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framework for optimal injectability
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Inefficient injection of microparticles through conventional hypodermic needles can impose serious challenges
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on clinical translation of biopharmaceutical drugs and microparticle-based drug formulations. This study aims to
determine the important factors affecting microparticle injectability and establish a predictive framework using
computational fluid dynamics, design of experiments, and machine learning. A numerical multiphysics model was
developed to examine microparticle flow and needle blockage in a syringe-needle system. Using experimental data,
a simple empirical mathematical model was introduced. Results from injection experiments were subsequently
incorporated into an artificial neural network to establish a predictive framework for injectability. Last, simulations
and experimental results contributed to the design of a syringe that maximizes injectability in vitro and in vivo.
The custom injection system enabled a sixfold increase in injectability of large microparticles compared to a
commercial syringe. This study highlights the importance of the proposed framework for optimal injection of

microparticle-based drugs by parenteral routes.

INTRODUCTION

Microencapsulation-based drug delivery has the potential to markedly
improve drug efficacy, reduce toxicity, contribute to patient com-
pliance and convenience, and even enable new therapies that may
otherwise be infeasible to implement (1-4). Multiple designs and
manufacturing techniques have been used to fabricate microparticles
with a range of sizes and functionality (5-9), and various release
kinetics can be obtained by modulating morphology, material com-
position, or active perturbation of the drug carrier (4-11). However,
administration of microparticles and biomaterials via an injection
holds several challenges (12-18). Depending on the application, the
design of drug delivery systems may prioritize release kinetics, bio-
compatibility, or other factors that may conflict with optimal
parameters used in parenteral injection, especially in subcutaneous
administration (i.e., needle gauge, particle size, shape, and concen-
tration) (12-22). Injectable microparticle formulations have been
translated to the clinic for several controlled release drug applications
(12, 23). There are currently 11 U.S. Food and Drug Administration-
approved microparticle-based drug formulations on the U.S. market
(23). In addition, between 1980 and 2017, there have been 92 clinical
trials globally and 45 clinical trials in the United States based on
injectable microparticle formulations with a size ranging from 1 to
300 um (23). High-efficiency transfer of microparticles through
injection can play a key factor in delivering the correct dose to the
patient and enable successful clinical translation of particulate drug
delivery systems (12, 23). As a result, there is a serious need for
development of models and techniques providing insights into in-
jection efficacy of any arbitrary microparticle system (12, 21-23).
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Despite major advances in drug encapsulation, there have been
few reports on the investigation of injection efficacy. Hypodermic
needles are the most accessible option for injection but can present
a challenge for microparticle-based drug delivery because they can
clog or retain particles in the syringe after injection is completed
(Fig. 1). This study aims to establish a comprehensive framework
for evaluating the delivery of a broad range of microparticles. We
hypothesized that the percentage of microparticles that could be
successfully transferred or injected to the patient would be a function
of several different design elements (i.e., microparticle size, needle
size, and viscosity of the injection solution). We then demonstrate
the use of an integrated approach based on computational fluid
dynamics (CFD), data science, and microfabrication techniques to
address the issues related to microparticle administration.

To this end, we developed a multiphysics model, coupling CFD
with microparticle transport to numerically analyze microparticle
injectability in a syringe-needle system. This model was then used
to explore the effect of different design elements such as micro-
particle shape, size, concentration, initial distribution, needle gauge
(inner diameter), and viscosity of the injection solution on micro-
particle injectability. Experiments were then conducted to validate
the numerical model. Two cycles of testing were performed using
design of experiment (DOE) principles to study microparticle in-
jectability and identify the importance of each design parameter.
Results were then used to perform Taguchi analysis along with
analysis of variance (ANOVA) to statistically identify the relative
contribution of each design parameter. Subsequently, we demon-
strated that two dimensionless parameters that use variables per-
taining to properties of the microparticles, needle, and injection
solution enable accurate prediction of injectability. An artificial neural
network (ANN) was also trained and tested to further predict the in-
jectability results along with the proposed formula. Next, using the
resulting numerical and experimental understanding, a custom sy-
ringe was designed, manufactured, and tested in vitro and in vivo to
improve injectability. Results of this study can aid in designing specific
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Fig. 1. Microparticle clog formation as a major barrier to administration of particulate biopharmaceutical formulations. Schematic illustration of a typical syringe
attached to a hypodermic needle containing a homogenous mixture of polymeric microparticles (A) before injection, (B) during injection, and (C) after injection. The re-
maining volume of injection solution after full course of plunger in the syringe needle is called dead space or dead volume. Depending on different design elements,
particles are not entirely transferred into the patient through the needle and they are prone to accumulate in the syringe or clog the needle. An experimental case of
microparticle accumulation in the syringe and needle inlet in (D) empty syringe and (E) after the full course of plunger displacement. The system illustrated herein is a
3-ml-sized BD Luer-Lok syringe attached to an 18G BD hypodermic needle filled with a mixture of water/poly(lactic-co-glycolic acid) (PLGA). The microparticles are PLGA
microspheres with average diameter of 325 um. Photo credit: Morteza Sarmadi, Massachusetts Institute of Technology.

delivery systems, predict and prevent microparticle clog forma-
tion, and potentially improve delivery of microencapsulated drugs
and injectable biomaterials.

