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Abstract. 3D printing has been widely used to rapidly manufacture a variety of solid
dosage forms on-demand, without sacrificing precision. This study used extrusion-based 3D
printing to prepare single-layered, tri-layered, and core-in-shell poly(lactic-co-glycolic acid)
(PLGA) films carrying paclitaxel and rapamycin in combination or lidocaine alone. Each
layer was composed of either low molecular weight (MW) PLGA or high MW PLGA.
In vitro drug release kinetics of paclitaxel, rapamycin, and lidocaine for PLGA films were
assessed and compared with PLGA–polyethylene glycol (PEG)–PLGA hydrogel discs.
Regardless of the structure of PLGA film, paclitaxel (half-time: 54–63 days) was released
faster than when compared with rapamycin (half-time: 74–80 days). In contrast, single-
layered PLGA–PEG–PLGA discs released rapamycin (half-time 5.7 h) at a more rapid rate
than paclitaxel (half-time: 7.3 h). Single-layered PLGA–PEG–PLGA discs enabled a faster
drug release than PLGA films, noting that the disc matrices dissolve in water in 24 h.
Similarly, lidocaine incorporated in PLGA films (half-time: 13–36 days) exhibited slower
release patterns than that in PLGA–PEG–PLGA discs (half-time: 2.6 h). In vitro drug release
patterns were explained using molecular models that simulate drug-polymer interactions.
Analysis of models suggested that drug–polymer interactions, location of each drug in the
polymeric matrix, and solubility of drugs in water were major factors that determine drug
release behaviors from the polymeric films and discs.
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INTRODUCTION

Three-dimensional (3D) printing is the process of using
computer-aided design (CAD) to produce 3D objects (1).
This manufacturing process can be either subtractive or
additive (2). With subtractive manufacturing, a larger mass
of material is drilled, cut, carved, or milled to create the
desired object. Through additive manufacturing, an object is
built by depositing layers of printable materials. The additive
manufacturing process, also known as 3D printing (2), is
vastly used due to the ability to rapidly build intricate designs
without material wastage. With the versatility and ease of 3D

printing, various dosage forms can be designed and structured
for specific needs. Personalized medicine, which customizes
medications to specific patients’ needs (3), has been proposed
as a method to tackling diseases with complex pathologies.
The pediatric and oncology fields are examples of where the
“one-size-fits-all” approach has been recognized as too broad
(3). Unfortunately, current manufacturing processes focus on
drug product uniformity and scalability and do not provide
customization necessary for producing personalized medicine
(4). 3D printing has been shown to fill the need in providing a
means to create medications that are customizable, without
sacrificing precision (4,5).

Spritam®, a rapidly disintegrating tablet of levetiracetam,
is the first 3D-printed dosage form approved by the FDA in
August 2015 (5,6). Spritam® is prepared using Zipdose®
technology (Aprecia Pharmaceuticals, Langhorne, PA, USA),
which is essentially inkjet-based 3D printing. Spritam® is a
prescription medicine used to treat partial onset seizures in
children with epilepsy.

Previously, we 3D-printed poloxamer 407 nanogel discs
carrying drugs that served as a postsurgical ovarian cancer
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adjuvant treatment. 3D-printed nanogel discs absorbed perito-
neal ascites, made a disc-to-gel transition, and released loaded
drugs gradually (7). 3D-printed nanogel discs successfully
delivered paclitaxel and rapamycin intraperitoneally, improved
therapeutic efficacy of the drugs, and prevented postsurgical
peritoneal adhesions in ES-2-luc ovarian cancer-bearing xeno-
graft mice that mimic late-stage ovarian cancer patients.

Recently, we prepared rectal suppositories carrying
artesunate utilizing 3D printing technology. The rectal suppos-
itories were customized to treat children who cannot tolerate
anti-malaria medications orally due to vomiting, impaired
consciousness, and are pending transfer to a high-level facility
for complete treatment (8). 3D-printed poly(vinyl) alcohol
(PVA) suppositories carrying artesunate demonstrated thermo-
stability at elevated temperature (e.g., 30°C) and a sustained
release of artesunate over a period of 60 min (8).

Jin et al. reported that 3D printing is a useful tool to
prepare personalized, progesterone-loaded vaginal rings in a
variety of shapes (i.e., O, Y, and M shapes). The mixture of
poly(lactic) acid/poly(caproractoe) and Tween 80 was com-
bined with a solid dispersion of progesterone in polyethylene
glycol 4000 and hot-melted to form filaments. A fused
deposition modeling printer then deposited the melted
filaments into O-, Y-, and M-shaped vaginal rings. The 3D-
printed vaginal rings showed long-term sustained release of
progesterone for c.a. 7 days (9).

Soh et al. used 3D printing technology to build embossed
features that corresponded to the customized tablet shapes.
Drug was mixed into different polymer solutions (self-eroding
and impermeable polymers), and the mixtures were poured
into the 3D-printed mold. By altering the shapes of the
tablets (e.g., square, funnel, pyramid, or fish bone), different
drug release profiles were achieved (i.e.. sustained, immedi-
ate, delayed, pulsatile) (10).

Fatouros et al. 3D-printed poly(vinyl) alcohol-based,
mucoadhesive buccal films and conducted an in vitro drug
release study and ex vivo performance tests of the
manufactured products. Their results demonstrated that 3D
printing is a versatile tool in the context of manufacturing
mucoadhesive buccal films that exhibited unidirectional drug
release patterns (11). Johnson et al. presented an approach
for the fabrication of polymeric films based on the
microextrusion 3D printing. The 3D-printed films that were
produced were thin, mechanically isotropic and showed less
visible layering defects compared with those manufactured by
fused filament fragmentation (12).

Biro et al. used 3D printing in combination with hot
pressing to construct thin, nanocarbon/poly(lactic) acid-based
films with 10–30-mcm thickness (13).

Patel et al. developed an egg-shaped tablet (Egglet) using
hot melt extrusion coupled with fused deposition modeling.
PVA filaments loaded with drug were printed into crush-
resistant egglets of various sizes and infill densities. Optimized
egglets exhibited the snorting and injection abuse deterring
properties by demonstrating extreme hardness and large
particle size upon mechanical manipulation and < 15% drug
extraction (14).

The main purpose of this current work was to determine if
3D printing could be used to prepare polymeric films with
complex structures while allowing gradual drug release at the
low-dose over months. One notable feature of 3D printing is the

ability to build complex film structures (e.g., tri-layered films and
core-in-shell films) in rapid, on-demand, and convenient man-
ners. This paper presents detailed 3D-printing protocols for
single-layered, tri-layered, and core-in-shell poly(lactic-co-
glycolic acid) (PLGA) films. Most films are manufactured by
the solvent casting method: the mixture of drugs, plasticizers,
and flavoring agents is poured onto an intermediate liner, dried
in a heating tunnel, cooled, and cut into the desired shape (15).
A notable disadvantage of the conventional method is the
inability to modify the shape or structure of the films on-
demand. In contrast, 3D printing technology allows for the
development of various geometric structures (internal and
external) and the fabrication of custom-made prototypes. Yang
et al. 3D-printed polyvinyl alcohol tablets with three different
internal structures (i.e., cylinder, horn, and reversed horn) and
demonstrated that the internal geometry attributed to the
different release patterns of drugs (release rate: reversed horn
> cylinder > horn) (16). Basit et al. also demonstrated the
potential of 3D printing as a novel manufacturing technology by
conveniently fabricating tablets with different external geome-
tries (cube, pyramid, cylinder, sphere, and torus), that are
challenging to manufacture by powder compaction (17). Drug
release kinetics from tablets was dependent on surface area-to
volume ratio, indicating that geometric shape played an
important role in drug release. Patel et al. reported that infill
patterns (e.g., hexagonal vs. diamond) affected hardness,
disintegration time, and drug release profiles of the 3D-printed
caplets (18).

