticles had higher 
binding capacity to insulin, compared to nanoparticles of other mor
phologies (i.e. spherical and cylindrical). Hence, insulin- and insulin 
glargine-loaded nanoparticles at 7% loading were selected for further 
studies. Future studies will focus on studying the effect of pH on 
morphology of the assemblies and the binding/release behavior. 

3.2. Biocompatibility of insulin-loaded nanoparticles 

To assess biocompatibility of insulin-loaded nanoparticles, spheroids 

of SMCs and FBs were treated with insulin, and insulin-loaded nano
particles of spherical, cylindrical and platelet-like morphologies for 5 h 
(Fig. 4, upper panel) and 24 h (Fig. 4, lower panel). Then, LIVE/DEAD® 
stain (calcein AM and ethidium homodimer-1) was added to cells to 
identify living cells based on their ability to convert calcein AM (which is 
easily diffused through living cells) by intracellular esterase enzyme 
activity to its fluorescent equivalent (green stain). Damaged or dead 
cells are stained red with ethidium bromide, since only leaky cells allow 
DNA exposure to ethidium bromide. The results confirmed that insulin- 
loaded nanoparticles are biocompatible with no signs of toxicity 
observed in both cell lines, as revealed by the absence of red staining of 
dead cells after 5 and 24 h of incubation. This can be attributed to 
biocompatibility and biodegradability of polymers used (i.e. aliphatic 
polycarbonates and PLLA) [27]. Moreover, grafting of biocompatible L- 
cysteine in the block copolymer, imparted a zwitterionic character to the 
micelle surface, which is desirable for inhibiting aggregation in physi
ological milieu and for circumventing toxicity concerns associated with 
cationic polymers [19,28]. Previous work by our group showed that 
amphiphilic block copolymers of zwitterionic poly(D-glucose carbonate) 

Fig. 4. Laser scanning confocal microscopy images of 3D spheroids of SMCs and FBs that were either untreated (control) or treated with insulin, insulin-loaded 
nanoparticles of spherical, cylindrical and platelet morphologies for 5 h (upper panel) and 24 h (lower panel). Cells were then treated with LIVE/DEAD® stain 
(calcein-AM and ethidium homodimer-1). Laser wavelengths of 488 nm (calcein-AM “live” stain) and 543 nm (ethidium homodimer-1 “dead” stain) were used along 
in-depth scanning mode (step size = 10 μm). Maximum intensity z-stack projections of the fluorescent images were then overlain on their corresponding transmitted 
light images. The presented scale bars measure 100 μm. 
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and semicrystalline poly(L-lactide) segments exhibited negligible cyto
toxicity against uroepithelial cells and no significant immunotoxicity 
was observed in RAW 264.7 macrophages [20]. Finnegan and co- 
workers reported the absence of cytotoxicity in healthy (WI-38) and 
cancerous HeLa cells upon treatment with a polycarbonate derivative-b- 
PEG copolymer (at a concentration range of 1–100 g/mL) prepared by 
CDSA [29]. Videos of 3D images are also available (see Supplementary 
Materials, videos are supplied in a separate Ms. PowerPoint file). The 
videos clearly demonstrate the viability of both cell lines after their in
cubation with insulin-loaded nanoparticles of varying morphologies for 
5 and 24 h, indicated by the appearance of green fluorescence in live 
cells and absence of red staining. 

3.3. Cellular uptake of FITC-insulin loaded nanoparticles 

To gain an insight on cellular uptake of the prepared nanoparticles, 
intracellular trafficking of FITC-insulin-loaded nanoparticles was 
investigated by confocal microscopy in SMCs and FBs at 5 h (Fig. 5, 
upper panel) and 24 h (Fig. 5, lower panel) after incubation with 