RESULTS

Numerical evaluation

To gain a numerical perspective on the effect of design parameters
(i.e., particle size, shape, concentration, distribution, needle gauge, and
solution viscosity) on injectability, computational simulations were per-
formed on a model 3-ml-sized syringe containing 2 ml of the injec-
tion solution (Fig. 2, A and B). These simulations revealed that the
maximum flow velocity magnitude reached 5.7 mm/s in the syringe body
(barrel) and increased almost 12 times in the syringe tip (70.5 mm/s)
and 110 times (627 mm/s) inside the 18G needle (Fig. 2, C to E, and
fig. S1). The velocity magnitude was equal to zero on the wall of the
syringe needle, as expected for the no-slip boundary conditions. The
resulting pressure contours also indicated that the syringe wall and
plunger experienced the highest pressure value equal to 89 kPa. The
pressure gradient generated at the flow inlet (plunger) was the driver
for the Poiseuille flow throughout the syringe-needle system, leading
to a parabolic velocity profile reaching its maximum value at the cen-
terline. The gauge pressure decreased from its highest value (89 kPa)
at the plunger to zero at the needle exit opening to atmosphere (fig. S1).
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When using water as the injection solution, particle weight overcame
the lateral drag force and the entire particle population sedimented,
leading to zero injectability (Fig. 2, H and J). Within the range
studied, viscosity was found to have a major impact on injectabili-
ty. Injection with the low-viscosity solution [1% methylcellulose
(MC), u = 0.37 Pas at inlet velocity of 2.88 mm/s] significantly en-
hanced particle transport compared to water, by close to 50 and
40% in 18G, and 21G needles, respectively. Nevertheless, further
2.5-fold increase in concentration of MC in the solution (2.5% MC,
1 =5.33 Pa-s at inlet velocity of 2.88 mm/s) led to approximately
only 20% of increase in injectability in both needles compared to
1% MC. A solution at an even higher viscosity (5% MC) was found
to be hard to transfer to the syringe and impractical for injections.

The effects of other parameters (i.e., microparticle concentration,
shape, and size) on injectability were then evaluated in the context
of our model (Fig. 3 and fig. S2). Increasing concentration of particles
in the solution decreased injectability in both needles (18G and 21G).
Injectability of the smaller needle (21G) dropped almost twice that
of the larger needle. Increasing particle concentration was found to
be effective only after exceeding a certain concentration threshold
(i.e., going from 500 to 800 particles per injection volume). Inject-
ability of solutions loaded with 250 and 500 particles was almost
identical and so was injectability of 800- and 1000-loaded particle
solutions.
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Fig. 2. Numerical modeling of clog formation in hypodermic syringe needles. (A) lllustration of the multiphysics numerical model used for simulations corresponding
to geometry of a 3-ml-sized BD syringe containing 2 ml of particle-solution mixture. (B) Meshed geometry and velocity contours within different locations including
(C) syringe body (barrel), (D) syringe tip (adapter), and (E) needle. (F) Initial position of particles in syringe barrel following random spatial distribution. (G) Critical location
in the syringe needle defined before the needle inlet to incorporate clog formation domain in the numerical model. (H) A comparison between numerical and experimental
values of injectability. (I) Injectability decreased over time as the microparticles clogged the needle. (J) lllustration of particles clogging the needle in the model for different
needle gauges and injection solutions. Microspheres with an average diameter of 202 + 6 um and various concentrations were used in these simulations.

As expected, injectability decreased when larger microparticles were
used, and a sharper decrease was observed in a 21G as compared to
an 18G needle. In the 21G needle, increasing average particle diameter
decreased injectability such that 200-um particles yielded an injectability
of just 35% compared to 71% for 50-um particles. However, in the
18G needle, an increase in the average particle diameter from 50 to
200 pm decreased injectability slightly from 69 to 52%. These simula-
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tions further revealed that injectability depended on the needle size
such that 18G needle in most cases had higher particle delivery than
21G needle (Fig. 2, H and I, and Fig. 3, A to C). Conversely, par-
ticle shape within the range studied did not independently influ-
ence the overall injectability.

The results of these simulations also demonstrated that concen-
trating particles in the centerline of the syringe body (smaller
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Fig. 3. Numerical results demonstrating the effect of design parameters important in drug delivery on microparticle injectability. (A) The effect of particle con-
centration (200 um in diameter, spherical) on microparticle injectability. (B) Effect of particle sphericity (shape) on injectability. (C) Injectability of microspheres (1000
particles) as a function of particle size. Effect of initial particle offset (10,000 particles) from (D) the plunger and (E) the syringe inner wall on injectability. Particles are illus-

trated as green dots in the syringe.

D1/Ds), closer to the regions with higher velocity magnitude, could
enhance injectability (Fig. 3E and fig. S2). Shifting initial position of
the particles toward the needle outlet (greater Dyy/Dg) also increased
injectability, reaching a plateau at Dy/Dg = 0.5. In agreement with
the three-dimensional (3D) model, microparticles were found more
likely to accumulate in the stagnation area located in the sharp corners
of the syringe body that deviates from streamlines and represent
recirculation of the velocity field away from the needle outlet. It was
also observed that an offset distance from the wall, captured as the
ratio Dy /Ds, represented a more pronounced effect on injectability
than the offset distance from the plunger captured by Dy/Dg (Fig. 3,
D and E, and fig. S2).

