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ARTICLE INFO ABSTRACT

Keywords: The pain felt during injection, typically delivered via a hypodermic needle as a single bolus, is associated with the
Injectability pressure build-up around the site of injection. It is hypothesized that this counterpressure is a function of the
Counter-pressure target tissue as well as fluid properties. Given that novel vaccines target different tissues (muscle, adipose, and
IF{(I)'nrecoelogy skin) and can exhibit a wide range of fluid properties, we conducted a study of the effect of volumetric flow rate,
Intradermal needle size, viscosity and rheology of fluid, and hyaluronidase as an adjuvant on counterpressure build-up in
intramuscular porcine skin and muscle tissues. In particular, we found a significant increase in counterpressure for intradermal
Subcutaneous (ID) injections compared to intramuscular (IM) injections, by an order of magnitude in some cases. We also

showed that the addition of adjuvant affected the tissue back pressure only in case of subcutaneous (SC) in-
jections. We observed that the volumetric flow rate plays an important role along with the needle size. This study
aims to improve the current understanding and limitations of liquid injectability via hypodermic needles,
however, the results also have implications for other technologies, such as intradermal jet injection where a

liquid bleb is formed under the skin.

1. Introduction

The design and development of various injection devices for liquid
drug delivery requires consideration of user capability and forces that
contribute to the drug administration process (Allmendinger et al.,
2014). Transdermal drug delivery is one of the common methods of drug
administration, including intradermal, subcutaneous and intramuscular
regions (Yildiz and Lenau, 2019). Drug delivery into the intramuscular
and subcutaneous regions has shown some advantages over intravenous
delivery, such as easier drug administration and sustained absorption
rate (Shrestha and Stoeber, 2018; Kim et al., 2017; Richter et al., 2012;
McDonald et al., 2010; Harris et al., 2004; Pivot et al., 2013), while
intradermal injection of some vaccines can generate an equivalent or
better immune response than intramuscular injection with a reduced
dosage (Saitoh and Aizawa, 2016; Wangmo et al., 2019). Muscular re-
gions are comprised of muscle tissues with rich blood supply in com-
parison to intradermal and subcutaneous regions (Salari et al., 2018;
Wynaden et al., 2015), therefore drugs which require quick absorption
with a sustainable action, as well as concentrated and irritant drugs
which can not be given intradermally or intravenously, are generally
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targeted for intramuscular delivery (Tugrul and Khorshid, 2014).
However, whether it is for subcutaneous or intramuscular injections,
the injector must overcome different characteristic forces which depend
on the geometry of the injector and the liquid properties of the injectate
(Yildiz and Lenau, 2019; Allmendinger et al., 2015). Parameters related
to the device including syringe diameter (d;), needle inner diameter (d;),
and needle length (L,) play an important role in the hydrodynamic
component of the injection forces. The other parameters related to in-
jection forces are human factors, drug properties which depend on the
temperature and drug concentration (Allmendinger et al., 2014; All-
mendinger et al., 2015; Rathore et al., 2012; Burckbuchler et al., 2010),
and friction between the plunger material and the syringe barrel. To
characterize the syringe performance, three forces have been evaluated
(Pstras, 2016; Lorenz et al., 2013): Break-loose force (F3), i.e., the force
required to overcome the static friction to initiate the plunger motion
and the forces measured at 50% and 99.9% delivery of the total target
volume. According to Lorenz et al. (2013), the design of the plunger
stopper, materials of the barrel and plunger, and environmental condi-
tions such as temperature and humidity contribute to kinetic friction.
Whereas, static friction depends on the time of stationary contact and
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the properties of the plunger and barrel material (Lorenz et al., 2013).
Generally, static friction is larger than the kinetic friction in syringes and
other injection systems (Pstras, 2016).

