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a b s t r a c t

The design of injection devices, including prefilled syringes (PFSs) and autoinjectors, requires an un-
derstanding of the optimization of injection conditions. The injection of highly concentrated bio-
pharmaceuticals can lead to exceptionally high injection forces, due to their high viscosity. To overcome
this challenge, a tapered needle has been recently developed by Terumo Corporation. In the present
study, we measured the injection forces in PFSs equipped with 24G-29G tapered needle (29G TNN), 27G
thin-wall needle (27G TW), and 29G TW using several model and pharmaceutical protein solutions. The
injection forces measured in the 29G TNN PFSs were lower than those in 29G TW for all solutions, similar
to those in 27G TW PFSs for Newtonian solutions, and were lower than those in the 27G TW PFSs for
non-Newtonian solutions which demonstrated shear-thinning behavior. No significant changes in ag-
gregates or micron-size particle concentrations were observed upon injection, regardless of the needle
type. Mathematical modeling supported the experimental findings that under similar flow rate condi-
tions injection pressure in a tapered needle is lower than that in a cylindrical needle. Our results indicate
that there are advantages of using tapered needles for the injection of biopharmaceutical formulations
particularly those showing shear-thinning behavior.
© 2020 The Authors. Published by Elsevier Inc. on behalf of the American Pharmacists Association®. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
Introduction

Prefilled syringes (PFSs) are increasingly becoming a primary
container of choice for parenteral biopharmaceutical products.1,2 In
addition to providing accurate administration of required doses,
and being convenient and safe to handle compared to conventional
vial packaging,3 recently developed cyclo-olefin polymer silicone
oil-free syringes provide enhanced stability against aggregation,4,5

andmitigate potential immunogenicity of the biopharmaceuticals.6

PFSs are an increasingly attractive option for ready-to-use auto-
injectable drugs, which are often composed of highly concentrated
solutions of biopharmaceutical products. An acceptable level of
dynamic injection pressure must be assured for the successful in-
jection of such solutions.7 In clinical practice, injection pressure is
from the authors by request
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commonly estimated by the injection force, which is a measure of
effort required by the user during depression of the plunger on a
delivery device. Previous studies have suggested that low exerted
injection force was consistent with improved patient convenience
and ease of injection.8-11 The upper limit for the injection force is
not specified by the International Organization for Standardization,
but in general, it should not exceed a finger push strength that can
be comfortably exerted by the users. In accordance with the find-
ings of Peebles and Norris,12 the lowest value of the mean down-
wards pushing force of the thumb finger, exerted for 5 s and
measured in different segmented age groups ranging from 2 to 90
years old, was 26.9 ± 18.8 N.

The dynamic injection pressure is affected by PFS size, injection
speed, and, in particular, needle dimensions.13-16 Regardless of the
PFS used, to decrease injection force, and consequently reduce in-
jection pain and patient anxiety, careful consideration should be
given to the needle diameter and design.17 Extra-thin wall pen
needles with diameters of 31G and 32G used for injection of insulin
provided statistically better performance compared to usual pen
needles and were associated with lower thumb force required to
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inject a full dose.9 Unfortunately, thin needles, with diameters
smaller than 30G, which cause minimal pain, are generally not
suitable for the injection of highly concentrated drug formula-
tions.18 To reduce viscous resistance to flow through the needle,
needles with either a larger diameter or a shorter length can be
used. Another approach is to employ a tapered needle, which has a
larger diameter at its proximal end than at a distal end. When used
with non-Newtonian fluids, the increase in shear force provided by
taper may decrease the resistance to flow, leading to a decrease in
injection pressure.