In this study, the factors affecting the rate of drug release
such as types of drugs and polymers were discussed (19,20):
We examined the effects of varying polymer types by
comparing PLGA films to PLGA–polyethylene glycol
(PEG)–PLGA hydrogel discs. The effects resulting from
varying drugs were determined by comparing in vitro drug
release patterns of paclitaxel, rapamycin, and lidocaine.

Previous drug release studies combined simulations and
molecular models to analyze drug–polymer interactions and
release patterns (21). Encouraged by this approach, we
generated simulations and molecular models were generated
to explain in vitro drug release behaviors. Analysis of the
models elucidated the interactions of paclitaxel, rapamycin,
and lidocaine with the polymers. Simulations at the molecular
level constitute a powerful tool for identifying drug-polymer
interactions and estimating relative drug release patterns
when multiple drugs are incorporated (21). The knowledge
obtained by analyzing the simulations and molecular models
can assist in designing multi-drug film and disc structures with
pre-determined drug release patterns.

A potential application of 3D-printed multi-layered
PLGA films carrying paclitaxel and rapamycin is to deliver
two drugs in the brain after surgery. Brain cancer is a rapidly
growing, devastating disease (22). The current standard care
includes maximal safe resection of the tumor followed by
chemotherapy (22). Since most brain tumors grow into
surrounding tissues and cannot be completely removed by
surgery, chemotherapy is typically required to eradicate
remaining tumor cells to prevent recurrence and metastasis.
In the past three decades, systemic chemotherapy has been
extensively evaluated for the treatment of brain tumors using
a myriad of schedules, doses, and combinations (23,24).
However, a plateau in efficacy has been problematic due to
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the inability of drugs to cross the blood-brain barrier (23,24).
It has been suggested that brain cancer patients would benefit
from receiving continuous low-dose administration of chemo-
therapy locally at the time of surgical resection to obtain
higher antiangiogenic effects and longer survival rate (23,24).

A potential application of 3D-printed multi-layered
PLGA films carrying lidocaine is to locally deliver lidocaine
to alleviate pain after peritoneal surgery. Although minimally
invasive techniques and quality improvements in such oper-
ations have made an impact on reducing morbidity, proper
pain control after surgery remains one of the primary
concerns due to its close ties with clinical outcomes and acute
postoperative patient well-being (25). 3D-printed multi-lay-
ered PLGA films can serve as a device for improving
postoperative patient well-being by gradually releasing lido-
caine for several weeks as well as preventing patients from
developing peritoneal adhesions by acting as a physical
barrier between the incision site and the internal organs
(26–28).

MATERIALS AND METHODS

Digitalization

Computerized-aided design (CAD) software (FreeCAD
0.18) was used to design 3D representations of PLGA films.
Three different CAD designs were created: (i) 9 single-
layered cylinders, (ii) 9 tri-layered cylinders, and (iii) 9 core-
in-shell cylinders. Single-layered design was used to print
films consisting of low molecular weight (MW 12,000-16,000;
PLA/PGA 50:50) PLGA (Polysciences, Warrington, PA) or
high MW (MW 150,000; PLA/PGA 50:50) PLGA. Tri-layered
design was used to create tri-layered cylinders in two different
arrangements: (i) L/H/L configuration with a deposition order
of Low MW PLGA (bottom), high MW PLGA (mid), and
low MW PLGA (top layer) and (ii) H/L/H configuration with
a deposition order of high MW PLGA (bottom), low MW
PLGA (mid), and high MW PLGA (top). Core-in-shell
cylinders were designed to have high MW PLGA completely
enclosed by low MW PLGA. Various film designs described
above are illustrated in Fig. 1.

The prototype films were designed in the CAD to be
cylinders and to have a radius of 16 mm and a height of 1 mm.
Each cylinder was separated from the neighboring cylinder by
10 mm. These dimensions are customizable according to any
specifications or demands. The design was made to fit on the
surface of a 100 mm × 100 mm glass plate. The CAD file was
then exported as an STL file to digitize. The STL file was
converted to a G-Code file using Slic3r. G-Codes are
commands read by the printer which control functions of
the printer such as printer head movements, extrusion
temperature, extrusion ratios, bed temperature, and pauses.
The Slic3r settings were as follows:

(i). Layer and perimeter settings

Layer height: 1 mm, first layer height: 1 mm, adaptive
slicing: no, adaptive quality: 75%,

Match horizontal surfaces: no, perimeters: 0, minimum
shell thickness: 0, horizontal shells: 0,

Solid layers top: 0, bottom:1, minimum shell thickness: 0,
avoid crossing perimeters: Yes.

(ii). Infill settings

Fill density: 30%, fill pattern: concentric, external infill
pattern: concentric

(iii). Skirt and brim settings

Loops: 1, distance from object: 10 mm, Skirt height: 1
layer, brim: No.

(iv). Filament settings

Filament diameter: 1 mm, extrusion multiplier: 1, tem-
perature: off, cooling: off

(v). Printer settings

Size and coordinates: bed shape Z, offset 0

(vi). Extruder settings

Nozzle diameter: 0.838 mm, limits: min 0.15 mm, ex-
truder offset: x 0 y 0, retraction: 5 mm, lift Z: 5 mm, minimum
travel after retraction: 5 mm, speed 40 mm/s

3D Printing of PLGA Films

Each design contained a skirt whose function was to
allow the material to reach adequate flow before printing the
design. The tri-layer designs and the core-in-shell design had
a skirt for each layer change. The retraction settings were
used to prevent the material from dragging by commanding
the printer to lift the head away from the design when it
traveled to the next cylinder. Once it reached the coordinates
of the next cylinder, the printer would descend back down to
the layer’s height. Extrusion of the material was performed
on a single extruder so the G-code was edited to pause to
load new material. In between layers that were composed by
different PLGA polymers, a 5-min pause was edited into the
G-code. The pause consisted of a lift/shift to home command
as well as a pause-print command. This interval of 5 min
allowed the operator time to change the syringe containing
PLGA for the next layer.

The Hyrel 30M 3D printer was used to create the films. The
SDS-5, a 5-mL syringe compatible extruder, was used to mount a
material-loaded 5-mL syringe. The disposable syringe loaded with
thematerial was assembled with an 18-gauge stainless steel needle.

Repetrel was the software that allowed machine to
coordinate z, y, x calibration; pre-print visualization; manual
overrides; and live edits. After loading the G-Code file, manual
overrides to pulse settings and multiplier settings were applied
to perfect print performance. Pulse settings were adjusted to
0.6 pulses/nL, while the multiplier setting was set to 0.6. The Z
axis was calibrated to hover 0.4 mm above the surface. No
adjustments were made to the bed temperature or the fan.

Drugs were mixed with low MW (12,000–16,000) or high
MW (150,000) PLGA polymers. A total of 2 g of low MW or
high MW PLGA was dissolved separately in 10 mL of
acetone to the concentration of 200 mg/mL. For the PLGA
films carrying paclitaxel and rapamycin, a total of 60 mg of
paclitaxel (LC Laboratories, Woburn, MA) was added in the
high MW PLGA mixture. A total of 60 mg of rapamycin (LC
Laboratories, Woburn, MA) was added in the low MW
PLGA mixture. The mixture was drawn up in a 5-mL syringe

  256 Page 3 of 15AAPS PharmSciTech         (2020) 21:256 

20%

3% Drug

Kinam Park
Highlight

Kinam Park
Highlight

Kinam Park
Highlight

Kinam Park
Highlight

Kinam Park
Rectangle

Kinam Park
Rectangle

Kinam Park
Underline

Kinam Park
Underline

Kinam Park
Underline

Kinam Park
Underline



and loaded to the extruder. For the PLGA films carrying
lidocaine, 120 mg of lidocaine (Sigma Aldrich, St. Louis, MO)
was added in both high MW (220 mg/mL) and low MW
(220 mg/mL) PLGA mixtures.