Furthermore, it is important to understand the counterpressure
during injection to facilitate painless administration of the drug with
improvement in user friendliness (Yildiz and Lenau, 2019). As per a
recent study on subcutaneous injections in human subjects, tissue
counterpressure was observed to increase with an increase in the infu-
sion rate (Patte et al., 2013) suggesting a limit on how fast liquid can
diffuse out from the injection site. In another study, Cilurzo et al. (2011)
observed that the characteristic forces such as break-loose force, gliding
force, and maximum measured force (Fpq) during SC injection into
human tissue depend on the dimensions of the needle syringe used in
addition to the viscosity of the solutions used. Multiple studies have
been conducted on the measurement of tissue back pressure with vari-
ation in infusion rate and drug properties during in vivo and ex vivo
injections targeted to SC and ID regions (Allmendinger et al., 2015;
Thomsen et al., 2014; Vosseler et al., 2011). These studies highlighted
the importance of considering targeted regions before the selection of
optimal diameter and length of needles, and the role of permeability and
bulk modulus of the tissue on the counter-pressure.

Adjuvants such as hyaluronidase facilitate the diffusion capability
and bioavailibility of the injected drugs (Buhren et al., 2016; Meyer,
1947); Hyaluronidases are a family of enzymes that disaggregate and
depolymerize hyaluronic acid (HA), commonly found in the dermis. Due
to its extremely hydrophilic nature, HA has a very high hydration ca-
pacity which supports the viscoelastic nature of the skin, and it also
plays a vital role as a lubricant and shock absorber (Buhren et al., 2016;
Meyer, 1947). Upon depolymerization of HA, its viscosity and lubrica-
tion properties decrease (Cavallini et al., 2013). Thus, when used as an
adjuvant, hyaluronidase helps in diffusion and bioavailibility of the
injected drugs. Owing to such properties of this enzyme, it is used
therapeutically to increase the absorption rate of drugs as well as lessen
the discomfort associated with subcutaneous and intramuscular in-
jections (El-Safory et al., 2010).

Although multiple studies have been conducted to measure the
counterpressure in the tissue during injection into intradermal and
subcutaneous regions (Kim et al., 2017; Allmendinger et al., 2015;
Comley and Fleck, 2011; Thomsen et al., 2015; Leuenberger et al.,
2013), counterpressure buildup in intramuscular regions is poorly un-
derstood. In addition, the effect of variation in force measurements due
to the inherent properties of the syringe has not been considered before.
In this study, we measure the force profile during injection of liquids
with different viscosity and rheology into air (as reference) and then into
intradermal, subcutaneous, and intramuscular regions of porcine skin.
We also studied the variation in force measurements for single and
multiple usage of syringes to identify a range of trials for minimum
intrasample variation due to syringe properties, in order to eliminate the
effect of the syringe as a source of variation in the experiments. In this
range, liquids were injected in air and into the skin (or muscle tissue)
alternatively for 5 trials each. The difference of these forces yields the
net force indicating the effect of tissue counterpressure. The character-
istic forces measured herein were: (i) break-loose force (Fg), (ii) force
measured at 50% delivery of the liquid (Fsgo,) and (iii) force measured at
99.9% liquid delivery (Fg9 .99 ). Different concentrations of glycerol and
CMC solutions were used to study the effect of rheology on the coun-
terpressure buildup. The volumetric flow rate, target volume, and needle
size were also varied to understand their effect on counterpressure
buildup within the tissue.

2. Materials and methods
2.1. Materials

DI water and glycerol solutions in different concentrations (50%,
80%, and 95% w/w) were used as Newtonian liquids and Sodium car-
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boxymethyl cellulose (CMC, average molecular weight =~ 7 x 10°, Sigma-
—Aldrich) solutions in different concentrations (0.125%, 0.25%, 0.5%,
1%, and 2% w/w) were used as non-Newtonian liquids. Trypan blue
(Sigma Aldrich) was added as a dye to these solutions in a concentration
of 1 mg/ml to aid visualization of drug dispersion in tissue. These fluids
were injected in different regions of skin via a needle attached to a 1 ml
Leur-Lock BD syringe with the help of a syringe pump (KD Scientific,
Legato-100).

2.2. Rheological measurements

Rheological measurements of the solutions were conducted on a
DHR-2 rheometer (TA instruments) equipped with a cone and plate
geometry (@ = 25 mm and z = 1.992°). A stress-controlled flow ramp
was used to measure the flow behavior of the samples with a shear rate
(7) ranging from 0.01 to 8,600 s™' for a time duration of 60 s at
22.8+0.2°C. Viscosities of the Newtonian liquids used in the study are
presented in Table 1.