Numerous theoretical studies have been conducted in order to
describe the flowof Newtonian and non-Newtonian fluids in tapered
tubes,19-23 whereas experimental studies to confirm derived theo-
retical predictions are rather limited. Nevertheless, the injection
performance benefits of tapered needles have been clearly demon-
strated. Similar flow characteristics were revealed for a tapered 22G-
27G spinal needle (Temena-Polymedic) and a conventional 22G
spinal needle (Becton-Dickinson), whereas tapered needle was
potentially associated with a lower incidence of post-dural puncture
headaches.24 A clinical study conducted to evaluate injection per-
formance of different needles upon self-injection of insulin revealed
that even though the injection forces in 28G-33G microtapered
needles (Terumo Corporation, Tokyo, Japan) were similar to those in
standard 31G thin-wall (TW) needles (Becton-Dickinson), patients
concerned about pain often preferred microtapered needle over TW
needle.25 These results suggest a potential role of tapering technol-
ogy in reducing pain and discomfort of injections when compared
with traditional needles. Based on these findings, to enable efficient
injection of highly viscous drug products while minimizing injection
forces and associated pain, Terumo Corporation recently developed
the 24G-29G tapered needle (29G TNN), which combines the effects
of diameter and length (Fig. 1).

In the study reported here, we performed functional evaluation
of PFSs equipped with 27G TW, 29G TW, or 29G TNN needles for
injection of highly viscous formulations of biotherapeutic products
using glycerin, polyethylene glycol (PEG 3350), carboxymethyl
cellulose sodium salt (CMC), and solutions of 2 pharmaceutical
proteins. Injectability tests showed that the injection forces in 29G
TNN PFSs were lower than those in 29G TW PFSs for all solutions,
and were similar to those in 27G TW PFSs, with the exception of the
CMC and a highly concentrated protein solution, for which the in-
jection forces in 29G TNN PFSs were actually lower than those in
27G TW PFSs. Measurements of shear viscosity confirmed the
shear-thinning behavior of these solutions. According to previously
described mathematical models of shear rate,26,27 we estimated
that for the shear-thinning solutions, the injection force in 29G TNN
PFS is equivalent to injection using a cylindrical needle of the same
length with a diameter larger than 25G. Mathematical modeling
supported the experimental results, demonstrating that under the
same flow rate conditions, the injection pressure in a tapered
needle is lower than that in a cylindrical needle. Distribution pro-
files of aggregates and micron-size particles were similar among
PFSs with different needles, and it was confirmed that needle
clogging does not occur during quiescent storage for up to 3 weeks
at 5�C or 25�C.When injectionwas performed into porcine tissue as
a model of human subcutaneous tissue, a similar increase of
~1.2-fold in injection force was observed in all PFSs. These results
Figure 1. Schematic representation of the 29G TNN.
suggest that a tapered needle can provide superior performance
compared to a cylindrical needle, particularly for use with highly
concentrated prefilled biopharmaceutical products.

Materials and Methods

Materials and Sample Preparations

Syringes
Silicone oil-free PLAJEX™ 1-mL long cyclo-olefin polymer PFSs

with chlorinated butyl rubber plunger stoppers coated using a
proprietary i-coating™ technique,28 equipped with either a 27G
TW, a 29GTWneedle, a 29G TNN, or a luer lock, were obtained from
Terumo Corporation.

Model Solutions
Glycerin, 50% w/v PEG 3350, and CMC were purchased from

Nacalai Tesque, Inc. (Tokyo, Japan). Glycerin solutions at concen-
trations of 60%, 70%, 75%, and 80% w/w, PEG 3350 solutions at
concentrations of 20%, 30%, 40%, and 48% w/v, and CMC solutions at
concentrations of 0.5%, 1.0%, 1.25%, and 1.5% w/w were prepared
using Milli-Q water. Approximately 0.5 mL of each solution was
placed into 27G TW, 29G TW, and 29G TNN PFSs, and the PFSs were
sealed with plunger stoppers, leaving no headspace. Three PFSs of
each type were used. PFSs were kept at room temperature over-
night before being used for injection force measurements.

Therapeutic Proteins
Etanercept (Enbrel), a dimeric fusion protein consisting of the