nanoparticles. For SMCs, there was an appreciably high visible cell- 
associated fluorescence after incubation with either FITC-insulin alone 
or FITC-insulin loaded nanoparticles indicating a significant uptake of 
loaded insulin (Fig. 5, and Supplementary Materials: videos are supplied 
in a separate Ms. PowerPoint file). Resolution on these images is not 
enough to demonstrate differences between sizes and morphologies of 
the particles, especially after binding with biomolecules in the cell cul
ture media and to the various cellular components. On the contrary, a 
weak fluorescent signal appeared in the case of FBs upon their incuba
tion with similar treatments for the same time intervals. These results 
clearly point out that nanoparticle uptake is not only limited to their size 
and shape but is also dependent on cell type (i.e., for a given nano
particle, different internalization capacity can be observed by different 
cell types). Dos Santos et al., showed that internalization of nano
particles was dependent on their size and varied in different cell lines, 
possibly due to different uptake mechanisms and nature of cells [30]. 
Banerjee et al. also showed differential uptake capacity of spherical 
nanoparticles prepared at different sizes, with consistently higher up
take in Caco-2/HT-29 cells compared to Caco-2 monolayers [16]. 

Fig. 5. Laser scanning confocal microscopy images of 3D spheroids of SMCs and FBs that were either untreated (control) or treated with FITC-insulin, FITC-insulin- 
loaded nanoparticles of spherical, cylindrical and platelet morphologies for 5 h (upper panel) and 24 h (lower panel). Laser wavelengths of 488 nm (FITC) and 647 
nm (NucRed™ stain) were used along in-depth scanning mode (step size = 10 μm). Maximum intensity z-stack projections of the fluorescent images were then 
overlaid on their corresponding transmitted light images. The presented scale bars measure 100 μm. 
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3.4. In vivo hypoglycemic activities in diabetic rats 

Normalization of blood glucose levels in diabetic patients is the main 
purpose in management of diabetes. In normal individuals, endogenous 
insulin is maintained at low basal plasma levels in fasting state and in
creases upon meal intake. In diabetic patients, insulin production is 
insufficient, or the body does not respond appropriately to insulin. In
sulin and insulin glargine are short- and long-acting analogs that usually 

exhibit maximum hypoglycemic activity at 2 and 12 h after adminis
tration and commonly exhibit durations of action of ca. 6 h and 24 h, 
respectively. The standard for medical management of diabetes for 
many years has included the prescription of human insulin. However, its 
short in vivo half-life results in frequent administration and patient 
incompliance. Hence, long acting analogs of insulin (e.g. insulin glar
gine) that have prolonged duration of action were developed. Insulin 
glargine is formed via replacing the asparagine at position 21 of the A 

Fig. 6. Blood glucose levels in diabetic rats following subcutaneous injection of insulin (0.5 U/kg) that was either free (A), or loaded into spherical (B), cylindrical 
(C) and platelet-like (D) nanoparticles (7% w/w insulin loading, 1 mL volume for subcutaneous injection). 

Fig. 7. Blood glucose levels in diabetic rats following subcutaneous injection of insulin glargine (0.5 U/kg) that was either free (A), or loaded into spherical (B), 
cylindrical (C) and platelet-like (D) nanoparticles (7% w/w insulin glargine loading, 1 mL volume for subcutaneous injection). 
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chain with glycine in human insulin, and addition of two arginines to the 
C-terminus of the B chain. Subcutaneous administration of insulin 
glargine once daily is prescribed for a prolonged blood glucose lowering 
effect (ca 24 h) compared to insulin [31–33]. 

To investigate the efficiency of fabricated nanoparticles in prolong
ing the antidiabetic effect of insulin and insulin glargine, diabetic rats 
were subcutaneously injected with insulin/insulin-glargine that were 
either free or loaded into nanoparticles of different morphologies, and 
blood glucose levels were monitored. Subcutaneous injection of insulin 
(0.5 U/kg) resulted in a significant hypoglycemic effect that was 
maintained for 2 h, and then blood glucose level recovered to the initial 
level (Fig. 6A). Subcutaneous administration of insulin-loaded nano
particles induced a significant sustained hypoglycemic effect and 
maintained low blood glucose level over 24 h (Fig. 6B-D). Subcutaneous 
administration of insulin-glargine, a long-acting analog of insulin, 
showed a sustained hypoglycemic effect over 24 h that was increased to 
48 h after incorporation into nanoparticles (Fig. 7A-D). 