For non-Newtonian liquids, apparent viscosity was used. The
apparent viscosity is a function of shear rate, y, which was calculated
using:

.40
- (@)
where Q is the volumetric flow rate of the liquid and R is the radius of the
needle. The internal diameter (D = 2R) for 22 gauge (G), 25G, and 27G
needles were 0.413 mm, 0.26 mm, and 0.21 mm, respectively.

The apparent viscosity (1) at a shear rate of 7 can be written using the
Cross model relation as (Rohilla et al., 2019; Cross, 1965):

_ Ho — Heo
Hy = Hoo + <—1 T (M/)n> 2)

where 1 is a parameter with units of time, n is the dimensionless rate
index parameter, y, and p, represent values of asymptotic plateaus at
7y—0 and y— oo, respectively and are tabulated in supplementary info.
Fitting to Eq. (2) yielded a range of apparent viscosities, given in Table 2
(across a suitable range of 7).

2.3. Syringe operation

Various commercial syringes of different brands with different vol-
ume capacity were tested before conducting a parametric study. Force
profiles during injection were compared to check the variation in force
profiles for single and multiple usage of syringes. Although a syringe
should not be reused to avoid cross-contamination which can spread
blood-borne diseases, we have reused the syringe in the trials of the
lowest intrasample variation of force profiles to rule out the effect of
changing the syringe on counter-pressure buildup.

1 ml BD plastic syringes showed the lowest variation in force profiles
for repeated trials amongst different commercial syringes tested for
single and multiple use of up to 50 trials. To know the number of trials
that could be done by a syringe without any significant effect on the
delivery performance, air and water injections were performed 50 times
for different syringes. Each syringe was removed from a sealed pack. The
static friction between the plunger and barrel in a new syringe could be
very high (Thornton et al., 2016), which could be the reason of the high
break-loose force and noise in the force profile. As more trials were done
with a given syringe, the friction reduced and the plunger could move
smoothly. At first, we performed 50 injection trials with the same

Table 1
Viscosities of the Newtonian liquids used.
Water 50% G 80% G 95% G
u (mPa.s) 1 6.9 84 482
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Table 2
A range of apparent viscosities (4,, mPa.s) estimated for a given range of shear rates for non-Newtonian fluids used.
0.125% CMC 0.25% CMC 0.5% CMC 1% CMC 2% CMC
Ha(7: 241-36,681 s71) 61.2—49.0 76.1-51.2 135.3-56.5 312.7-59.8 1110.5-76.7

syringe at a flow rate of 1 ml/min with and without water as an injectate.
An intrasample variation of ~ 23% was observed in the force profiles of
these 50 trials. Furthermore, a range of 10 trials (16<n<25) was iden-
tified with a lower intrasample variation (~ 4%) and higher reproduc-
ibility for different syringes. As such, before each experiment with a new
syringe, the plunger was moved 15 times by hand slowly, and then 10
trials of liquid injection were performed in the air and porcine skin/
tissue alternatively for 5 trials each. A comparison of force profiles for
different syringes and different flow rates is presented in the supple-
mentary info.

Whilst the viscous friction in the needle can contribute considerably
to the overall force, we sought to reveal the true resistance just from the
target tissue. As such, reference measurements were performed where
the liquid is ejected in air. This reference force is then subtracted from
the force reading for injections into real tissue, leaving the net force
(Fnet = Fee —Fgir) which represents the contribution from the tissue
alone.

2.4. Ex vivo injections

Tenderloin porcine tissue was procured from a local vendor for IM
injection, while porcine skin was harvested from Yorkshire-Cross pigs
euthanized at 13 weeks of age for ID injections. The harvested porcine
skin was stored in a freezer at —20°C and was thawed to room tem-
perature before performing injections. Intramuscular injections were
performed on the tenderloin porcine tissue at different locations sepa-
rated by a distance of 2+1 cm with needles of different sizes (22G, 25G,
and 27G) placed perpendicular to the tissue as shown in Fig. 1(b).
Whereas, injections in the dermal region were performed at an angle in
range of 10°-15° with a 27G needle. Subcutaneous injections were
administered via a 25G needle inserted at an angle of ~ 45°. A load cell
(50 Ib, LLB-350, Futek) sandwiched in between the moving shaft block of
the syringe pump and the flat tail of the plunger was used for the force
measurement at a sample rate of 100 Hz. The load cell utilizes a metal
foil strain gauge system, measuring the resistance, which corresponds to
the applied load or force.