extracellular ligand-binding portion of the human 75 kDa (p75) tumor
necrosis factor receptor linked to the Fc portion of IgG1,was purchased
as a lyophilized powder (25 mg/vial) for intravenous infusion (Amgen
Inc., Thousand Oaks, CA). One milliliter of water for injections (WFI)
(Otsuka Pharmaceutical Company, Ltd., Tokyo, Japan) was added to
obtain reconstituted solution of etanercept at a concentration of 25
mg/mL, and etanercept at a concentration of 1mg/mLwas obtained by
dilution of the 25 mg/mL solution using formulation buffer. Omali-
zumab (Xolair), a recombinant DNA-derived humanized IgG1k
monoclonal antibody that selectively binds to human immunoglob-
ulin E, was purchased as a lyophilized powder (150 mg/vial) for sub-
cutaneous injections (Novartis Pharma K.K., Tokyo, Japan). Either 1.4
mL or 2.5 mL of WFI was added to obtain reconstituted solutions of
omalizumab at concentrations of 125 and 70 mg/mL, respectively.
Approximately 0.5 mL of each protein solution was placed into 27G
TW, 29G TW, 29G TNN, and luer lock PFSs, and the PFSs were sealed
with plunger stoppers, leaving no headspace. To test the impact of
injection volume on injection force, measurements using 1 mL of 125
mg/mL omalizumab solutionwere performed. Three PFSs of each type
were used. PFSs were kept at 25�C overnight before being used for
injection force measurements.

Methods

Injection Force Measurements
Injection forces were measured using a texture analyzer EZ-SX

with a 100 N force sensor (Shimadzu Corporation, Kyoto, Japan)
at room temperature. Syringes were emptied by pushing down the
plunger at a constant injection speed with a stroke distance of 13
mm and 26 mm using PFSs filled with 0.5 and 1 mL of sample,
respectively. The needle tips were left open to the atmosphere, and
dispensed samples were collected using a microcentrifuge tube.
Glycerin, PEG 3350, and CMC were measured using 27G TW, 29G
TW, and 29GTNNPFSs at injection speeds of 3mL/min and 6mL/min.
Protein solutions were measured using 27G TW, 29G TW, 29G TNN,
and luer lock PFSs at an injection speed of 6 mL/min. Injection forces
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are reported as the highest force measured before the plunger
reached the predefined stroke distance.

The possible needle clogging during storage was assessed by
measuring injection forces in PFSs filled with 125 mg/mL omali-
zumab solution after overnight incubation at 25�C, storage at 5�C or
25�C for 1 and 3 weeks and comparing the resulting values. A 29G
TW PFS was exposed to heating at 60�C for 5 min using a heated air
stream as a positive control.

In order to assess injection forces as close as possible to in vivo
conditions, the injection forces were measured ex vivo using
porcine tissue as a suitable model for human subcutaneous in-
jections.29 Fresh abdominal subcutaneous and muscle tissue spec-
imen from 6-month-old castrated landrace male pig cut into cubes
of 4 cm� 6 cmwith thickness larger than 3 cmwas purchased from
Domestic Animal Resource Development Company, Ltd. (Tokyo,
Japan). Prior to measurement, tissues were incubated in a water
bath at 30�C for 1 h. The 27G TW, 29G TW, and 29G TNN PFS needle
was manually inserted ~0.8 cm underneath the skin, and injection
force was measured at an injection speed of 6 mL/min. Control
measurements into air were performed prior to injection into
subcutaneous tissue to exclude possible differences in injection
forces caused by lot-to-lot sample variability.

Viscosity Measurements
The kinematic viscosities weremeasured at 20�C using a rolling-

ball viscometer Lovis 2000 M/ME (Anton Paar, Graz, Austria) and
converted to dynamic viscosities using the respective densities,
measured using a density meter DMA 5000 (Anton Paar) at 20�C.
Shear rate-dependent viscosities of glycerin (60% and 80%), CMC
(0.50% and 1.50%), and omalizumab (70 and 125 mg/mL) solutions
were measured using an MCR 302 rotational rheometer (Anton
Paar) equipped with a cone-plate sensor with a diameter of 35mm,
a cone angle of 1�, and a gap of 0.066 mm. For the etanercept (1 and
25 mg/mL) measurements, a cone-plate sensor with a diameter of
50 mm, a cone angle of 1�, and a gap of 0.108 mm was used. Shear
rates of up to 15,000 s�1 were applied, and the plate temperature
was maintained at 23�C using a Peltier temperature-controlled
system. Tests were started 180 s after closing the measuring gap.