Multi-layered films were prepared by interchanging
syringes loaded with different PLGA polymers. The print
time for single-layer films was approximately 6 min. 3D-
printing of layered films took approximately 35 min, account-
ing for loading different PLGA polymers to the extruder and
cooling time between the layers. After printing was complete,
the films were allowed to dry overnight at 25°C, RH 27%.

Supplementary video clips demonstrate how the bottom
layer, the rim, and the core of the core-in-shell films were 3D-
printed (SI Videos 1–3). SI Video 4 demonstrates how various
shapes of films can be 3D-printed.

3D Printing of Single-Layered PLGA–PEG–PLGA Hydro-
gel Discs

Thermosensitive PLGA–PEG–PLGA hydrogels were
prepared as reported previously (29). Briefly, 2 g of
PLGA1500-b-PEG1000-b-PLGA1500 triblock copolymer dis-
solved in 5 mL cold water (4°C) was mixed with 60 mg of
paclitaxel and 60 mg of rapamycin together or 120 mg
lidocaine alone dissolved in 5 mL of tert-butanol at 60°C.
The mixture was then frozen at − 80°C for 30 min, and then
lyophilized (below 0.8 mbar at − 45°C) for 24 h. The
lyophilize cake was then rehydrated with 10 mL of cold
water for 6 h at 4°C. The mixture was drawn up in a 5-mL
syringe and loaded to the extruder. Hydrogels carrying
paclitaxel and rapamycin together or lidocaine alone were
3D-printed using the Slic3r with print settings similar to those
used for film preparation. A few modifications were made: fill
density 100%, fill pattern 3 concentric loops and rectilinear
infill, extrusion speed 10 mm/s, and pulse setting 1.76 pulses/
nL and multiplier setting 1. The SDS-5, a 5-mL syringe
compatible extruder, was used to mount a material-loaded
5-mL syringe. The disposable syringe surrounded by the
Styrofoam was assembled with an 18-gauge stainless steel
needle to prevent the mixture from warming. The print time
for a single-layered PLGA–PEG–PLGA hydrogels (rectilin-
ear pattern) was approximately 14 min. Extruded hydrogels
were allowed to be dehydrated overnight at 25°C, RH 27%.

Quantification of Paclitaxel and Rapamycin

The amount of paclitaxel and rapamycin was determined
using the Agilent 1200 Infinity high-performance liquid
chromatography (HPLC) system (Agilent, Santa Clara, CA,
USA). Samples (10 mcL) were injected into Atlantis T3 C18

column (3.0 × 100 mm) maintained at 25°C with a flow rate of
1.0 mL/min. The separation of paclitaxel and rapamycin was
done in gradient elution mode with mobile phase A (1%
methanol in acetonitrile) changing from 40 to 80% for 6 min,
maintaining 80% until 8 min, and then changing back to 40%
until 9 min. Mobile phase B consisted of 0.1% formic acid in
water. Paclitaxel and rapamycin were monitored at 280 nm
and eluted at 4.1 min ad 6.9 min, respectively.

A standard curve was created using concentrations of
100, 50, 10, 5, and 1 mcg/mL for each of the eluents. The
standard curve was plotted for both paclitaxel (R2 = 0.9903)
and rapamycin (R2 = 0.9928). Based on the S.D. of response
and slope, the limit of detection (LOD) and the limit of
quantitation (LOQ) for paclitaxel were estimated to be 0.03
and 0.12 mcg/mL, respectively. The LOD and LOQ for
rapamycin were estimated to be 0.03 mcg/mL and 0.10 mcg/
mL, respectively.

Quantification of Lidocaine

The amount of lidocaine was determined with the
Agilent 1200 Infinity HPLC system (Agilent, Santa Clara,
CA, USA). Samples (10 mcL) were injected into Atlantis T3
C18 column (3.0 × 100 mm) maintained at 25°C with a flow
rate that was 0.5 mL/min. Lidocaine was eluted in isocratic
mode with 70% acetonitrile, 20% water, and 10% of 200 nM
ammonium acetate in water. Lidocaine was monitored at
220 nm and was eluted at 2.3 min.

A standard curve was created using lidocaine concentra-
tions of 100, 50, 10, 5, and 1 mcg/mL. The standard curve was
plotted for lidocaine (R2 = 0.9999). Based on the S.D. of
response and slope, the limit of detection (LOD) and the limit
of quantitation (LOQ) were estimated to be 0.0002 and
0.006 mcg/mL, respectively.

Drug Release In Vitro

Each designed film/disc (n = 3 per design) containing
drugs was immersed in 250 mL of phosphate buffer (pH 7.4).
The medium was kept at 37°C and stirred at 150 rpm.
Parafilm was used to cover the beakers to reduce evapora-
tion. Samples of 0.5 mL were collected from each beaker at
time intervals of 1, 2, and 8 weeks for PLGA films carrying
paclitaxel and rapamycin, 1, 2, 4, 6, and 8 weeks for PLGA
films carrying lidocaine, and 0.5, 1, 3, 6, and 12 h for PLGA–
PEG–PLGA discs carrying paclitaxel and rapamycin or
lidocaine alone. After each sampling, 0.5 mL of fresh
phosphate buffer was added to each beaker to account for
the volume removed from the sample. The amount of
paclitaxel and rapamycin released in the buffer was measured

Fig. 1. Illustrations of PLGA film designs: single-layered (a), tri-layered (L/H/L or H/L/H) (b), and core-in-shell (c) films
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using HPLC. The correlation coefficient (R2) for the release
kinetics of paclitaxel, rapamycin, and lidocaine was calculated
using 5 mathematical models including zero-order, first-order,
Higuchi, Hixson–Crowell, and Korsmeyer–Peppas. The half-
time (the time at which 50% of the drug was released) was
estimated using the mathematical model with the highest
correlation coefficient. Statistical analyses were conducted
using paired t test (two-tailed) (GraphPad Prison v7.04).

Model Generation for PLGA System

PLGA models were designed within the Schrodinger
Material Science suite (30). Using the 2D sketcher in Maestro
(31), lactide (monomer A) and glycolide (monomer B)
models were modified to create PLGA by specifying the
initiator and terminator for the polymer. Polymer builder was
used to construct a model for PLGA (lactide:glycolide;
Repeat Unit =AB) using constant chain growth. The average
molecular weight of each unit was ~ 1165 Da.

The Disordered System Builder in Schrodinger Material
Science suite (30) was used to model the PLGA polymer drug
systems: (1) low MW PLGA: rapamycin; (2) high MW
PLGA:paclitaxel; (3) low MW PLGA: lidocaine; and (4) high
MW PLGA: lidocaine. Low molecular weight systems were
modeled as ~ 12,000 Da, and high molecular weight systems
were modeled as ~ 150,000 Da. The mixture composition
included the following compounds and percentages for both
low and high molecular weight systems: PLGA (80%) and drug
(20%). The generated systems were then energy minimized
using the OPLS 2005 force field (32).

In order to construct the complex model systems, the low
MW PLGA:rapamycin and high MW PLGA:paclitaxel and
low MW PLGA:lidocaine and high MW PLGA:lidocaine
systems were combined to form systems using the Disordered
System Builder. The mixture compositions were low MW
PLGA:rapamycin (50%) plus high MW PLGA:paclitaxel
(50%) and low MW PLGA:lidocaine (50%) plus high MW
PLGA:lidocaine (50%).