A solution of bovine serum albumin (0.01% w/w) and phosphate
buffer saline (Intermountain Life Sciences) was prepared to solubilize
hyaluronidase powder at concentrations of 1 mg/ml and 2 mg/ml.
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2.5. Design of experiments

In this study, we used a general factorial design, primarily focusing
on the parameters including injectate properties (fluid viscosity), target
region (IM, SC, and ID), volumetric flow rate and needle size. We per-
formed 5 repeat trials (n = 5) for every parametric point involved in this
study. The volumetric flow rate was varied in a range of 0.1-2 ml/min
for ID and IM injections. We used needles of three different sizes i.e., 22
G, 25G, and 27G.

3. Results and discussions

Different liquids were injected into the intradermal and intramus-
cular regions of porcine skin with 27-gauge and 22-gauge needles,
respectively. Fig. 2 shows example dispersion patterns formed after dyed
water injection into ID and IM regions. Due to the higher needle inser-
tion depth for IM injection, the bolus depth (d;) was ~ 1.4 cm for IM
injections as compared to ID injections (d, ~ 0.15 cm). Injected liquid
seeps into the hole created by the needle for IM injection as can be
observed from Fig. 2. It should be noted that for IM injections, the top
layer of porcine skin was removed to make it easy for 22G needle to
puncture into the intramuscular tissue.

3.1. Effect of viscosity

Here, we studied the effect of counter-pressure buildup during in-
jection of Newtonian and non-Newtonian liquids into the intradermal
and intramuscular regions. Fig. 3 shows the force profiles for different
liquids when injected into air, and intradermal and intramuscular re-
gions. For intradermal injection, 0.1 ml of liquid was injected through a
27-gauge needle; while for IM injections, 0.5 ml of liquid was injected
through a 22-gauge needle. The flow rate (Q = 1 ml/min) was kept
constant for the injection of different liquids into different target re-
gions. Solid lines and dashed lines in Fig. 3 represent force profiles for
non-Newtonian and Newtonian liquids, respectively.

Fig. 3(a) and 3(b) show the force profiles for injection via a 22-gauge
needle into air and porcine tenderloin tissue, respectively. Amongst
Newtonian liquids, the force profile was within a range of 0.5-1.0 N for
water, 50% glycerol, and 80% glycerol. The highest viscosity solution
(95% glycerol) exhibited a higher force, ~ 2.3 N for injections into air
and ~ 2.5 N for injection into tenderloin tissue. In all cases for IM

Paitvreim sl

— = |
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Fig. 1. Experimental (a) schematics of experimental setup and (b) schematics showing intradermal and intramuscular injections into skin (6, = 10°-15° and i

= 90°).
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Fig. 2. Opposing views of injection sites. in (a,b) cross-sectional view of a skin bleb in the intradermal region of porcine skin (V = 0.1 ml, 27 gauge needle, Q = 1
ml/min), (c,d) cross-sectional view of intramuscular injection of dyed water in porcine tenderloin tissue (V = 0.5 ml, 22 gauge needle, Q = 1 ml/min).
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Fig. 3. Force profiles for injections with different liquids into (a) no target media i.e. expelled into air (Q = 1 ml/min, V = 0.5 ml, 22-gauge needle), (b)
intramuscular region of porcine tenderloin tissue (Q = 1 ml/min, V = 0.5 ml, 22-gauge needle), (c) no target media i.e. expelled into air (Q = 1 ml/min, V = 0.1 ml, 27-
gauge needle), and (d) intradermal injections (Q = 1 ml/min, V = 0.1 ml, 27-gauge needle).

injection via 22G needle, the force profile plateaued very quickly,
whereas for the IM injections via 27G needle (fig 3(c,d)), a qualitatively
different force profile was observed, especially for the high viscosity
solutions.