Size Exclusion Chromatography
Size exclusion chromatography measurements were performed

using an Alliance HPLC system (Waters, Milford, MA) equipped
with a TSKgel G3000SWXL column (Tosoh Bioscience, Tokyo,
Japan) with simultaneous UV absorbance detection at 215 and 280
nm using 1� phosphate buffered saline (pH 7.4) (Thermo Fisher
Scientific K.K., Tokyo, Japan) as the mobile phase. After dilution of
etanercept and omalizumab samples to a concentration of 1 mg/
mL, 20 mL aliquots were injected into the HPLC system. The flow
rate was set at 0.5 mL/min and the elution time at 30 min.

Flow Imaging Analysis
Flow imaging measurements of etanercept and omalizumab

samples were performed using a FlowCam 8100 system (Fluid
Imaging Technologies, Inc., Scarborough, ME). Sufficient amount of
Milli-Q water was used to obtain a particle-free baseline. Sample
volumes of 0.15 mL were analyzed at a flow rate of 0.05 mL/min
using Fluid Imaging Technologies VisualSpreadsheet version 4.1.95
(Fluid Imaging Technologies, Inc.).

Results

Injection Forces for Glycerin, PEG 3350, and CMC Solutions

For glycerin solutions at concentrations 0%e80% w/w, the in-
jection forces were linearly proportional to the viscosities. The
injection force in 29G TNN PFS was lower than that in 29G TW PFS,
and similar to that in 27G TW PFS at both injection speeds (Figs. 2a
and 2b). This result indicates that 29G TNN reduces the injection
force in PFS compared with 29G TW.

Injection force F can be described using HagenePoiseuille’s
equation26

F ¼ Ffriction þ
8QlR2

r4
h (1)

where Ffriction corresponds to frictional force between syringe barrel
and stopper, Q to volumetric flow rate (m3/s), l to length of needle
(m), R to inner syringe radius (m), r to inner needle radius (m), and
h to dynamic viscosity (Pa$s). Using the above equation, we fitted
the measured values of injection forces and determined frictional
forces from the intercept of the resulting curve (Supplementary
Information Table S1). We also calculated the apparent needle
radii from the slope. For 29G TNN, we neglected the taper and
assumed a uniform radius throughout its length. The resulting
values for 27G TWand 29G TW (Table 2) were in a good agreement
with the specification values (Table 1). The apparent radius for 29G
TNN was similar to that of 27G TW at both injection speeds
(Table 2).

As with glycerin solutions, PEG 3350 solutions at concentrations
0%e48% v/w exhibited injection forces in 29G TNN PFS similar to
those in 27G TW PFS, and lower than those of 29G TW PFS at both
injection speeds (Supplementary Information Fig. S1). As with
glycerin, we evaluated apparent needle radii using Equation 1 and
found that for 27G TW and 29G TW the resulting values (Table 2)
were in a good agreement with the specification values (Table 1).
For 29G TNN, the apparent radius was similar to that of 27G TW at
both injection speeds, a finding which explains the similarities
between the injection forces measured for 29G TNN PFS and 27G
TW PFS.

In the case of CMC solutions at concentrations 0%e1.5%, the
injection forces measured in all PFSs were non-linearly propor-
tional to the viscosity of their contents, and were actually lower
than the values calculated using Equation 1 (Figs. 2c and 2d). We
hypothesize that this observation is due to a shear-thinning phe-
nomenon occurring at high shear rates, as has been previously
reported for CMC solutions.30 In contrast to the results obtained for
glycerin and PEG 3350 solutions, for CMC solutions at both injecting
speeds, the injection force in 29G TNN PFS was lower than that in
both 29G TW PFS and 27G TW PFS. These results suggest that 29G
TNN is capable of producing a lower injection force compared with
29G TW and 27G TW upon the injection of shear-thinning non-
Newtonian fluids.

Injection Forces for Protein Solutions

Similar low values for injection force were obtained for
etanercept solutions at concentrations of 1 and 25 mg/mL,
regardless of the needle type (Fig. 3a). At 1 mg/mL, there were
no significant differences among the values for PFSs with
different needles, whereas at 25 mL/min, the injection force for
29G TNN PFS appeared to be slightly higher than those of the
other PFSs. This finding is consistent with the result obtained
for WFI, where the injection force was of a few Newtons and
appeared to be somewhat higher in 29G TNN PFS than in 27G
TW PFS and 29G TW PFS. This discrepancy is due to slightly
higher frictional forces in the 29G TNN PFS compared with 27G
TW PFS and 29G TW PFS, which make the major contribution to
injection force of solutions with relatively low viscosities, such
as those of etanercept at a concentration of 1 mg/mL (1.0 cP)
and 25 mg/mL (2.2 cP).