Experimental investigation
After implementing a numerical approach, we then sought to ex-
perimentally study injectability using a DOE approach. Injectability
of a library of nine different micromolded particles with an approximate
size range between 80 and 325 um was studied with various shapes
including cube, cylinder, and sphere (fig. S3 and table S1). To this
end, two sets of experiments based on L;g Taguchi orthogonal array
were designed and conducted for a 1-ml and a 3-ml syringe with
different design factors/levels (tables S2 and S3).

The injectability values obtained from the DOEs are presented
in Fig. 4 and table S3. In DOE], the mean of injectability reached an
approximate plateau at the low viscosity level (1% MC). Furthermore,
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while injection using a low-viscosity solution instead of water
improved injectability by more than 50%, the difference between
result of low- and high-viscosity solutions (1% MC, and 2.5% MC)
was considerably less pronounced (less than 10%). In accordance
with simulation results, increasing size of the microparticles decreased
injectability for both syringe sizes studied. As also predicted by the
simulations, the effect of microparticle size was more influential in
injections using smaller needles (i.e., DOE2), as evident by a sharper
decrease in injectability as a function of particle size.

A similar trend was observed for the effect of needle size, such
that decreasing the needle size decreased injectability in agreement
with the numerical results. Similar to particle size, the effect of the
needle size was more pronounced in the context of the narrower
needles used in DOE2 (needle inner diameters from 0.1 to 0.5 mm)
compared to DOE1 (needle inner diameters from 0.5 to 1 mm). It
was also observed that increasing particle concentration did not have
a statistically significant effect within the range studied (approximately
30 to 150 particles in 300 pl). As predicted by the simulations, particle
shape did not have a major effect on injectability. These trends were
consistent between both syringe sizes.

Next, we used ANOVA based on a general linear model to identify
the relative importance of each design factor on injectability (Fig. 4,
G and H). Viscosity was found to be the most important parameter
based on DOEL, offering a contribution percentage as high as 90%
(P < 0.0001). By excluding viscosity as a variable and using narrower
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Fig. 4. Experimental study on the effect of different parameters on injectability. Mean response of injectability obtained from Taguchi analysis indicating the effect of the
design parameters including (A) viscosity, (B) needle gauge (DOE1), (C) needle gauge (DOE2), (D) particle shape, (E) particle size, and (F) particle concentration. ANOVA results
demonstrating the comparative significance and ranking of each of the design parameters studied for 1-ml and 3-ml syringes are shown (****P <0.0001 and *P < 0.05).
(G) From DOET, solution viscosity was identified as the most important factor, and (H) in DOE2, needle size and particle size were the two dominant design parameters.

needles in DOE2, particle size and needle gauge became the two domi-
nant design factors (P < 0.05), whereas the effect of particle concen-
tration and shape was comparatively negligible.

Model development

Two dimensionless parameters (m; and m,) were found to successfully
predict the chance and range of injectability for various syringe-needle
systems (see Materials and Methods). The first dimensionless
parameter (m;) was based on material properties and concentration
of the particles and viscosity of the injection solution. The second
dimensionless parameter represented the ratio of the needle diameter
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divided by the greatest dimension of the particle (n;). The calculated
injectability as a function of m; and n, was plotted to capture the
parameter space necessary to yield high injectability region (Fig. 5,
A and B).

A predicted injectability (denoted by f) of more than 60%, as the
critical threshold, provided an actual injectability of at least 50%.
The high injectability margin was further divided to two regions on
the basis of the predicted injectability. Accordingly, the first case
corresponded to a value of f equal to 60 to 85%, yielding an actual
injectability of 72% on average. Second, an f value of 85% provided
an average actual injectability of 85%. The criteria for choosing the
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Fig. 5. Prediction of injectability for various syringe-needle systems. (A) The plot contour demonstrates predicted injectability as a function of the two
nondimensional parameters calculated using Eq. 4. (B) The relationship between actual microparticle injectability from the experiments and the predicted injectability
calculated by the formula and ANN. High injectability region was assumed where the lowest bound of actual injectability (average subtracted by standard deviation) was
greater than 50%. Error bars show SD. (C) Proposed flowchart demonstrating the potential application of the proposed predictive tools for design of high injectability

drug delivery microparticles.

high injectability margin were based on the needle dead volume (or
dead space) (Fig. 1C). On the basis of the reported values in the
literature, we considered the dead volume to be approximately
between 25 and 30% for the injected volume in this study (22). An
additional 22 experiments (n = 3) including both 1-ml and 3-ml
syringes using microspheres made from polystyrene, poly(methyl
methacrylate) (PMMA), and poly(lactic-co-glycolic acid) (PLGA)
(table S4) were also performed to further validate the prediction
formula. A comparison of actual injectability versus predicted in-
jectability, f, is also presented in Fig. 5B. Pearson correlation coefficients
0f 0.84 and 0.79 were found between predicted and actual injectability
in the sets of the DOEs and validation experiments, respectively.
This finding suggests strong correlation between the predicted and
actual injectability values.