In the case of injection into skin (ID), the force was much higher as a
result of counter-pressure build-up during liquid inflow. In general, the
target liquid volume for the intradermal region does not exceed 0.1 ml.
Increasing the target volume in the intradermal region could lead to
leaching of liquid beyond the dermis layer into the subcutaneous region,
which is undesirable as the drugs are designed to be delivered into
specific regions. The total force needed for intramuscular injection

varied in the range of ~ 0.5 —2.5 N, whereas for intradermal injection,
the total force increased linearly from ~ 1 N — 7-10 N, showing a sig-
nificant increase due to both the finer gauge needle and increased tissue
resistance.

Rheological characterization of CMC solutions (supplementary
Fig. S1) showing change in apparent viscosity with applied shear rate
were similar to that obtained in earlier studies (Rohilla et al., 2019;
Benchabane and Bekkour, 2008). CMC solutions exhibit shear-thinning
behavior with a critical shear rate estimated using 1/1. Cross-model
parameters obtained by rheological data fitting are presented in table
S1. During injection, the applied shear rate on liquid varies from
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location to location, i.e., the shear rate was different for liquid in the
syringe barrel, liquid passing through the needle and liquid dispersing
inside the skin.

Forcing 1% and 2% CMC solutions through a 27-gauge needle at 1
ml/min generates a high shear rate (~ 1.83 x 10* s7!) in the needle
resulting in lower apparent viscosity, due to which the force profiles for
injection in air flattened after 2 s of injection (Allmendinger et al., 2014;
Rohilla et al., 2019; Benchabane and Bekkour, 2008). In the case of
injections into the intradermal region, the force increased linearly for all
liquids as shown in Fig. 3(d), indicating counter-pressure buildup within
the tissue. Thus, the force required to inject a drug in different regions of
the porcine skin depends on the morphological properties of the skin,
fluid properties, needle dimensions, and variability in force required in
syringe operation due to manufacturing (Rathore et al., 2012; Rathore
etal.,, 2011). In ID injections, the stiff elastic matrix of the dermis region
offered high resistance to the liquid inflow which caused the higher
force required for injection, whereas moderately permeable structures of
the muscular layer offer lower resistance to liquid inflow. This explains
the ease of injection administration in IM injections in comparison to ID
injections. To single out the contribution from tissue counter-pressure, it
is necessary to subtract the reference forces (Fig. 3(a,c)) from the forces
measure in tissue injections (Fig. 3(b,d)).

Fig. 4 shows the net force for liquids with different apparent vis-
cosities. The net force for intramuscular injection via 22-gauge needle
was nearly the same (<0.2 N) for the liquids used in the study meaning
that the resistance offered by the fibrous structure of muscle tissue to the
liquid inflow during injection was not significant (Zuidema et al., 1988).
For intramuscular injections of Newtonian liquids, the effect of apparent
viscosity on characteristic forces (Fgnet, Fsownet and Fog gy net) Was
insignificant (p > 0.05). However, in non-Newtonian liquids, variation
in apparent viscosity affected Fsoo,ner (p < 0.05) significantly, whereas
for net break-loose force and Fgg g9 ner such effect was not significant
(p > 0.05). It is noteworthy that the break-loose force required in
starting the piston motion was nearly the same for different liquids
injected through a 22-gauge needle into air or intramuscular region of
porcine tissue. The characteristic forces for injection into air and tissue
are presented in supplementary info. Note that the negative net force
observed in Fig. 4 was caused by the large variation in the measured
force (for injections without any target media and in intramuscular region of
the skin) and a small sample space (n = 5).