Figure 2. Injection forces measured at injection speeds of 3 and 6 mL/min in 27G TW (green circles), 29G TW (blue circles), and 29G TNN (red circles) PFSs and plotted as a function
of the dynamic viscosity: (a) glycerin at 3 mL/min, (b) glycerin at 6 mL/min, (c) CMC at 3 mL/min, and (d) CMC at 6 mL/min. The solid lines in (a and b) represent the linear fits. The
solid lines in (c and d) connecting data points are added as visual guides. The dashed lines in (c and d) represent injection forces calculated using Equation 1. Data represent the
mean of triplicate measurements, with error bars corresponding to the standard error of the mean.
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In contrast to etanercept, omalizumab solutions at concentra-
tions of 70 and 125 mg/mL had relatively high dynamic viscosity
values of 11 and 104 cP, respectively. For 70 mg/mL omalizumab,
the injection force for 29G TNN PFS was similar to that in 27G TW
PFS and was lower than that of 29G TW PFS (Fig. 3b). For the 125
mg/mL solution, the lowest injection force was measured for 29G
TNN PFS, followed by 27G TW PFS and 29G TW PFS. The acquired
graph profiles were similar in shape for all PFSs with no extra peaks
at the beginning of the injection, whereas the injection force
plateau height was lowest for 29G TNN PFS (Fig. 3c). These results
suggest the absence of a high plunger-stopper break loose force and
indicate that 29G TNN was capable of reducing the injection force
for 125 mg/mL omalizumab.

To assess the possible effect of injection volume on injection
force, in addition to 0.5 mL, we performed measurements using 1
mL of 125 mg/mL omalizumab solution. Regardless of the injected
volume, the obtained curves were similar in shape. During the
beginning of injection, the injection force increased at the same
rate for both injection volumes and reached plateaus of the same
amplitude, but of different durations (Fig. S2). The plateau in the
curve corresponding to the 1-mL injection was prolonged
Table 1
Dimensions of PFSs Used in the Present Study

Parameter 29G TW PFS

Syringe inner radius (R) (mm) 3.150 ± 0.025
Length of the needle (l) (mm) 21.9 ± 0.5
Needle inner radius (r) (mm) 0.105 ± 0.010
compared to that of the 0.5-mL injection due to the extended in-
jection duration. This result suggests that under similar injection
conditions, the resulting injection force is independent of the in-
jection volume.

Stability of Protein Solutions Upon Injection

To evaluate the effect of needle geometry, size, and the resulting
shear stress on the stability of pharmaceutical proteins during in-
jection, soluble aggregates and larger insoluble particles were
characterized in the pharmaceutical protein solutions after injec-
tion force experiments using size exclusion chromatography and
flow imaging analysis, respectively. No considerable changes in
aggregate concentrations were observed in all solutions regardless
of the needle type used (Figs. 4a and 4c), in agreement with the
previously published finding that shear rates up to 250,000 s�1 do
not cause considerable protein aggregation.31 Similarly, low levels
of micron-size particles were present in all samples regardless of
the needle type (Figs. 4b and 4d). These results suggest that protein
stability is not affected by any of the needles used in the present
study.
27G TW PFS 29G TNN PFS

3.150 ± 0.025 3.150 ± 0.025
21.9 ± 0.5 22.0 ± 0.4
0.131 ± 0.010 0.233 (rin)

0.119 (rout)



Figure 3. Injection forces measured at an injection speed of 6 mL/min in 29G TNN, 27G TW, 29G TW, and luer lock PFSs: (a) etanercept at a concentration of 1 mg/mL (gray) and 25
mg/mL (black) and (b) omalizumab at a concentration of 70 mg/mL (gray) and 125 mg/mL (black). Data represent the mean of triplicate measurements, with error bars corre-
sponding to the standard error of the mean. **p < 0.01 (2-sample t-test assuming equal variances). Representative force-displacement profiles for 125 mg/mL omalizumab in 29G
TNN (red), 27G TW (green), 29G TW (blue), and luer lock (black) PFSs are shown in (c).
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Needle Clogging Assessment