Along with the proposed formula, an ANN was also trained for
predicting microparticle injectability. The best training result cor-
responding to the lowest mean square error between the predicted
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and actual injectability values was achieved at epoch 63 (fig. S4).
The trained ANN improved the overall R* value to 0.88 for the
entire data population and to 0.90 for the testing data subset (fig. S4).
Mapping of actual injectability to the predicted values obtained
from the ANN predictions was also compared with the values from
the formula (Fig. 5B). As shown, the simplified formula can provide
reasonable accuracy resembling the results provided by the ANN.
Both methods suggested that a predicted value of greater than 60%
could be used as a high injectability margin, yielding an actual
injectability of at least 50%. The workflow for using the proposed
predictive injectability tools is also illustrated in Fig. 5C. A combined
use of the proposed ANN and the formula can be used to predict
injectability for a given microparticle morphology and only proceed
to experiments where the predicted injectability falls within high
injectability region (f = 60%).

In line with numerical and experimental results, increasing
viscosity from 0.001 to 1 Pa-s, considerably improved the predicted
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injectability in both the proposed formula and the ANN. Increasing
viscosity from 1 to 5 Pa-s did not have the same impact (fig. S4),
which was also observed in the “Simulations” and “Experiments”
sections. After converging to a certain value, particle concentration
was found not to impose any major effect on predicted injectability
for the present laminar regime. Furthermore, as expected, increas-
ing the ratio of needle size to particle size (i.e., greater ;) served to
increase the predicted injectability.

Design of an optimized syringe geometry forimproved
injectability

We sought to use the resulting understanding of microparticle in-
jectability to design and test a customized syringe design optimized
for enhanced microparticle injectability. We studied injectability
of cubic hollow and solid microparticles recently introduced as a
promising platform for single-injection vaccine delivery, as an ex-
ample (5). The results of the optimization and manufacturing of the
proposed syringe, as well as the workflow summarizing these steps
including numerical optimization, are provided in Fig. 6, A to D,
and fig. S5.

In view of manufacturability and needle attachment consider-
ations, a design ranked in the top 35% of 500 designs, numerically
studied, was selected for a more comprehensive detailed design in
SolidWorks and manufacturing (see the Supplementary Materials
for more details regarding optimization procedure). In the detailed
design step, we modified the typical geometry of a syringe and
adopted a nozzle-shaped geometry in the syringe tip. This design was
based on two interconnected nozzle geometries to increase velocity
magnitude (hence, drag force on particles) at each nozzle outlet
throughout the syringe tip. It was found that two design parameters
had a major impact on microparticle transport: The slope of the
syringe wall recapitulated by the angle 6, and the distance between
barrel and syringe exit was denoted as L (Fig. 6D). The optimized syringe
design provided a statistically significant improvement in the micro-
particle injectability compared to a similar 3-ml BD syringe as the
control group (fig. S5). The custom syringe increased average
injectability by 10 to 36%, showing greater improvement in inject-
ability of particles with larger dimensions compared to a commercial
syringe. A 1-ml version of the optimum 3-ml custom syringe was
further manufactured and used for subcutaneous in vivo injection
of cubic microparticles, as an example, to be covered next.

Injection of particles in vivo can be more challenging because of
less control over parenteral injection parameters, in particular, in
subcutaneous injection (e.g., angle of injection, flow rate, and position
of syringe). High injectability in vivo plays an important step toward
clinical translation of particle-based systems and drug delivery devices.
To test our optimized syringe design, we performed injectability ex-
periments in vivo in five animal models. We also evaluated different
injection strategies, including modification to the initial distribution
of particles before injection, inspired by the numerical results. The
injection technique based on the combined use of the optimized syringe
design and modified particle distribution provided the best result
and significantly enhanced injectability of PLGA1 and PLGA2 (Fig. 6,
HandI). In the case of PLGAL, it resulted in an approximately sixfold
increase in injectability compared to injection using a conventional
1-ml syringe with homogeneously distributed particles. Moreover,
a twofold increase was observed in injectability of PLGA2 using a
combination of this combined approach compared to injecting par-
ticles with initial offset but without the proposed custom syringe.
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As predicted by simulations, modifying particle distribution
even without using the optimized syringe was found to be another
method to increase injectability. Injections with particles positioned
with an initial offset distance from the plunger increased the inject-
ability of PLGAL1 by a factor of 3.7 compared with homogenously
distributed particles. Fabricating smaller microparticles (PLGA3) with
the same cubic geometry also enhanced microparticle injectability.
While injectability of PLGA3 dropped as the needle size decreased,
a maximum injectability of 70% was achieved with an 18G needle
(Fig. 6]). Furthermore, going from a 25G needle to an 18G needle
led to 2.8-fold increase in injectability of PLGA3 particles.