The net characteristic forces for intradermal injection via a 27-gauge
needle for different liquids are presented in Fig. 4(b), which show a
qualitatively different picture from the IM injections with substantially
higher forces. The effect of apparent viscosity on net break-loose force
(Fnee = @(0.1) N) was insignificant for intradermal injections with
Newtonian and non-Newtonian liquids (p > 0.05). However, we can
interpret the difference between the net break-loose force and the forces
at 50% delivery and 99.9% delivery as the counterpressure buildup
within the skin. Both of the characteristic forces (Fsoo ner and Fog 9o, net)
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were higher for intradermal injections indicating high pressure buildup
within the skin with time (or volume injected). It should be noted that
the net forces for 50% and 99.9% delivery were higher for non-
Newtonian liquids in comparison to Newtonian liquids for a similar
range of apparent viscosity. Here, the apparent viscosity was estimated
from the calculated shear rate in the needle, but as the liquid leaves the
needle and accumulates in skin, the shear rate decreases leading to an
increase in apparent viscosity. Thus, higher counterpressure buildup in
the skin resulted in a higher force requirement for injecting non-
Newtonian liquids. Moreover, with the increase in apparent viscosity,
Fsoonee @and Fog oo, ne: decreased non-linearly for Newtonian and non-
Newtonian liquids and this effect was statistically significant for both
types of liquids (p < 0.05). Accumulation of fluid at the site of injection
stretches the surrounding tissue and leads to a higher elastic response
and higher counterpressure. According to the governing equations for
flow in porous media (e.g. Darcy’s law), increasing viscosity results in
lower velocity (or flow rate) through the media. Therefore, it is counter-
intuitive that the net force decreases with increasing viscosity, as seen in
Fig. 4b, since this indicates that higher viscosity fluids can flow more
readily away from the injection site. At present, we are unaware of other
studies that have observed this trend.

3.2. Effect of volumetric flow rate

The volumetric flow rates of injections administered by health care
personnel vary and can lead to different magnitudes of counterpressure
buildup. Therefore, in this section of our study, we have used different
flow rates of dyed water in the range of 0.1 ml/min to 2 ml/min to
understand their effect on the net characteristic forces. The needle size
was 22 G for IM injections and 27G for the ID injection.

Force profiles and net characteristic forces for intradermal and
intramuscular injections are presented in Fig. 5; which shows a shift
towards higher magnitude with the increase in volumetric flow rate as
can be seen in Fig. 5(a). The inset plot in Fig. 5(a) shows the peaks in the
force profiles corresponding to break-loose force, which increased with
the flow rate. Break-loose force for a low flow rate of 0.1 ml/min was
observed at t ~ 0.5 seconds, whereas for other flow rates break-loose
force occurred at t ~ 0.1 seconds. The behavior of the force profile for
variations in flow rate for intradermal injections (Fig. 5(b)) was quali-
tatively different than that observed in intramuscular injections as seen
earlier for different liquids. Unlike intramuscular injection, the intra-
dermal force increased linearly after the break-loose force, as shown in
the inset plot in Fig. 5(b).

Net characteristic forces corresponding to break-loose force, 50%
and 99.9% delivery are shown in Fig. 5(c), indicating that the net break-
loose for both intradermal and intramuscular injections was very small,
regardless of flow rate. Fsoy ner and Fog gy, increased non-linearly with
increase in flow rate for intradermal injections, where increase in Fsgo,
for Q > 0.5 ml/min was relatively small. The effect of flow rate was

Fig. 4. Net characteristic force for New-
tonian and non-Newtonian liquids. Fy, (=
Fhissue —Fair) for variation in apparent viscos-
ity of liquid injected into (a) intramuscular

1 and (b) intradermal region of porcine skin.

. - Legends for both subfigures are same and are

presented in subfigure (a). Fisye and Fgr

. . - represent average values of 5 trials. Apparent

& a ™ viscosities are calculated from equation (1)
- L corresponding to the highest shear rate as

oy 4 £ noted in Table 2. Net force values represent

By ® o ® D @ ayerage values obtained from the difference

of average force required to inject the liquids
into air and porcine tissue.
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Fig. 5. Effect of volumetric flow rate of dyed water as a liquid injectate on (a) the force profile measured for IM injection (27G needle), (b) force profile for ID
injection (22G needle), and (c) net force caused by counterpressure buildup in the ID and IM regions of porcine skin. (Liquid injectate: dyed water, V= 0.1 ml (ID), V =

0.5 ml (IM), n = 5, shaded and point errorbars represent the standard deviation).

insignificant on net characteristic forces (Fp net, F509,net ad Fog 99 net) fOr
intramuscular injections in tenderloin tissue (p > 0.05) and on net
break-loose force (Fppe) for intradermal injections in porcine skin
(p > 0.05). However, the effect of flow rate on net characteristic force at
50% and 99.9% delivery in ID injection was highly significant (p<<0.05).