Model Generation for PEG–PLGA–PEG System

PLGA and PEG models were designed within the
Schrodinger Material Science suite (30). Using the 2D sketcher
in Maestro (31), the PLGA (monomer A) and PEG (monomer
B) models were modified to specify the initiator and terminator
in the polymer. Polymer builder was used to construct a model
for PLGA–PEG–PLGA (Repeat Unit =ABA) using constant
chain growth. The molecular weight of the triblock was ~
3524.6 Da.

The Disordered System Builder was used to model the
PLGA–PEG–PLGA polymer with drugs rapamycin and
paclitaxel. The mixture composition included the following
compounds and percentages: PLGA–PEG–PLGA polymer
(80%), rapamycin (10%), and paclitaxel (10%), with the
number of total molecules set to 40. This system was built
upon an Immersed substrate commonly used for modeling
nanoparticles. The generated system was then energy mini-
mized using the OPLS 2005 force field (32).

The PEG–PLGA–PEG/lidocaine system was generated
using molecular docking. Using the PEG–PLGA–PEG/
rapamycin/paclitaxel system, 8 docking grids were generated

for the areas of the polymer that were occupied with either
rapamycin or paclitaxel. Using the docking program Glide
(33), lidocaine was docked into the 8 docking grids generated
for the polymer.

RESULTS

Preparation of Drug-Loaded PLGA Films

As shown in Figs. 2 and 3, three types of polymeric films
were prepared: (i) single-layered, (ii) tri-layered, and (iii)
core-in-shell cylinders. Single-layered cylinders were com-
posed of low MW or high MW PLGA. Tri-layered cylinders
were built with either L/H/L or H/L/H configuration. Core-in-
shell cylinders were composed of high MW PLGA completely
enclosed by low MW PLGA. The deposition order for
building core-in-shell rounds follows: bottom (low MW), rim
(low MW), core (high MW), and then top (low MW). For the
PLGA films carrying paclitaxel and rapamycin, paclitaxel was
incorporated in the high MW PLGA layer, and rapamycin
was incorporated in the low MW PLGA layer (Fig. 2). For
PLGA films carrying lidocaine, lidocaine was incorporated in
both high MW and low MW PLGA layers (Fig. 3). Nine films
were printed on the glass plate, and each film was separated
from the adjacent film by 10 mm (Fig. 2).

As shown in Table I, single-layered PLGA films carrying
paclitaxel (c.a. 405 mcg) or rapamycin (c.a. 396 mcg) were c.a.
16 mm in diameter and c.a. 14–15 mg in weight. Tri-layered
PLGA films with L/H/L configuration carrying paclitaxel (c.a.
343 mcg in H) and rapamycin (c.a. 749 mcg in L) were c.a.
17 mm in diameter and c.a. 45 mg in weight. H/L/H PLGA
films carrying paclitaxel (c.a. 609 mcg in H) and rapamycin
(c.a. 352 mcg in L) were c.a. 16 mm in diameter and c.a.
48 mg in weight. Core (H)-in-shell (L) PLGA films carrying
paclitaxel (c.a. 315 mcg in H) and rapamycin (c.a. 918 mcg in
L) were c.a. 16 mm in diameter and c.a. 48 mg in weight.

As shown in Table II, single-layered films composed of
low MWor high MW PLGA carried c.a. 702 mcg of lidocaine,
weighed c.a. 16–18 mg, and were c.a. 16 mm in diameter. The
L/H/L films were c.a. 18 mm in diameter, c.a. 52 mg in weight,
and carried c.a. 2.1 mg of lidocaine. H/L/H films were c.a.
17 mm in diameter, c.a. 50 mg in weight, and carried c.a. 2 mg
of lidocaine. Core-in-shell films carrying lidocaine (c.a.
2.2 mg) were c.a. 17 mm in diameter and c.a. 54 mg in weight.

Preparation of Drug-Loaded PLGA–PEG–PLGA Discs

Single-layered PLGA–PEG–PLGA hydrogel discs car-
rying paclitaxel and rapamycin were 12 ± 1 mm in diameter
after dehydration (Fig. 4). Each disc weighed 120 ± 3 mg.
Each disc carried 3.0 ± 0.4 mg of paclitaxel and 2.8 ± 0.3 mg of
rapamycin. Single-layered PLGA–PEG–PLGA hydrogel
discs carrying lidocaine were 12 ± 0.4 in diameter after
dehydration, weighed 115 ± 2 mg. and were loaded with 6.2
± 1 mg of lidocaine.

Drug Release from the PLGA Films

Drug release kinetics of paclitaxel and rapamycin
incorporated in PLGA films were determined in vitro
(Fig. 5a). From the single-layered low MW PLGA films, c.a.
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2%, 15%, and 42% of rapamycin were released on weeks 2,
8, and 12, respectively. From the single-layered high MW
PLGA films, c.a. 5%, 23%, and 98% of paclitaxel were
released on weeks 2, 8, and 12, respectively. From the L/H/L
tri-layered films, c.a. 1%, 7%, and 39% rapamycin and c.a.
4%, 23%, and 81% of paclitaxel were released on weeks 2, 8,
and 12, respectively. From the H/L/H tri-layered films, c.a.
2%, 15%, and 42% of rapamycin and c.a. 6%, 21%, and
100% paclitaxel were released on weeks 2, 8, and 15,
respectively. From the core (H)-in-shell (L) films, c.a. 1%,
10%, and 49% of rapamycin, and c.a. 4%, 49%, and 93% of
paclitaxel were released on weeks 2, 8, and 15, respectively.
The complete release of the payloads was made on week 16.

The correlation coefficients (R2) obtained by zero-order
model were calculated to be 0.8237 and 0.8971 for the single-
layered films carrying rapamycin and paclitaxel (Table III).
Release profiles of paclitaxel and rapamycin from the L/H/L
(R2 = 0.9285 and 0.7765 each), H/L/H (R2 = 0.8723 and 0.8156
each), and core (H)-in-shell (L) (R2 = 0.9728 and 0.8355 each)
films fit to zero-order model. Regardless of the film designs,
the average time (in days) taken for 50% drug release (half-
time) was shorter for paclitaxel (ranging from 54 to 63 days)
than that for rapamycin (ranging from 74 to 80 days).

Release of lidocaine from PLGA films were also
determined in vitro (Fig. 5b). From the single-layered low
MW PLGA films, c.a. 35%, 49%, 81%, and 100% of
lidocaine were released on weeks 1, 2, 4, and 6, respectively.
From the single-layered high MW PLGA films, c.a. 8%, 13%,
21%, 61%, 85%, and 100% of lidocaine were released on
weeks 1, 2, 4, 6, and 8, respectively. The L/H/L tri-layered
films released lidocaine at c.a. 18%, 36%, 53% 88%, and
100% on weeks 1, 2, 4, 6, and 8, respectively. From the H/L/H
tri-layered films, 20%, 28%, 68%, and 88% of lidocaine were
released on weeks 1, 2, 4, 6, and 8, respectively. From the core
(H)-in-shell (L) films, c.a. 39%, 65%, 87%, and 100% of
lidocaine were released on weeks 1, 2, 4, 6, and 8. With the
exception of the H/L/H tri-layered films, the complete release
of lidocaine from all the films occurred on week 8.

The correlation coefficients (R2) of the Higuchi model
was calculated to be 0.9852 for the single-layered films
composed of low MW PLGA (Table III). The single-layered
high MW PLGA films carrying lidocaine fit to the zero-order
model (R2 = 0.9515). Release profiles of lidocaine from the
L/H/L (R2 = 0.9285), H/L/H (R2 = 0.9229), and core (H)-in-
shell (L) (R2 = 0.9752) films fit to zero-order model. The
lidocaine release half-time was shortest (c.a. 13 days) for the

Fig. 2. Preview of single-layered PLGA film design using CAD (a) and preview of 3D printing process for single-layered
PLGA films via NC Viewer v1.1.3 (b, c). 3D printing of bottom layer (d), rim layer (e), and core (f) of core-in-shell PLGA
films carrying paclitaxel (core) and rapamycin (shell)

Fig. 3. Representative images of single-layered (a), L/H/L (b), and core-in-shell PLGA films (c, d) carrying lidocaine
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single-layered low MW PLGA films and the longest (c.a.
36 days) for the single-layered high MW PLGA films. The
half-time of lidocaine release from the L/H/L tri-layered and
core-in-shell films was c.a. 22–23 days. The half-time of
lidocaine released from the H/L/H tri-layered films was c.a.
32 days.