DISCUSSION
While remarkable effort has gone toward the development of controlled
release microparticle formulations, more resources are needed to
better understand clinically viable administration using standard
injectable methods. As the final step in administration of controlled
release formulations, injection of microparticles could be a major hurdle
toward clinical translation of microparticle-based (bio)pharmaceutical
products (12). Numerical models coupled with statistical approaches
have been widely implemented in design optimization of various
engineering systems (24-26) and, more recently, used for biomedical
applications (27-34). The used modeling approach of the clog for-
mation criterion provided a novel method to address the barrier in
current numerical software for simulation of adhesion of solid bodies,
which could lead to numerical instabilities in conventional finite
element software. It also enabled simulation of transport of a large
number of solid particles interacting with the fluid, which could have
been otherwise very difficult using a fluid-solid interaction approach.
Motivated by challenges associate with injection of microparticles,
especially large microparticles, we aimed to systematically study
microparticle transport through hypodermic needles. To this end,
we initially developed a multiphysics finite element model coupling
a CFD model of injection solution to transport of solid microparticles.
Important design parameters affecting microparticle injectability
were investigated using the developed model. We then proceeded
with experiments to empirically examine the effect and significance
of these design parameters on injectability. On the basis of the
numerical and experimental findings, we proposed a model to predict
chance of successful injection with a typical syringe-hypodermic
device. Given poor performance of conventional syringe-needle
devices for microparticle delivery, we finally proposed an opti-
mized syringe design that provided significantly higher injectability
for a vaccine delivery platform microparticle in vitro and in vivo.
Results showed that the particle size, needle size, and solution
viscosity are the three most important design parameters (Figs. 2 to 4).
Initial particle positioning in the syringe was another factor playing a
major role in injectability (Fig. 3, D and E). While the role of particle
concentration was found to be negligible, large polydispersity in par-
ticle size could potentially increase the chance of needle blockage for
highly concentrated and polydisperse mixtures. Because transport
of larger particles requires greater drag force and these particles
have faster sedimentation velocity, they are more likely to get stuck
in the syringe or clog the needle during injection. A more reliable
approach in these cases could be considering the greatest dimension
of the microparticle population as parameter d, and selecting the
needle gauge (d,) accordingly. Increasing needle size will not always
improve injectability, and the microparticle size relative to size of the
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ered in the numerical modeling and optimization of the syringe tip (adapter) based on two interconnected nozzles. (B) Meshed geometry of the syringe tip. (C) Velocity
magnitude contour in some of the designs as the criterion for optimization. (D) Examples of detailed design of the syringe tip profile in SolidWorks based on different
design parameters such as 6 and L. Scale bars, 5 mm. (E) Different 3-ml-sized syringes (top five syringes) were manufactured by stereolithography (SLA) 3D printing to
optimize needle attachment, decrease dead volume, and improve injectability in vitro. A 1-ml version of the optimum design (6 ~ 25°) based on in vitro injections was
further manufactured for in vivo injections (two bottom designs). (F) Comparison between 1-ml version of the proposed syringe and a comparable commercial syringe.
Unlike in the proposed design, particles were observed to accumulate in sharp corners in the barrel of the commercial syringe. The proposed design also demonstrated
less dead volume accompanied by less particle waste. More details can be found in the Supplementary Materials. (G) Scanning electron microscopy (SEM) images of
PLGA1-fabricated core-shell microparticles, a recently developed platform for single-injection vaccination. Different core geometries but the same exterior size (400 um
by 400 um by 300 um) can be achieved by modifying the manufacturing steps. Different configurations of the sealed and unsealed base layer in high and low magnifications
are demonstrated. Scale bars, 500 um. A full description of the manufacturing steps can be found in (5). (H to J) In vivo subcutaneous injection results (n = 5) using differ-
ent strategies to enhance microparticle injectability (*P < 0.05, ***P < 0.001, and ****P < 0.0001). Particles were initially loaded into the syringe either randomly distributed
(noted as “distributed”) or with a certain offset from the plunger (noted as “with offset”). The term inside the brackets indicates type of the syringe, either the commercial
or the proposed syringe. PLGA1, PLGA2, and PLGA3 refer to cubic particles with a dimension of 400 um by 400 um by 300 um, 350 um by 350 um by 330 um, and 162 um
by 162 um by 162 um made from PLGA(Resomer 502H), respectively. PLGA1 has a cubic internal core of 200 um by 200 um by 100 um, while PLGA 2 and PLGA 3 are solid
(i.e., nonhollow). Photo credit: Morteza Sarmadi, Massachusetts Institute of Technology.
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needle should also be considered. From a clinical perspective, this
approach is useful for obtaining an application-specific balance between
allowable particle transfer and pain perception. It would therefore
be important to find the minimum needle size that can provide the
highest injectability for a given drug delivery application.

Solution viscosity was found to be a pivotal parameter for micro-
particle transport, consistent with the fact that increasing viscosity
of a solution could substantially increase viscous drag forces on
microparticles (Figs. 2 and 4). Notably, in the case of water, because
of insufficient viscous drag forces (1 = 0.001 Pa-s), the density dif-
ferential between polymer and water caused particles to sediment
and zero injectability was observed. Two types of viscous drag force
were therefore found to be essential for efficient microparticle in-
jectability: longitudinal drag force, caused by the pressure-driven
(Poiseuille) flow pushing particles toward the needle outlet, and lateral
drag force resisting particle sedimentation (Fig. 2J). In more viscous
solutions, both types of drag force increased; thus, higher driving
forces were exerted on the particles along and across the syringe.
The longitudinal viscous drag force contributed to particle transport
toward the needle outlet, while the transverse drag force resisted
particle sedimentation.

In a laminar regime, longitudinal viscous drag forces exerted on
the particles are proportional to velocity magnitude and thus will
decrease in locations where flow slows down. This can explain the
reason for increased particle accumulation adjacent to syringe wall,
as a result of no-slip boundary conditions, and sharp corners of the
syringe corresponding to stagnation area. Viscous drag forces push-
ing particles forward in longitudinal direction would decrease in
these areas. Moreover, in transition regions from barrel to syringe
tip and from the syringe tip to needle inlet, a sharp decrease in the
diameter could limit the number of particles that can effectively
flow through a given cross section. As a result, locations associated
with a decrease in diameter can be another critical domain with
high risk of particle accumulation.