Possible needle clogging during storage is of concern for highly
concentrated biopharmaceutical products formulated in PFSs with
a staked-in needle.32 To evaluate the effect of needle geometry in
combination with different storage conditions on extent of clog
formation, we measured injection forces in 27G TW, 29G TW, and
29G TNN PFSs filled with 125 mg/mL omalizumab solution after
overnight incubation at 25�C, storage at 5�C or 25�C for 1 and
3 weeks, and compared the resulting profiles. Regardless of the
storage temperature and period, the force-displacement curves
were similar for the same PFS type, with the injection force steadily
reaching plateau after an initial plunger displacement of ~2 mm
(Fig. S3). In contrast, in a clogged control sample, the injection force
first increased to its maximum value that was ~2-fold higher than
that in the normal sample, and then, within plunger displacement
of ~3 mm, reached a plateau value similar to that of a non-clogged
sample, which is consistent with the force profile of a partially
clogged needle.33 This result suggests that 27G TW, 29G TW, and
29G TNN clogging does not occur during quiescent PFS storage for
Table 2
Apparent Needle Radii (mm) Calculated From Injection Force Measurements

Solution Shear Rate 29G TW

Injection Speed (mL/m

3 6

Glycerina NA 0.109 0.
PEG 3350a NA 0.107 0.
CMC (0.5%) gw

b 0.107 0.
geff

c 0.109 0.
CMC (1.5%) gw 0.089 0.

geff 0.103 0.
Omalizumab (125 mg/mL) gw NA 0.

geff NA 0.

NA, not applicable.
a Measured injection force values are plotted as a function of the measured viscosity,

needle radius was determined from the slope of the resulting curve.
b The expression for the wall shear rate gw is given by Equation 3.
c The expression for the “effective” shear rate geff is given by Equation 4.
up to 3 weeks at 5�C or 25�C. However, further studies are required
to assess the potential needle clogging during extended storage
periods.

Effect of Subcutaneous Tissue on the Injection Force

The target tissues may provide a high resistance to injection
flow, generating additional increase in injection pressure. There-
fore, to ensure acceptable levels of injection pressure in systems
designed to deliver highly concentrated biopharmaceuticals, in
addition to designing optimization during development, it is
desirable to investigate the tissue compliance during usability
testing.34

To assess the resistance of subcutaneous tissue during injection,
the force required to inject 125 mg/mL omalizumab solution was
measured using porcine tissue as a suitable model for human
subcutaneous injections.29 The resulting force-displacement curves
were similar in shape, and the injection forces upon injection into
subcutaneous tissue were ~1.2-fold higher compared to the injec-
tion into air due to additional tissue resistance (Fig. S4). This result
27G TW 29G TNN

in)

3 6 3 6

110 0.133 0.133 0.136 0.135
108 0.132 0.132 0.134 0.133
104 0.137 0.142 0.191 0.238
107 0.141 0.145 0.195 0.244
089 0.113 0.116 0.143 0.155
103 0.131 0.135 0.166 0.179
115 NA 0.140 NA 0.152
115 NA 0.141 NA 0.153

then linear regression analysis using Equation 1 was performed, and the apparent



Figure 4. Effect of needle geometry on stability of pharmaceutical proteins. Concentrations of aggregates and micron-size particles in etanercept at concentrations of 1 mg/mL
(gray) and 25 mg/mL (black) (a and b) and omalizumab at concentrations of 70 mg/mL (gray) and 125 mg/mL (black) (c and d) were measured after injection using 29G TNN, 27G
TW, 29G TW, and luer lock PFSs. Data represent the mean of triplicate measurements, with error bars corresponding to the standard error of the mean.
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is consistent with previously published studies, where injection
was performed into the abdominal skin obtained from a Eurasian
female donor who underwent cosmetic surgery.7