Drug Release from the PLGA–PEG–PLGA Discs

Drug release profiles of paclitaxel and rapamycin incor-
porated in PLGA–PEG–PLGA hydrogel discs were deter-
mined in vitro (Fig. 6). Drug release profiles were best fit to a
Hixson–Crowell model by showing the correlation coefficient
(R2) of 0.9934 for paclitaxel and 0.9957 for rapamycin
(Table IV). The half-times from the hydrogel discs were
7.3 h for paclitaxel and 5.7 h for rapamycin. Drug release
profiles of the hydrogel discs carrying paclitaxel alone or
rapamycin alone were not statistically different from those
carrying paclitaxel and rapamycin together (data not shown).
Drug release profiles of lidocaine was best fit to a Hixson–
Crowell model (R2 = 0.9458) and had the shortest calculated
half-time of 2.6 h.

General Description of PLGA/Drug Simulations and Models

The resulting model generated from the Disordered System
Builder consists of a spherical PLGAnanoparticle (Fig. 7). The low
MW PLGA:rapamycin/high MW PLGA:paclitaxel system is
mainly spherical, consisting of 143 PLGA polymer units loaded
with 3 molecules of rapamycin (within low MW PLGA) and 33
molecules of paclitaxel (within highMWPLGA). Similarly, the low
MW PLGA:lidocaine/high MW PLGA:lidocaine system is spher-
ical, consisting of 144PLGApolymer units loadedwith 3molecules
of lidocaine (within lowMWPLGA) and 34molecules of lidocaine
(within high MW PLGA). Calculated molecular properties for the

2 systems are listed in Tables V and VI. The constructed
nanoparticle mainly consists of a polar, solvent exposed surface
with a buried hydrophobic core.

In this analysis, we define a “buried” site as a regionwhere the
PLGA makes multiple contacts with the drug molecule, and an
“exposed” site as a region where PLGA makes surface contacts
with the drug (Fig. 7 b and d). In the low MW PLGA:rapamycin/
highMWPLGA:paclitaxel system, there are 16 buried sites and 16
exposed sites for paclitaxel and high MW PLGA (Table SI1). The
drug distribution within the polymer indicates that paclitaxel drug
binding sites are equally distributed within the core and surface of
highMWPLGA. There are 3 buried sites and no exposed sites for
rapamycin and low MW PLGA (Table SI1).

The low MW PLGA:lidocaine/high MW PLGA:lidocaine
system has a different distribution of exposed and buried drug
binding sites with high MW PLGA. There are 26 buried sites
and 10 exposed sites for lidocaine and high MW PLGA. This
distribution indicates that lidocaine prefers to bind the core of
high MW PLGA. (Table SI2). There are 3 exposed sites and no
buried sites for lidocaine and low MW PLGA (Table SI2).

In both systems, the drugs appear to be binding PLGA
through weak interactions such as van der Waals contacts and
hydrogen bonds (Table SI1 and SI2). These interactions are
apparent for rapamycin, paclitaxel, and lidocaine. Hydrogen
bonding is not specific to drug molecules binding to exposed
sites; several drug molecules interact via hydrogen bonding in
buried sites.

General Description of PEG–PLGA–PEG/Drug Simulations
and Models

The resulting model generated from the Disordered System
Builder consists of a spherical PLGA–PEG–PLGA/paclitaxel/
rapamycin nanoparticle consisting of 32 polymer units loaded with
4 molecules of rapamycin and 4 molecules of paclitaxel (Fig. 8).
Calculated molecular properties for the nanoparticle are listed in
Table VII. The constructed nanoparticle mainly consists of a polar,
solvent accessible surface with a buried hydrophobic core.

Drug binding sites within the polymer appear to be equally
distributed within the core and surface of the polymer (Fig. 8 a,
b, and c). Paclitaxel and rapamycin interact with the polymer
core and surface via weak interactions, predominantly van der
Waals contacts (SI Figs. 1 and 2). In mainly surface regions,
paclitaxel or rapamycin hydrogen bond with oxygen acceptor
atoms within the polymer (Fig. 8 b and c). Within the core, 2
paclitaxel molecules dimerize through hydrogen bonds forming
a larger binding region within the polymer (Fig. 8c: Core). The
paclitaxel dimer forms several van der Waals contacts with
surrounding polymer molecules.

Table I. Physical Appearance of 3D-Printed PLGA Films Carrying Paclitaxel and Rapamycin

Diameter (mm) Weight (mg) Paclitaxel (mcg) Rapamycin (mcg)

Low 16 ± 0.5 15 ± 0.0 NA 396 ± 15
High 16 ± 0.3 14 ± 0.1 405 ± 21 NA
L/H/L 17 ± 0.5 45 ± 0.7 343 ± 13 749 ± 14
H/L/H 16 ± 0.3 48 ± 0.9 609 ± 12 352 ± 8
Core-in-shell 16 ± 0.3 48 ± 0.8 315 ± 6 918 ± 23

PLGA poly(lactic-co-glycolic acid), NA not available

Table II. Physical Appearance of 3D-Printed PLGA Films Carrying
Lidocaine

Diameter (mm) Weight (mg) Lidocaine (mcg)

Low 16 ± 0.1 16 ± 1 802 ± 12
High 16 ± 0.2 18 ± 1 800 ± 14
L/H/L 18 ± 0.5 52 ± 1 2408 ± 29
H/L/H 17 ± 0.8 50 ± 1 2309 ± 29
Core-in-shell 17 ± 0.5 54 ± 1 2484 ± 28

PLGA poly(lactic-co-glycolic acid)
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The PLGA–PEG–PLGA/lidocaine system generated
from molecular docking reveals 6 unique binding regions
within the polymer (Fig. 8 d and e). These regions are in
similar sites occupied by either paclitaxel or rapamycin in the
PLGA–PEG–PLGA/paclitaxel/rapamycin system. The
docking grid generated for the dimerized paclitaxel molecules
did not produce any docking results or poses for lidocaine.
The docking model suggests that there are 4 surface binding
sites and 2 core binding sites for lidocaine. Lidocaine mostly
occupies the surface of the polymer forming 2 hydrogen
bonds: NH (amide) and NH (3° amine) act as hydrogen bond
donors; O atoms (PLGA–PEG–PLGA) act as hydrogen bond
acceptors. Hydrogen bonding is reduced for lidocaine mole-
cules interacting with the polymer core (SI Fig. 3); core
interactions mainly consist of a single hydrogen bond or van
der Waals contacts.