Unexpectedly, increasing viscosity did not always improve in-
jectability. Increasing viscosity is accompanied by a decrease in
Reynolds number, hence, an increase in Darcy’s friction factor. As a
result, increasing viscosity can also lead to higher head loss caused
by increased viscous energy losses, making the flow of the injection
solution through the syringe more difficult. Highly viscous solu-
tions are also hard to transfer to the syringe. Increasing polymer
concentration in solution beyond an optimum level will not always
be productive. According to current study, a solution as viscous as
1% MC therefore can provide enough viscous drag forces to both
transfer particles toward the needle outlet and prevent particle
sedimentation. It can also be easily transferred and aspirated to the
syringe. Furthermore, while high-viscosity solutions have been
associated with less pain perception (16), they require higher injection
pressure and larger needle gauges to accommodate syringability
requirements (15, 16). The downside of using larger needle diameters
(smaller needle gauges) is greater pain perception at the injection site
(13, 14). Note that at a certain viscosity, negative influence of the
increased viscous head loss could potentially outweigh improved
drag force on the particles, preventing particle transport to the
needle outlet.

Results further revealed that microparticle size, rather than
concentration and shape, would play a major role in determining
injectability (Figs. 3 and 4). Injecting a high number of small particles
would impose lower risk of needle blockage compared to lower
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concentration of large particles. This finding also suggests that as
long as particle size (more specifically, the greatest dimension of the
microparticle) is conserved, various morphologies can essentially
provide comparable injectability. As a result, by changing particle
morphology but retaining particle size, a comparable injectability
accompanied with a programmable release kinetics can be achieved.
In this study, spherical particles with an average diameter of 50 um,
within the particle concentrations studied, were found easily inject-
able even with a 33G needle (d, ~ 108 um). Hence, we recommend
this size as a good safety margin for injection of microencapsulated
therapeutics through hypodermic needles.

The machine learning approach further supported the findings
in injectability predictions and the DOE experiments (Fig. 5). Both
machine learning- and Taguchi-based DOE have been widely used
in pharmaceutics, health care, and biotechnology (35, 36). The proposed
ANN could be a more sophisticated tool for predicting injection
efficacy. Notably, development of mathematical models as predictive
tools for drug delivery efficacy has emerged as an area of active research
(2, 11). The trained machine learning script outputs a predicted in-
jectability value for given values of m; and m;, as the inputs. Specific
conditions should be met for the proposed ANN and formula to be
applicable. In general, we suggest these tools when m, is greater than
1 (preferably more than 2). In addition, particle size distribution is
another factor that might elevate risk of particle clogging. We
suggest considering the greatest particle size and dimension in a
population of polydisperse particles when using these tools to
consider a higher level of safety. In addition, it is recommended to
calculate predicted injectability from both tools, find the converged
values, and consider the lower one. The proposed framework refers
to injections performed at a 0° angle of injection with particles
randomly distributed in the barrel. At this angle, the entire com-
ponent of the particle weight is perpendicular to the syringe axis
and no additional component of particle weight can push particles
toward the needle outlet.

On the basis of the proposed formula, the negative effect of using
a solution with lower viscosity or particles with higher density
(smaller m;) can be partly compensated by using a greater dn/d,
(higher m) (Fig. 5A). Increasing dimensions of the particles could be
detrimental in two ways: (i) increasing sedimentation velocity and
(i) increasing risk of needle blockage. While injecting smaller particles
could substantially increase microparticle injectability, manufacturing
smaller microparticles might not always be feasible because of
process challenges or release kinetics requirements. Notably, the
plateau in the 2D contour (Fig. 5A and fig. S5) demonstrates that
for a defined set of microparticle morphology and material proper-
ties (i.e., given m; and m,), there would be a certain needle size at
which maximum injectability could be attained. Increasing nee-
dle size beyond that level would not necessarily improve injectabil-
ity, but it could adversely increase injection pain.

Last, the presented framework was adapted to facilitate microparticle
delivery of a recently developed injectable biomaterial with a complex
3D structure as an example (Fig. 6G) (5). Although modifying ini-
tial distribution of particles loaded in the syringe was found as an
easy method for improving injectability, it might not always be fea-
sible in clinical settings. Variations in initial particle distribution may
make it challenging to control distribution of particles before the injec-
tions. Slow sedimentation velocity of small particles (<100 um) can
also make repositioning of particles a time-consuming process and
hard for clinical translation.
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As the second approach, we introduced design and manufacturing
of a cost-effective fully mechanical syringe with an optimized profile
at the tip inspired by pattern of streamlines and design of nozzles
(Fig. 6, A to D). Specially designed syringe tip profile led to less dead
volume, as a major driver of cost associated with medication waste
(37), compared to the commercial syringe, and decreased particle loss
(Fig. 6, E and F). Streamline-inspired syringe tip profile based on two
interconnected nozzles contributed to enhanced flow of microparticles
in the custom syringe and less particle accumulation in the corners.
The proposed approach for design of the customized syringe based on
conceptual and multiobjective optimization can be applicable to de-
sign of similar drug delivery devices such as needle-free injectors.

In this study, we used transparent resin (Formlabs Clear Resin)
for stereolithography (SLA) 3D printing to better visualize flow of
microparticles inside the syringe. While current 3D printing tech-
nologies can provide high-quality resolution and surface smoothness,
for large-scale manufacturing, we envision that standard materials
(e.g., polypropylene) and fabrication methods such as injection molding
would be used. We further believe that the effect of material properties
would be limited within a few debye lengths away from the inner
wall (a few nanometers). Hence, material properties would not be
expected to be of significance to the work presented here.