3.3. Effect of needle size

The recommended needle size for intradermal injection is 27-gauge,
whereas for intramuscular injection, the needle size should be in the
range of 22-gauge to 25-gauge. Here, we studied the effect of three
different needle sizes (22G, 25G, and 27G) to understand their effect on
the counterpressure buildup during intradermal and intramuscular in-
jections. Although 27G needles are not commonly used in intramuscular
injections, we used it in our study to check their effect on counterpres-
sure inside the tissue. The force profiles and net characteristic forces for
different needle sizes are shown in Fig. 6. It should be noted that the
target volume for intradermal and intramuscular injections was 0.1 ml
and 0.5 ml, respectively.

For intramuscular injections, higher force was required to inject dyed
water for decreasing needle size as shown in Fig. 6(a). Interestingly,
there was no significant effect (p > 0.05) of needle size on the charac-
teristic forces (Fig. 6(c)). Break-loose force and force measured at 50%
and 99.9% delivery of the target volume was very small (#(0.1N)),
which implies the porous fibrous structure does not offer any significant
resistance to the liquid inflow inside the tissue. It has been shown in the
past, that the reduction of needle diameter reduces the pain associated
with injection with increase in force required for liquid injection in
subcutaneous tissue (Cilurzo et al., 2011; Rathore et al., 2011). The force
required for intramuscular injection increased due to decreasing needle
size as one can deduce from Hagen Poiseuille equation
(Re ~ #(1072 -102)), where AP«x1/r*. Thus, the role of tissue

properties was insignificant in counterpressure buildup during IM
injection.

Fig. 6(b) shows nearly linear force measurement profiles during in-
tradermal injection into porcine skin. Variation in needle size does not
yield any substantial effect on the force profiles. Moreover, there was no
significant effect of increasing needle size on the characteristic forces
measured during ID injection (p > 0.05). Thus, the mechanical proper-
ties of the porcine dermis along with other parameters overpower the
effect of needle size on the counterpressure developed within the dermal
region. Although needle size showed no significant effect on counter-
pressure buildup, the recommended needle size for intradermal delivery
should be within 25G-27G due to difficulties associated with intrader-
mal injections with needles having larger diameter.

3.4. Effect of hyaluronidase as an adjuvant

Hyaluronidase solutions in different concentrations were used as
adjuvants in dyed water (total volume injected, V = 0.1 ml) to under-
stand their effect on the counterpressure buildup during injection. Vis-
cosities of hyaluronidase solution were ~ 54.5 mPa.s and ~ 55 mPa.s for
concentrations of 1 mg/ml and 2 mg/ml respectively. Fig. 7 shows the
effect of hyaluronidase on the force profiles and characteristic forces
during injection into different targeted regions in the skin at a flow rate
of 1 ml/min. Although the addition of hyaluronidase did not show any
effect on the force profiles for ID and IM injections, the force measured
during SC injections decreased by nearly half. In terms of characteristic
forces (Fg, Fs0%, and Fog gy), the effect of adding adjuvant in different
concentrations was significant for SC injections (p < 0.05), but insig-
nificant for IM (p > 0.05) and ID (p > 0.05) injections.

As discussed earlier, very low counterpressure was observed for IM
injections due to the porous fibrous structure of the muscular layer
therefore, addition of hyaluronidase does not affect the counterpressure
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Fig. 6. Effect of needle size on (a) the force profiles for ID injections with different needle sizes and (b) characteristic forces for intramuscular injections for
different needle sizes (See fig (b) for legend).(c) Net force due to tissue resistance for both ID and IM injections (Liquid injectate: dyed water, Q = 1 ml/min, V = 0.1 ml
(ID),V = 0.5 ml (IM), n = 5, shaded and point errorbars represent the standard deviation).

buildup for IM tissue. Whereas in ID injection, the addition of hyal-
uronidase was also insignificant, in this case due to the stiff elastic
matrix of the dermis layer, which is seemingly unaffected by the hyal-
uronidase at the concentrations used in this study. In contrast, for SC
injections, hyaluronidase increased the permeability of the cutaneous
layer, which largely consists of adipose cells and thus, lowers the
counterpressure buildup in addition to creating a more dispersed
(wider) bolus formation as shown in Fig. 7(e). Lowering counterpressure
buildup with the addition of hyaluronidase can help in alleviating pain
in SC injections and can allow higher dosage of SC injections.