DISCUSSION

In this study, we 3D-printed multi-layered PLGA films
carrying paclitaxel and rapamycin. A potential application of
this system is to deliver two drugs locally in the brain after
surgery. The current standard treatment for brain-cancer
patients is surgical removal of tumors, followed by adjuvant
chemotherapy. It has historically been a challenge to deliver
chemotherapy to a tumor site in the brain: (i) The blood-

brain barrier restricts the entry of most intravenously or
orally administered chemotherapeutic drugs. (ii) Monother-
apy regimens often face challenges of patients’ nonresponse
and resistance due to intratumor heterogeneity and subclonal
divergence (22,34). Novel approaches to chemotherapy
administration and delivery for brain cancer, such as contin-
uous low-dose administration of multiple drugs, may be an
answer to increasing response rates of chemotherapy. Cur-
rently, the only FDA-approved local treatment for brain
tumors is a biodegradable polyanhydride wafer containing a
hydrophilic compound, carmustine (Gliadel® wafer) (35–37).
Gliadel® is a disc-shaped wafer (14 mm in diameter and
1 mm thick) compressed from the mixture of spray-dried
polyanhydride and carmustine. Though proven effective, the
broader application of Gliadel® wafer is limited by several
weaknesses including (i) the payload being limited to one
single drug, carmustine, and (ii) the rigidity of wafers
preventing intimate contact with surrounding tissues. To
address these challenges, using fused deposition modeling
(also known as extrusion-based technique), we developed
3D-printed multi-layered PLGA films, which can gradually
release paclitaxel and rapamycin over months. 3D-printed
PLGA films were thin, small, flexible, and biocompatible.

We also developed 3D-printed PLGA films which may be
used for the local delivery of lidocaine to alleviate pain after
peritoneal surgery. Perioperative lidocaine infusion has been tested

Fig. 4. Preview of single-layered PLGA–PEG–PLGA disc via Hyrel (a), an image demonstrating the 3D printing process of a disc using
syringe-needle system covered by Styrofoam (b), a representative image of a 3D-printed hydrogel before dehydration (c), and after
dehydration (d)

Fig. 5. In vitro release of paclitaxel and rapamycin (a) and lidocaine (b) from PLGA films at 37°C
in PBS (pH 7.4). Low vs. high: *p = 0.0142; low vs. H/L/H *p = 0.0230; low vs. core-in-shell: *p <
0.0143; L/H/L vs. high: *p = 0.0113; H/L/H vs. high: *p = 0.0154; high vs. core-in-shell: *p = 0.0180;
L/H/L vs. core-in-shell: *p = 0.0448; H/L/H vs. core-in-shell: *p = 0.0431
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for the improvement of postoperative pain scores in patients
undergoing open abdominal surgery (27) (28). Lidocaine is
inexpensive and easy to access. Lidocaine is a safe medication that
can be administered via various routes including intravenous and
subcutaneous for suppressing neurologic and postsurgical pains
(27). Lidocaine’s onset of action is rapid (less than 2 min) and the
duration of action is 2 h. The challenge is delivering lidocaine using
a sustained release formulation to overcome its short half-life. If
achieved, sustained released lidocaine can suppress prolonged
postoperative pain for up to several weeks. The placement of this
PLGA film in between the incision site on the abdominal skin and
the internal organ may prevent postoperative tissue adhesions by
serving as an adjuvant barrier therapy (26). No additional incision
or surgery would be needed to remove PLGA films, as PLGA is
biocompatible and biodegradable.

PLGA is an FDA-approved, biodegradable, medically im-
plantable material with biocompatibility to human tissues with
proven safety in clinics (38,39). In water, PLGA degrades by
hydrolysis of its backbone ester linkages into oligomers followed by
hydrolysis to monomers (40): First, water penetrates into the
amorphous region and disrupts the van der Waals interactions and
hydrogen bonds, resulting in a decrease in the glass transition
temperature. Second, covalent bonds are cleaved, resulting in a
decrease in the MW. Third, the increase of carboxylic end groups,
as a result of degradation, autocatalyzes the process. Fourth,
PLGA mass and integrity are lost by massive cleavage of the
backbone covalent bonds. Finally, the fragments are cleaved to
monomers that are soluble in water (40). The degradation of
PLGA occurs over a period of months and is removed from the
body through excretion of the lactic and glycolic acid by-products.
PLGA degradation rates and drug release behaviors from PLGA
films are affected by several factors: (i) Higher content of PGA
leads to quicker rates of degradation with the exception of PLGA
50:50 (PLA/PGA) which shows the most rapid degradation rate
(41). (ii) PLGAwith higherMWexhibits lower degradation rate as
it requires more time to degrade longer polymer chains. (iii) The
amount of drug loaded alters the initial burst effects: PLGA films
loaded with higher drug content may show a notable initial burst
effect, whereas those loaded with less drug may show negligible

burst drug release. (iii) The type of drug loaded also plays a role in
setting the release rate. Both, the interaction between the drugs and
PLGA polymers, and the chemistry of the drugs affect the rate of
drug release.

In this study, we successfully prepared single-layered, triple-
layered (L/H/L and H/L/H), and core (H)-in-shell (L) PLGA
films (Figs. 2 and 3). Low MW PLGA (MW 12,000-16,000) was
mixed with rapamycin, and high MW PLGA (MW 150,000) was
mixed with paclitaxel. 3D printing demonstrated the ability to
print 3D objects with complex structure. Since PLGAwith higher
MW is known to degrade at a slower rate, we envisioned that
rapamycin incorporated in the low MW PLGA layer would
release at a faster rate than paclitaxel in the high MW PLGA
layer. It was also presumed that paclitaxel or lidocaine from the
high MW middle layer of the tri-layered films or from the high
MW core of the core-in-shell films would have slow drug release
patterns due to the smaller contact area with water. Contrary to
the assumptions, regardless of the film design, paclitaxel in high
MW PLGAwas released faster than rapamycin with its half-time
ranging from 54 to 63 days (the half-time of rapamycin: 74–
80 days) (Fig. 5a; Table III). General release patterns for
paclitaxel and rapamycin were fit to zero-order kinetics. Zero-
order release kinetics describe systems where the drug is released
at a constant rate over a period of time (42). Zero-order models
represent drug dissolutions from dosage forms that do not
disaggregate and release the drugs slowly. This model can
describe the drug dissolution of transdermal systems, osmotic
systems, and modified dosage forms such as coated matrix tablets
carrying poorly water-soluble drugs (43). Sahana et al. showed
that a hydrophobic drug, estradiol, from PLGA nanoparticles
displayed zero-order release kinetics for 31–54 days via diffusion-
cum-degradation (44,45), whereas Kim et al. showed that the
release of a hydrophilic drug, insulin, from the PLGA microcap-
sules displayed triphasic patterns (46). Paclitaxel (log P 3.5) and
rapamycin (log P 4.3) are hydrophobic drugs incorporated in
PLGA films that degrade slowly over months. In this system,
diffusion of drugs and drug–polymer interactions appear to play a
greater role in drug release compared with PLGA degradation.
The drug release experimental results and zero-order drug

Table III. Correlation Coefficient (R2) for Release Kinetics of Paclitaxel and Rapamycin or Lidocaine from PLGA Films Using Different
Mathematical Models

Model Zero-order First-order Higuchi Hixson–Crowell Korsmeyer–Peppas Half-time* (days)

Low (Rapamycin) 0.8237 0.5803 0.6407 0.5918 0.4607 75
High (Paclitaxel) 0.8971 0.8316 0.7639 0.8251 0.5898 57
L/H/L (Paclitaxel) 0.9285 0.7544 0.7830 0.7997 0.6006 63
L/H/L (Rapamycin) 0.7765 0.5658 0.5832 0.6024 0.4056 80
H/L/H (Paclitaxel) 0.8723 0.7975 0.7424 0.8059 0.5731 56
H/L/H (Rapamycin) 0.8156 0.5803 0.6322 0.5837 0.4532 74
Core-in-shell (Paclitaxel) 0.9728 0.8846 0.8919 0.9132 0.7313 54
Core-in-shell (Rapamycin) 0.8355 0.5981 0.6449 0.6430 0.4588 75
Low (Lidocaine) 0.9240 0.9409 0.9852 0.9518 0.8169 13
High (Lidocaine) 0.9515 0.8650 0.8208 0.9023 0.5336 36
L/H/L (Lidocaine) 0.9865 0.8633 0.9266 0.8099 0.6766 23
H/L/H (Lidocaine) 0.9229 0.8544 0.8148 0.8880 0.5669 32
Core-in-shell (Lidocaine) 0.9752 0.8773 0.9577 0.8615 0.7366 22

PLGA poly(lactic-co-glycolic acid)
*The half-time was calculated using zero-order model, with the exception of the half-time for release kinetics of lidocaine from Low MW
PLGA films which was calculated using the Higuchi model
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release kinetics can be used to explain that the main drug release
mechanism is diffusion.