The relative pharmacological availabilities of insulin and insulin 
glargine, unloaded or loaded into nanoparticles of various morphol
ogies, were calculated based on the AAC following their subcutaneous 
administration. Insulin loaded into spherical and cylindrical nano
particles had demonstrated significantly higher AACs (9300 ± 2700 
mg⋅h/dL and 9200 ± 3700 mg⋅h/dL, respectively) compared to free 
insulin (3500 ± 900 mg⋅h/dL) (p < 0.05), whereas insulin-loaded 
platelet nanoparticles’ AAC (7900 ± 2300 mg⋅h/dL) was not signifi
cantly higher than free insulin (p > 0.05). Only insulin glargine loaded 
into cylindrical nanoparticles had shown significantly higher AAC 
(18,900 ± 3800 mg⋅h/dL) compared to free insulin glargine (10,900 ±
2500 mg⋅h/dL) (p < 0.05), whereas the AAC values (16,300 ± 4100 
mg⋅h/dL 17,300 ± 4300 mg⋅h/dL, respectively) for insulin glargine- 
loaded spherical and platelet nanoparticles, respectively, were not 
significantly higher than free insulin glargine (p > 0.05). It can be clearly 
seen that loading of insulin and insulin glargine into nanoparticles of 
diverse morphologies had resulted in 2.3–2.6-fold and 1.5–1.7-fold 
higher AAC compared to free insulin and insulin glargine, respectively, 
and thus, led to a significant improvement in the pharmacological 
availability, extension of the hypoglycemic activity, reduction in fre
quency of administration, and overall improvement in patient 
compliance. 

Nanoparticles have been reported previously to extend hypoglyce
mic activity of insulin after subcutaneous administration [34–36]. 
However, studies available on the effect of nanoparticles on prolonging 
hypoglycemic activity of insulin glargine following subcutaneous 
administration in the literature are scarce. The results demonstrated in 
the current study provide evidence that nanoparticles of varying mor
phologies efficiently interacted with insulin and insulin glargine and 
allowed extended hypoglycemic activities. It is uncertain, at the 
moment, to what extent such an extended biological activity is due to 
stabilization of primary and/or secondary structure, extended subcu
taneous retention and duration of release, or other effects. However, 
construction of these types of biodegradable and biocompatible assem
blies might provide clinically-viable formulations for enhanced future 
management of diabetes. Furthermore, control of morphology of the 
formed assemblies together with possibility of covalently attaching 
peptides or other biomolecules onto the nanoparticles may provide for 
additional optimization toward prolonged hypoglycemic activity. 
Future experiments may also elucidate the role of nanoparticles in sta
bilizing primary/secondary structures of insulin and insulin glargine, 
and how it is associated with extending the pharmacological activities of 
the loaded peptides. 

4. Conclusions 

In summary, zwitterionic polymer nanoparticles loaded with insulin 
and insulin-glargine were constructed from biocompatible sugar-based 
polymers to extend their pharmacological activities. Well-defined 

nanostructures were prepared via CDSA to yield spherical, cylindrical, 
and platelet-like nanoparticles, as confirmed by TEM. Nanoparticles of 
the diverse morphologies that were loaded with insulin and insulin- 
glargine had similar sizes and morphologies to their respective nano
particles before loading. Nanoconstructs demonstrated high biocom
patibility and cellular uptake, as illustrated by confocal microscopy 
studies in two different cells lines, SMCs and FBs. Co-formulation of 
short-acting insulin and the long-acting insulin glargine with the syn
thetic polymers generated composite nanoparticles, which resulted in 
extended hypoglycemic activities in diabetic rat models. This work 
highlights the use of amphiphilic block copolymers of zwitterionic poly 
(D-glucose carbonate) and semicrystalline poly(L-lactide) segments to 
produce functional biocompatible nanoconstructs for management of 
diabetes and indicates the potential application of nanoparticle- 
mediated drug delivery of various morphologies in addition to spher
ical structures traditionally described in the design of nanomedicines. 
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