Discussion

To explain why 29G TNN was capable of reducing injection
forces compared with 27G TW for some solutions, while not for
others, and to test our hypothesis that 29G TNN can be particularly
effective in reducing injection forces for solutions exhibiting shear-
thinning behavior, we measured the viscosity of glycerin, CMC, and
protein solutions as a function of shear rate. Even though in 27G TW
and 29G TW, at an injection speed of 6 mL/min shear rates of
~57,000 and 84,000 s�1 can be achieved, for the measurements
using a cone-plate rheometer, technically feasible shear rates of up
to 15,000 s�1 were applied. As expected, the viscosity of the glyc-
erin solutions was independent of shear rate (Figs. 5a and 5b),
whereas the viscosity of the CMC solutions decreased with
increasing shear rate, and the magnitude of the decrease was larger
for the solutions of higher concentration (Figs. 5c and 5d). The
viscosity of etanercept at 1 and 25 mg/mL was only a few centi-
poises, and did not exhibit an explicit shear rate dependence
(Figs. 5e and 5f). Likewise, the viscosity of omalizumab at a con-
centration of 70 mg/mL appeared to be shear rate independent
(Fig. 5g). In contrast, the viscosity profile of omalizumab at a con-
centration of 125 mg/mL showed a shear-independent region up to
3000 s�1, followed by a rapid decrease with increasing shear rates
(Fig. 5h). In this region, the dynamic viscosity h can be expressed in
terms of shear rate g, using the Ostwaldede Waele equation

h¼Kgn�1 (2)

where K is a consistency index and n is a power law index. We
plotted the logarithm of the dynamic viscosity versus the logarithm
of the shear rate, and used linear regression analysis to determine
the slope and intercept, which correspond to n�1 and K, respec-
tively (Supplementary Information Table S2). The resulting power
law index values for the CMC and 125 mg/mL omalizumab solu-
tions were less than 1, further confirming their characteristic shear-
thinning behavior.

From the injection forces measured for CMC and omalizumab,
we calculated the apparent needle radii. We substituted the
expression for h from Equation 2 into 1. Shear rate dependence on n
was defined using 2 different approaches that have been previously
reported. Rathore et al.27 showed that the maximum shear rate gw
at the wall may be expressed as

gw¼
�
3nþ 1

n

�
Q
pr3

(3)

An expression for the “effective” shear rate geff that takes into
consideration non-linear shear rate changes throughout the needle
diameter was proposed by Allmendinger et al.26

geff ¼
�
3nþ 1
2nþ 1

�
2Q
pr3

(4)

Substituting the expression for g from Equations 3 and 4 into
Equation 1 gives the following equations, which describe the in-
jection force of a non-Newtonian fluid in a syringe equipped with a
cylindrical needle:

F ¼ Ffriction þ 8p1�nlR2KQnr�ð3nþ1Þ
�
3nþ 1

n

�n�1
(5)

F ¼ Ffriction þ 2nþ2p1�nlR2KQnr�ð3nþ1Þ
�
3nþ 1
2nþ 1

�n�1

(6)

Using Equations 5 and 6, we calculated the apparent radii,
assuming a uniform radius throughout the length of the needles.



Figure 5. Profiles of viscosities of glycerin at concentrations of 60% (a) and 80% (b), CMC at concentrations of 0.50% (c) and 1.50% (d), etanercept at concentrations of 1 mg/mL (e)
and 25 mg/mL (f), omalizumab at concentrations of 70 mg/mL (g) and 125 mg/mL (h).
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The resulting values for 27G TW and 29G TW were in good
agreement with those obtained from the glycerin and PEG 3350
measurements, whereas for 29G TNN, the calculated apparent radii
were considerably larger (Table 2). Thus, when the injectable so-
lution has a shear-thinning property, for a given flow rate, injection
using 29G TNN is equivalent to injection using a cylindrical needle
of the same length with a diameter larger than 25G.