We incorporated lidocaine (log P 2.4) in both low MW
and high MW PLGA and prepared single-layered, triple-
layered (L/H/L and H/L/H), and core (H)-in-shell (L) PLGA
films. Release pattern of lidocaine from the single-layered low
MW PLGA films was fit to Higuchi model. Higuchi model is
based on the hypotheses that initial drug concentration in the
matrix is much higher than drug solubility, drug diffusion
takes place in one dimension neglecting the edge effect, drug
diffusion occurs at a constant rate, and sink conditions are
attained during the experiment. The Higuchi model was
applicable to the single-layered low MW PLGA films carrying
lidocaine presumably due to the initial burst release of
lidocaine molecules located on the surface of the films. The
other films fit to zero-order kinetics (Fig. 5b; Table III).

The half-time of lidocaine release was the shortest for the
single-layered lowMWPLGA film (13 days) and the longest for
the single-layered high MW PLGA film (36 days). The half-
times of lidocaine release from the L/H/L multi-layer films and
core (H)-in-shell (L) were comparable (23 days vs. 22 days). The
half-time of lidocaine release from the H/L/H multi-layered
films was longer (32 days) than that from the L/H/L films
(23 days). The MW of polymers and the configuration of the
layers effected the rate of drug release more notably and
significantly in the PLGA/lidocaine systems: lidocaine from the
high MW PLGA layer demonstrated slower drug release than
lidocaine from the low MW PLGA layer. When high MW
PLGA is completely enclosed by low MW PLGA, lidocaine

incorporated in the core of the core-in-shell films appeared to
stay longer in the film matrix than when lidocaine was
incorporated in the mid-layer of the L/H/L films.

Reported solubility values of paclitaxel in DI water ranges
from 0.3 to 30 mcg/mL, and those of paclitaxel in PBS (pH 7.4)
ranges from 0.3 to 10 mcg/mL (47). Rapamycin solubility in
water is 2.6 mcg/mL. (48) Lidocaine solubility values are 4.6 mg/
mL in water and 10.4 mg/mL in PBS (pH 7.4) (49). The
solubility of lidocaine in water is approximately 2000-fold
greater than paclitaxel and rapamycin. This solubility difference
(solubility: lidocaine > paclitaxel, rapamycin) appears to corre-
late to the drug release patterns (rate of release: lidocaine >
paclitaxel, rapamycin) as well as the half-time (length of half-
time: lidocaine < paclitaxel, rapamycin).

Molecular models generated for both low MW
PLGA:rapamycin/high MW PLGA:paclitaxel and low MW
PLGA:lidocaine/high MW PLGA:lidocaine systems suggest
that van der Waals contacts and hydrogen bonds facilitate
complex formation (Fig. 7; Tables Vand VI). These interactions
with PLGA are non-specific and are observed for drugs that
bind both exposed and buried site of the polymer. Rapamycin
binds only buried sites within low MW PLGA, while paclitaxel
appears to be evenly distributed within highMWPLGA.Within
a similar system, lidocaine binds only exposed sites within low
MW PLGA and binds mainly buried sites in high MW PLGA.
The observed differences in binding site locations within a
similar low MW PLGA/high MW PLGA system indicates that
drug loading within the polymer is dependent on drug structure
and chemical properties. In future work, we can examine the

Fig. 6. In vitro release of paclitaxel and rapamycin together or
lidocaine alone from PLGA–PEG–PLGA discs at 37°C in PBS
(pH 7.4). Paclitaxel vs. rapamycin: *p = 0.0170. Lidocaine vs. paclitaxel:
*p = 0.0105, Lidocaine vs. rapamycin: *p = 0.0217

Table IV. Correlation Coefficient (R2) for Release Kinetics of Paclitaxel and Rapamycin from PLGA–PEG–PLGA Discs Using Different
Mathematical Models

Model Zero-order First-order Higuchi Hixson–Crowell Korsmeyer–Peppas Half-time (hours)*

Paclitaxel 0.9023 0.9908 0.9892 0.9934 0.9626 7.3
Rapamycin 0.8628 0.9714 0.9708 0.9957 0.9687 5.7
Lidocaine 0.8698 0.9287 0.9311 0.9458 0.9415 2.6

PLGA poly(lactic-co-glycolic acid), PEG polyethylene glycol
*The half-time was calculated using Hixson–Crowell model
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effects of drug loading within a PLGA system for different drugs
that vary in structure and chemical properties. HighMWPLGA
regions for both systems have greater total surface area than the
lowMWPLGA systems. The larger total surface area allows for
more drug contacts with high MW PLGA. The larger total
surface area also allows more water molecules to make contacts
with drugs.

Analysis from the models suggests that systems with more
drugs interacting with exposed sites of PLGA (whether high MW
or low MW) will release at a faster rate, especially in a water
environment. For the low MW PLGA: rapamycin/high MW
PLGA:paclitaxel, we would expect that paclitaxel may be released
first from high MW PLGA since paclitaxel has more molecules in
exposed sites of PLGA. For the low MW PLGA: lidocaine/high
MW PLGA:lidocaine system, we would expect that lidocaine
would be released first from lowMWPLGA, since there are more
exposed sites in this region. Our drug release results matched with
the suggestionsmade by the simulationmodels: First, paclitaxelwas

Fig. 7. Model generated for high MW (blue) and low MW (yellow) PLGA system (red atoms =O; white atoms =H) loaded
with rapamycin (pink) and paclitaxel (cyan). General structure with specified high MW PLGA, low MW PLGA regions,
rapamycin, and paclitaxel (a). Example exposed and buried interactions between paclitaxel (cyan) and high MW PLGA
(blue) and rapamycin (pink) and low MW PLGA (yellow) (b). Model generated for high MW (blue) and low MW (yellow)
PLGA system (red atoms =O; white atoms =H) loaded with lidocaine (green). General structure with specified high MW
PLGA, low MW PLGA regions, and lidocaine (c). Example exposed and buried interactions between lidocaine (green) and
high MW PLGA (blue) or low MW PLGA (yellow) (d)

Table V. Calculated Molecular Properties for the PLGA System with
Rapamycin and Paclitaxel

Low MW
P L G A :
Rapamycin

H i g h M W
PLGA:Paclitaxel

Low MW PLGA:
Rapamycin/High MW
PLGA:Paclitaxel

Composition N/A N/A 1(11/3):1(133/33)
N o . o f
molecules
• Total 14 165 179
• PLGA 11 132 143
•
Rapamycin

3 N/A 3

• Paclitaxel N/A 33 33
Molecular weight
• Total 15,555.061 181,929.279 197,484.340
• PLGA 12,811.545 153,750.381 166,561.926
•
Rapamycin

2743.516 N/A 2743.516

• Paclitaxel N/A 28,178.898 28,178.898
T o t a l
surface area
(Å2)

17,372.392 187,782.770 208,501.085

P o l a r
surface area
(Å2)

7267.910 87,482.010 94,749.920

PLGA poly(lactic-co-glycolic acid), MW, molecular weight

Table VI. Calculated Molecular Properties for the PLGA System
with Lidocaine

Low MW
P L G A :
Lidocaine

H i g h M W
PLGA:Lidocaine

Low MW PLGA:
Lidocaine/High MW
PLGA:Lidocaine

Composition N/A N/A 1(12/3):1(132/33)
T o t a l
m o l e c u l e s
(Number of
atoms)

15 165 180

• PLGA 12 132 144
• Lidocaine 3 33 36
Molecular weight
• Total 14,683.296 161,516.251 176,199.547
• PLGA 13,980.276 153,783.031 167,730.307
• Lidocaine 703.02 7733.22 8436.24
Total surface
area (Å2)

17,549.332 170,828.107 191,881.803

Polar surface
area (Å2)

7389.660 81,286.260 88,675.920

PLGA poly(lactic-co-glycolic acid), MW, molecular weight
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released at a faster rate (half-time 54–63 days) from high MW
PLGA than rapamycin (half-time 74–80 days) from low MW
PLGA. Second, lidocaine was released at the fastest rate from the
low MW PLGA film with the initial burst release, and the release
profile was fit to Higuchi model. Lidocaine was released at the
slowest rate from the high MW PLGA film. When the high MW
PLGAwas covered/enclosed by the low MW PLGA layers (e.g.,
core (H)-in-shell (L) or L/H/L), the lidocaine release rate appeared
to be slower than the system with the exposed low MW PLGA.