In summary, this study aimed to provide a comprehensive
framework for microparticle injectability through hypodermic syringe
needles and the techniques that can contribute to efficient micro-
particle delivery. Within the range of parameters studied, solution
viscosity was found to be the statistically dominant factor followed
by particle size and needle size. Increasing viscosity within the pro-
posed range increased injectability. Increasing size of the particles
and decreasing size of the needle in general decreased injectability.
It was also found that concentrating particles in the centerline of the
syringe, or with some offset from the plunger, can improve inject-
ability. A mathematical formula was proposed to predict the chance
of successful injection based on two nondimensional parameters,
capturing properties of syringe, needle, and particles. The formula
was further supplemented with an ANN, both indicating that a pre-
dicted injectability of 60% can be associated with actual injectability
of more than 50%. A design framework based on numerical and
experimental understanding helped manufacture a cost-effective
syringe tailor-made for high injectability. The syringe provided
higher delivery of microparticles as compared to a commercial
syringe when administered subcutaneously to mice. Results of this
study can potentially be used in a wide range of applications for
parenteral injection of advanced drug delivery carriers and injectable
biomaterials, especially subcutaneously, through conventional hypodermic
needles, or design of novel drug delivery devices. Future efforts can
be directed toward developing scalable, cost-effective microparticle-based
drug delivery devices. Future follow-up studies could also be directed
toward utilization of the proposed design platform to more deeply
investigate how injectability could influence the therapeutic efficacy
for different indications. A potential application of the current platform
could be to decrease the frequency of injections by increasing deliver-
able payload per injection.

MATERIALS AND METHODS

Simulations

A multiphysics model was constructed in COMSOL Multiphysics
version 5.2 (Burlington, MA) to numerically study particle trans-
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port in a syringe-needle system. The model coupled CFD with particle
transport flow. Additional modification was applied to consider
multiparticle clog formation at the needle inlet. Accordingly, particles
within needle inlet would stick together and form a multiparticle
clog if they were closer than a predefined distance R.. The model
was subsequently calibrated on the basis of experiments with similar
boundary conditions to find the optimum R, value for each needle
size. In all simulations, solid microparticles were assigned a density
of 1340 kg/m® to represent PLGA (L:G = 50:50). Particle transport
simulations lasted for 12 s, equivalent to the time for complete
plunger displacement in the corresponding experiments. The developed
model was used to examine the effect of different design parameters
on injectability including particle size, shape, concentration, initial
distribution, needle size, and solution viscosity. Details of the model-
ing approach are provided in the Supplementary Materials.

Experiments

Rheometric test

Different viscosities were achieved by making different concentra-
tions of MC (viscosity, 1500 cP; Sigma-Aldrich, USA) in water.
Rheometric tests were performed at 20°C using a cup-and-bob
geometry (fig. S5). The strain was held constant within the linear
viscoelastic range. Subsequently, 16 data points were achieved by
changing shear rate from 0.1 to 100 s™". Three different concentra-
tions (w/v) of MC, including 1% MC (1% w/v MC), 2.5% MC, and
5% MC were studied. In this study, low- and high-viscosity solu-
tions refer to 1% MC and 2.5% MG, respectively. Shear rate () was
estimated using the following formula (38)

v=% ()

where D is the inner diameter of the syringe and v is the plunger
velocity (2.88 mm/s). The resulting shear rates for 1-ml and 3-ml
syringes were within the same order of magnitude, and therefore,
almost the same value of viscosity was measured for both syringes
(fig. S5). The inner diameter (d) for 1-ml and 3-ml syringes were
measured as 4.78 and 8.66 mm, respectively.

In vitro injection experiments

To conduct injection experiments in vitro, microparticles were collected
and added to a 1.5-ml plastic tube containing about 300 ul of water.
In vitro injection experiments were performed using an infusion
syringe pump (Harvard Apparatus PHD ULTRA, USA) at a con-
stant velocity of 2.88 mm/s. To retain a consistent plunger velocity
identical for both syringes, different flow rates were used for each
syringe size. Transferred particles were collected in a Petri dish and
then counted multiple times using an optical microscope. Similarly,
nontransferred microparticles remaining in the syringe/needle
were counted at least three times under an optical microscope. The
microparticle injectability percentage was calculated as the ratio of
the number of transferred microparticles to Petri dish to the total
number of microparticles initially loaded in the syringe. Hypodermic
needles were purchased from BD, USA and TSK, Japan. All in vitro
experiments were performed at least in triplicate. Highly concen-
trated microparticles were counted by image analysis using soft-
ware Image].