To further explain the correlation between the non-Newtonian
shear-thinning behavior and the reduction in the injection force for
tapered needles, we attempted tomathematically describe the effect
of needle geometry on a flow rate. The flow rate of Newtonian so-
lution in cylindrical needle Qc is defined by HagenePoiseuille’s law:

Qc ¼pDpr4

8hl
(7)

In a slightly tapered needle, a flow rate can be described using
modified HagenePoiseuille’s equation with so-called lubrication
approximation, in which the flow between non-parallel surfaces is
treated locally as a flow between parallel surfaces:
Qt ¼pDpr4out
8hl

�
3ðl� 1Þ
1� l�3

�
(8)

where l ¼ rin/rout is a taper ratio. For 29G TNN, rin is 24G and rout is
29G, and therefore l > 1. Under identical conditions, the same flow
rate as in the tapered needle can be achieved in the cylindrical
needle with an effective radius reff

reff ¼
�
rout

3ðl� 1Þ
1� l�3

�1
4

(9)

For a non-Newtonian solution, which can be described with a
power law equation, the flow through a cylindrical needle can be
expressed as

Qc ¼ pr3

1=nþ 3

hDpr
2Kl

i1
n

(10)

whereas the flow through a tapered needle is given by19



Figure 6. Ratio of the flow in a tapered needle Qt to the flow in a cylindrical needle
with the effective radius Qc(reff), plotted as a function of the power law index n. For a
Newtonian fluid (n ¼ 1), flows are equivalent; for shear-thinning fluids (n < 1), the flow
ratio is greater than 1; and for shear-thinning fluids (n > 1), the flow ratio is smaller
than 1.
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Qt ¼ pr3out
1=nþ 3

hDprout
2Kl

i1
n
�
3ðl� 1Þ
1� l�3n

�1
n

(11)

By inserting an expression for reff into Equation 7 and assuming
other conditions to be similar, the ratio of the flow in a tapered
needle to that of the flow in a cylindrical needle with the effective
radius as a function of the rheological properties of the solution can
be described as

Qt

Qc

�
reff

�¼
�
1� l�3

3ðl� 1Þ
�3nþ1

4
�
3ðl� 1Þ
1� l�3n

�1
n

(12)

Thus, for a given pressure, the flow rate of shear-thinning so-
lution (n < 1) in a tapered needle is higher than that in a cylindrical
needle, with the difference being higher for stronger shear-
thinning behavior or smaller n-values (Fig. 6). This result suggests
that a lower pressure, and consequently lower injection force, can
be applied to a tapered needle system to obtain the same flow rate,
as compared to a cylindrical needle system. This finding also im-
plies that a tapered needle can provide additional injection benefits
for shear-thinning solutions of concentrated biopharmaceuticals.
Conclusions

In the present study, we estimated injection forces in 27G TW,
29G TW, and 29G TNN 1-mL PFSs using glycerin, PEG 3350, CMC,
etanercept, and omalizumab solutions. The injection forces in 29G
TNN PFSs were lower than those in 29G TW for all solutions, and
were similar to those in 27G TW PFSs for glycerin, PEG 3350, eta-
nercept, and 70 mg/mL omalizumab solutions, and were actually
lower than those in 27G TW PFSs for CMC and 125 mg/mL omali-
zumab solutions. The injection forces for 0.5 and 1 mL of 125 mg/
mL omalizumab solutions were similar for the same PFS type. Our
calculations showed that the reduction in the injection forces in
29G TNN compared to 27G TW was equivalent to injection using a
cylindrical needle of the same length with diameter larger than
25G. Shear rate dependent viscosity measurements confirmed the
shear-thinning behavior of CMC and 125 mg/mL omalizumab so-
lutions and shear rate independent behavior for the other solutions.
Mathematical modeling suggested that under the same pressure
conditions, tapered needles produce higher flow rates than
cylindrical needles. At equivalent flow rate pressure, and conse-
quently, injection force, in a tapered needle is lower than that in a
cylindrical one. No significant changes in aggregates and micron-
size particle concentrations upon injection were observed regard-
less of the needle type. Using 125 mg/mL omalizumab solution, it
was confirmed that regardless of the needle type, clogging does not
occur during quiescent storage for up to 3 weeks at 5�C or 25�C.
When injection was performed into porcine tissue as a model of
human subcutaneous tissue, a similar increase of ~1.2-fold in in-
jection force was observed in all PFSs. These results suggest that
29G TNN is capable of providing enhanced injection performance
for use in highly concentrated biopharmaceutical products
demonstrating shear-thinning behavior.
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