Putting together the experimental results and analysis from
the models, PLGAmatrix swelling and PLGA degradation were
negligible factors, whereas drug–polymer interactions, location of
each drug in the PLGA matrix, and solubility of drugs in water
were major factors that affected drug release patterns.

We then 3D-printed single-layered PLGA–PEG–PLGA
hydrogel discs carrying paclitaxel and rapamycin or lidocaine alone
and examined drug release patterns (Fig. 6; Table IV). PLGA–
PEG–PLGA discs absorb water rapidly and turn into gels. In turn,
gels dissolve in buffer within a few hours. Unlike the drug release
patterns observed with PLGA films, rapamycin was released from
PLGA–PEG–PLGAdiscs slightlymore rapidly, with a half-time of
5.7 h (the half-time of paclitaxel: 7.3 h). The half-time of lidocaine
released from PLGA–PEG–PLGA discs was 2.6 h. The release
patterns fit to Hixson–Crowell model. Hixson–Crowell model
recognizes that the particles’ regular area is proportional to the
cube root of its volume (43). The equation describes the release
from the spheroidal systemswhere there is a change in surface area
and diameter of particles or tablets. This model is suitable for

Fig. 8. Model generated for PLGA–PEG–PLGA system (gray; red atoms =O; white atoms =H) loaded with rapamycin (blue) and paclitaxel.
General nanoparticle structure with specified rapamycin and paclitaxel binding sites (a), example surface and core interactions between
rapamycin and PLGA–PEG–PLGA polymer (b), example surface and core interactions between paclitaxel and PLGA–PEG–PLGA polymer
(c), and core site depicts the paclitaxel dimer buried within the polymer. Model generated for PLGA–PEG–PLGA system (gray; red atoms =
O; white atoms =H) loaded with lidocaine (yellow). General nanoparticle structure with specified lidocaine binding sites (d), and example
surface and core interactions between lidocaine and PLGA–PEG–PLGA polymer (e)
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erodible dosage forms where the dissolution occurs in planes
parallel to the drug surface while the matrix dimensions diminish
proportionally. Thus, Hixson–Crowell model is most often used to
describe the sustained release of drugs from a polymeric erodible
matrix that rapidly decreases its size as the system dissolves in the
medium. For matrix-based spherical (e.g., PLGA–PEG–PLGA
hydrogels with the micellar networks) drug delivery systems,
Hixson–Crowell model implies that drug release depends on drug
diffusion and matrix erosion/dissolution (8).

The computational models generated for both PLGA–PEG–
PLGA/paclitaxel/rapamycin and PLGA–PEG–PLGA/lidocaine
systems suggest that van der Waals contacts and hydrogen bonds
facilitate complex formation (Fig. 8; Table VII). These interactions
appear to be specific depending on the whether the drug is binding
the polymer surface or core. Hydrogen bond interactions are
predominant for drugs loaded on the surface of the polymer; this is
observed for rapamycin, paclitaxel, and lidocaine. Rapamycin and
lidocaine molecules that bind the core mainly form van der Waal
contacts. Interestingly, lidocaine appears to bind the polymer
surface more than the core. Since lidocaine is smaller in size
compared with rapamycin and paclitaxel, hydrogen bond donors
within its structure may be more optimal and accessible to
hydrogen bonding with acceptors in the polymer. Most notably,
paclitaxel appears to dimerize through hydrogen bonds, and this
allows for more interactions within the polymer core. Both
molecules within the paclitaxel dimer form more van der Waals
contacts than the individual molecules.

Analysis from the models suggests that drug binding in the
polymer core may depend on drug structure and chemical
properties. In the current study, 3D-printed PLGA–PEG–PLGA
discs carrying drugs turn into hydrogels in water. We extrapolate
from our current models that water will most likely enhance the
release of drugs that hydrogen bond with the surface.Water would
compete for hydrogen bonds with the polymer and alter the
thermodynamics of the system. For example, 4 surface binding sites
for lidocaine will complete with water during dissolution, liberating
lidocaine molecules from the polymer. Lidocaine (log P 2.4) is also
known to be more hydrophilic than paclitaxel (log P 3.5) and
rapamycin (log P 4.3). Paclitaxel and rapamycin binding sites are
equally distributed within the core and surface of the polymer
resulting in less chances for paclitaxel and rapamycin within the
core to complete with water. PLGA–PEG–PLGA discs absorb
water immediately at the much rapider rate than PLGA films.
Although binding sites are equally distributed within the core and
surfaceof the polymer, paclitaxel in the core dimerized viahydrogel
bonds will meet water first and begin to compete with water,
liberating one molecule from dimerized paclitaxel. This modeling
may explain why paclitaxel was released at the slightly faster rate
than rapamycin in the PLGA–PEG–PLGA disc system.

In this work, paclitaxel and rapamycin incorporated in PLGA
films demonstrated delayed release patterns, whereas lidocaine
from PLGA films was released at a rather constant rate. Paclitaxel
and rapamycin incorporated in PLGA–PEG–PLGA discs exhib-
ited amore rapid release with a shorter half-time than PLGA films
with paclitaxel and rapamycin. As the PLGA–PEG–PLGA gel
turned from solid to gel, they rapidly released their payloads and
dissolved into the medium within 24 h. This property may not be
ideal if long-term postsurgical treatment is required. PLGA films
with paclitaxel and rapamycin themselves may serve as supple-
mentary long-term therapeutic devices. Patients who underwent
surgery and received IV chemotherapy immediately after can

benefit fromusing this device by allowing patients to receive less IV
treatment. We envision that (i) PLGA films with paclitaxel and
rapamycin coated with PLGA–PEG–PLGA carrying the same
drugs or (ii) mounting a PLGA–PEG–PLGA disc layer carrying
paclitaxel and rapamycin on top of PLGA films carrying the same
drugs may serve as primary adjuvant therapy. These will presum-
ably release the drugs immediately after surgery around the
surgical site and will continue to release the drug over a few
months. We plan to develop and investigate these new prototypes
in the near future.

Lidocaine incorporated in PLGA films demonstrated
constant and sustained release patterns over 8 weeks, whereas
PLAG–PEG–PLGA discs enabled much rapid lidocaine re-
lease; completing drug release in 12 h. Depending on the
severity of surgery and the duration of the pain, any of these
prototypes can be selected to provide optimal pain relief.

CONCLUSION

We successfully 3D-printed single- and multi-layered
PLGA films and single-layered PLGA–PEG–PLGA discs for
delivery of paclitaxel and rapamycin together or lidocaine alone.
Drug release behaviors evaluated in vitro were explained using
simulations and molecular models that elucidate drug-polymer
interactions.
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