Design of experiments

We implemented a DOE approach to conduct the optimum number
of required experiments necessary to systematically study and compare

100f 13



SCIENCE ADVANCES | RESEARCH ARTICLE

the statistical significance of each design parameter. The statistical
package Minitab was used to design the set of experiments on the
basis of a Taguchi L;5 orthogonal array. Design parameters studied
included solution viscosity (i.e., polymer concentration), micropar-
ticle size, shape, concentration, and needle gauge. Different levels were
considered for each parameter as tabulated in tables S2 and S3.
Subsequently, two different sets of DOEs were designed, namely,
DOEI and DOE2. In DOEI], viscosity was a variable, on the basis of
making different concentrations of MC in water, including 0%
(pure water), 1% (w/v), and 2.5% (w/v), and 16G, 18G, and 21G
needles were considered. In DOE2, viscosity was constant at 1%
MC, and needle sizes included 22G, 25G, and 30G. All experiments
were performed for both a 1-ml and a 3-ml Luer-Lok syringe (18 experi-
ments for each, n = 3 to 4), as a model syringe-needle system. A library
of nine different microparticles was studied with full descriptions
provided in table S1. Particles were classified into three size categories,
namely, small, medium, and large. Statistical analysis was subsequently
performed using Minitab statistical package. Results were analyzed
using Taguchi mean of response and ANOVA to shed light on the
relative ranking and significance of each design parameter on over-
all microparticle injectability.
Microfabrication and micromolding
To evaluate the effect of microparticle shape, spherical, cubic, and
cylindrical microparticles were explored in this study. Spherical
particles were purchased form Degradex, Phosphorex, USA, while
nonspherical particles were manufactured using a micromolding
technique fully described in (5). Unless otherwise stated, micropar-
ticles were made from PLGA (Resomer RG 502H; L:G, 50:50). PMMA
and polystyrene microspheres were additionally investigated in
some experiments. To compare microparticles with different shapes
but similar size, microparticle volume was considered as the refer-
ence criterion for size. Full details of the microparticle used in the
DOEs are provided in table S2. Scanning electron microscopy
(SEM) was used to image particles. Samples were initially coated
with a thin layer of Au/Pd using a Hummer 6.2 sputtering system
(Anatech, Battle Creek, MI) and then imaged using a JSM-5600LV SEM
(JEOL, Tokyo, Japan) with an acceleration voltage of 5 to 10 kV.
Statistical analysis
Pairwise statistical comparisons for in vitro and in vivo injection
experiments were performed in GraphPad Prism (GraphPad Soft-
ware, La Jolla, CA) using an ordinary one-way ANOVA with a Tukey
multiple comparison test. Multivariable ANOVA in experimental
section was performed in statistical package Minitab, USA. Statistical
significance was considered for P < 0.05.

Predicting injectability and risk of needle blockage
Predicted injectability formula
To predict the effects of other parameter combinations on particle
injectability, we aimed to model likely outcomes. A mathematical
model based on a closed-form analytical solution can be extremely
complicated because of the difficulty of solving hundreds of coupled
temporospatial partial differential equations defining path lines for
each particle. Inspired by Buckingham n theorem and the method of
dimensional analysis, we proposed a model that uses two nondimen-
sional parameters accounting for material properties and geometrical
features to predict the chance of successful microparticle injection.

On the basis of finite element analysis and empirical studies, two
types of forces were found to be highly decisive in microparticle
injectability: particle density and viscous drag forces. To capture
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these effects, the following nondimensional parameter was introduced,
representing particle and solution material properties defined as

C

m=5\g (2)
where 1 is the viscosity of the solution at a given injection flow rate
and Cand pp correspond to particle number concentration and par-
ticle density, respectively, while g is the gravitational acceleration.
Furthermore, because of the strong effect of particle size and needle
gauge on injectability, the ratio of the needle inner diameter (d,) to
the particle greatest dimension (d,) was also incorporated into the
model, yielding the second nondimensional parameter

Ty =— (3)

Subsequently, a general formula was proposed as follows

flmy,my) = amy® + cm, + en/nf (4)

in which the first two terms represent individual contribution and
the last term represents interactive contributions of the two parameters,
respectively. Curve fitting was performed using the Curve Fitting
Toolbox in MATLAB to find the numerical constants noted as a to
gin the proposed formula based on the results of DOEs. The resulting
numerical coefficients a to g are tabulated in table S5, derived from
curve fitting of Eq. 4 to the results of the experiments. This model-
ing approach provided an adjusted R value of 0.74. An additional
22 validation experiments (n = 3) were also performed with at least
one parameter deviating from the range investigated in the DOEs to
further investigate prediction capability of the formula. The calculated
predicted injectability values were subsequently compared and
correlated with the actual experimental results (table S4).

Artificial neural network

An ANN was also used to provide a more sophisticated tool in
addition to the proposed formula for predicting injectability based
on the two dimensionless parameters previously described. The
network structure was based on 10 hidden layers (fig. S4). Experi-
ments, including both DOEs and validation sets, were incorporated
into the network, each representing a single data point. As a result,
319 data points were incorporated into the network, 60% of which
were specified to training, 20% to validation, and 20% to testing.
The training was performed using the Levenberg-Marquardt back-
propagation algorithm using the MATLAB Deep Learning Toolbox.

Design and manufacturing of a customized syringe

In this study, a new syringe was designed and manufactured to
achieve high microparticle injectability with good cost effective-
ness. Several steps were then taken toward design, optimization,
manufacturing, and testing of the proposed model in vitro and
in vivo. Briefly, a parametric numerical model was first developed
to enhance average and maximum magnitude of the flow velocity at
the syringe tip. A few prototypes were then manufactured on the
basis of the optimized geometry out of around 500 designs. Inject-
ability of microparticles was then compared to a commercial model,
and the syringe with sufficient needle attachment and superior
injectability in vitro was selected for in vivo subcutaneous injections
to a mouse model. Detailed description of each step can be found in
the Supplementary Materials.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/28/eabb6594/DC1
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