3.5. Counterpressure estimation

In order to estimate the magnitude of the tissue counterpressure from
the recorded forces, we require an effective area; the natural choice is
that of the bolus within the tissue. However, the bolus shape after in-
jection was that of an oblate spheroid, centered at a point source (the tip
of the needle) and tilted at an angle (Fig. 2(c,d)) depending on the bevel
orientation. As such, we use the 2-D projected areas to convert into a
spherical equivalent diameter and surface area (see Fig. S2). For con-
sistency across each tissue type, we take the force and area for a volume
of 0.1 mL. The corresponding force is calculated as follows: The total
force measured during the injection consists of hydrodynamic force (Fg)
inside the syringe and resistance from the tissue (Fsse). Since we sub-
tract the force measured for injection into air from the force measured
during the injection in tissue, we effectively eliminated Fy. Thus,
counterpressure buildup inside the tissue can be estimated using Fp; and
the equivalent spherical area of the bolus.

However, it should be noted that the bolus projected areas (Fig.S2)
may also incorporate tissue imbibed with injected liquid. Furthermore,
projected area for 0.1 ml injected in SC injection was three times larger
than for blebs formed for ID injection. Thus, we estimated the counter

pressure in orders of magnitude. This caveat notwithstanding, we esti-
mate the maximum pressure for IM, SC and ID tissues as #(1071),
©(10') and (10?) kPa respectively.

In the case of IM injection, the force was nearly constant with in-
crease in the area covered by the injected liquid with time. This means
that counterpressure buildup either remained constant or decreased
with the liquid inflow over time due to negligible resistance offered by
the muscle tissue. It should be carefully noted that the projected area
does not necessarily represent the actual area occupied by the liquid
injected but rather represents the area of tissue imbibed with the dyed
liquid. For SC and ID injections, force measured with time during in-
jection increased with increase in the volume of the liquid injected.
However, in the absence of a direct measurement of the projected area
with time, it is inconclusive to say if the change in counterpressure
buildup was significant or not.

Our estimates herein show decreasing counterpressure moving away
from the top layer of the skin, which is not surprising given that the
outer layers of tissue (stratus corneum) are under tension. However, it is
interesting to note that intradermal injections are not known to induce
pain in the same way that has been documented for deeper injections.
This is possibly due to the reduced volume and shallow depth for in-
tradermal injections, meaning that fewer nerves receptors are stimu-
lated regardless of the increased localized pressure build-up.

4. Conclusions and outlook

Characteristic forces at different times of injection were used to
represent the counterpressure buildup within the skin. The net charac-
teristic forces were small for intramuscular injections in comparison to
intradermal injections due to the highly permeable and aligned fibrous
structure of the muscular tissue. Higher stiffness and strong elastic
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matrix in the dermal region of the skin offer higher resistance to the
liquid inflow, causing higher counterpressure buildup, which could
potentially limit the target volume and viscosity of a drug that can be
injected intradermally. The different parameters used in the study
showed an insignificant effect on the net break-loose force required to
initiate the plunger motion for injection. Different liquids with varying
viscosities showed a highly significant effect on Fsgo, ner and Fog 9o, ner fOT
intradermal injections, whereas for intramuscular injections, such effect
was insignificant. Varying infusion rate showed a significant effect on
the characteristic forces during ID injection with no significant effect in
IM injections. Moreover, adding an adjuvant only helped in decreasing
counterpressure buildup in SC injections with no significant effect in ID
and IM injections. Thus, adjuvants can be used to facilitate the admin-
istration of higher doses of SC injection with wider dispersion within the
cutaneous tissue. As the porcine skin is the closest model of human skin,
results in this study for porcine skin and tissue used after a cycle of
freezing and thawing, which can be translated to injections in human

tissue. The results obtained here in this ex vivo study could be helpful in
designing injectors to minimize higher counterpressure buildup and an
in vivo study could provide more insight into the counterpressure
buildup. One interesting observation from our study was that the net
force for intradermal injections decreased as the liquid viscosity
increased. We are unaware of any other studies which have reported this
seemingly counter-intuitive result.
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