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A B S T R A C T

This work describes the first development of high-concentration suspension formulations of human immune
globulin. Colloidal-level dispersions of immune globulin were achieved by suspending a spray dried solid
powder of protein in a protein solution made saturated by the addition of pharmaceutical excipients. The
spray drying process was used to generate »90 % of particles below 20m. The monomer and aggregates con-
tent of immunoglobulin were found to be 93 % and 0.3 %, respectively. The injection forces for the colloidal
suspensions were characterized using a dynamic compression test. The concentrations of 300, 380, and
400 mg/mL formulations were injected at 3.8 N, 10 N, and 16.5 N of maximum injection forces, respectively,
when a 24-gauge needle was used. The viscosity of a 300 mg/mL suspension was 128 cP. The viscosity of a
380 mg/mL suspension was 284 cP, and the viscosity was higher for the 400 mg/mL formulation; however,
injectability was not an issue, which remains rare for non-Newtonian, shear-thickening systems. It is
acknowledged that the 400 mg/mL suspension formulation remained relatively challenging as compared to
other suspensions for injection because of its very high viscosity, and significant force was required to inject
it. We show that where ultra-high-concentration immune globulin is being developed within reasonable
constraints of pharmaceutical regulation, with an injectability parameter, formulations might make their
way to the clinic when viscosity could say otherwise. However, further work should be conducted to assess
chemical stability (using methods such as mass spectrometry) along with forced degradation studies prior
any clinical use.
© 2025 American Pharmacists Association. Published by Elsevier Inc. All rights are reserved, including those

for text and data mining, AI training, and similar technologies.
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Introduction

Protein-based therapeutics have been widely developed over the
past few decades. To be able to deliver a therapeutic protein, espe-
cially through the intramuscular and subcutaneous routes, an ultra-
high concentration protein formulation is desired.1 In highly concen-
trated protein therapeutics, the viscosity of the protein solution and
aggregation remain crucial issues for the development of pharmaceu-
tical formulations. With an increase in the concentration of protein in
the aqueous solution, the viscosity of the solution significantly
increases. The volume of formulation administered through the sub-
cutaneous route is limited to 1.5 mL as per U.S. Food and Drug
Administration regulation, and the viscosity of the solution should
not exceed 50 cP.2 This requirement presents a substantial challenge
because highly concentrated antibody protein solutions are very vis-
cous,3 and this highly viscous behavior makes formulation challeng-
ing to administer to patients through a specified syringe and needle.

In the literature, different approaches have been used to reduce
the viscosity of proteins in aqueous solutions. In a concentrated pro-
tein solution, the addition of hydrophobic salts4,5 the use of amino
acids lysine6 and arginine,6,7 bulky polar additives,8 molecular
crowding agents,9,10 and organic electrolyte cosolutes11 provided a
reduction in viscosity. Recently, the synergistic effect of multiple
excipients on controlling the viscosity using a microfluidic tool of the
model protein bovine gamma globulin has also been found to be
effective.12 Another strategy employed crystalline suspensions
instead of aqueous protein solutions1,13 however, this approach is
time-consuming and uncertain since crystallizing antibodies remains
challenging because of their large molecular weight, numerous
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glycosylation, and structural flexibility.1,14 There have also been
reports wherein the aqueous phase of a protein solution was replaced
with an organic phase or non-aqueous phase in suspension to reduce
the viscosity of g-globulin.15 A protein concentration up to 300 mg/
mL was achieved15; however, absolute ethanol and other organic sol-
vents are not permissible if the volume of formulation significantly
exceeds the limit of subcutaneous injection volume of 1.5 mL.

The concentration of therapeutic protein, polyclonal antibody
human immune globulin (h IgG), in Takeda Pharmaceuticals’ market
product, Cuvitru� for subcutaneous injection, is 200 mg/mL.16

Whereas in Takeda’s market formulation, Gammagard Liquid/KIOVIG
for intravenous injection is 100 mg/mL.17 At protein concentrations
greater than 200 mg/mL, the viscosity of the protein solution
increases and is significantly higher than 20 cP, which exceeds the
acceptable viscosity range of 20−50 cP for a subcutaneous injection
conventionally performed at the clinic. There is a need to deliver a
large dose of this therapeutic protein, and therefore, there is a
demand to develop a commercially viable formulation of highly con-
centrated h IgGs. The goal of this work is to develop suspension for-
mulations of amorphous antibodies with concentrations up to
400 mg/mL. The work also addresses the issue of the viscosity of the
dispersion medium with appropriate additives and allows them to be
administered using the given injection setup. In order to achieve a
higher protein concentration in a suspension formulation, the spray
drying method is adopted. For suspension formulation, a suitable
medium is identified with respect to its lower viscosity and lower
aggregation requirements. The spray drying technique generates a
solid powder of h IgG, which was then suspended in a dispersion
medium saturated with additives to prevent the solid h IgG from dis-
solving in an aqueous medium. The content of aggregates, mono-
mers, dimers, and fragments of protein is estimated using size-
exclusion chromatography. Finally, the suitability of the formulation
is determined based on syringeability and injectability studies, and a
practical scenario is considered in which formulations are injected
into patients at the clinic.

Materials and methods

Materials

The protein solutions of h IgG of 100 mg/mL (10 %, pH 4.8) and
200 mg/mL (20 %, pH 5.2) are provided by Takeda Pharmaceuticals,
Process Development, Plasma-derived Therapies R&D, Industri-
estraße 72, Vienna. These solutions were in a glycine buffer of
250 mM L�1 and are designated as AFG (as-received formulation
with glycine). Different grades of polyethylene glycols (PEGs) such as
600, 2040, 3350, 4000, 6000, 8000, and 10,000 were purchased from
Sigma-Aldrich, St. Louis, MO, USA. NaCl, NaI, NaN3 (sodium azide),
Poloxamer 188, and Urea (URE) were purchased from VWR Chemi-
cals, LLC, Ohio, and were of bioanalytical grade. Aspartic acid (Asp),
KI, Arg HCl, NaH2PO4 monobasic, and Na2SO4 anhydrous were
obtained from Fischer Scientific, Fair Lawn, NJ, USA. All chemicals
were of analytical grade and had a minimum purity of 98.5−99 %.

Methods

Measurement of protein concentration
Protein concentration was estimated by using UV spectrometer

(NanoDrop Onec, Thermo Scientific, Madison, WI-53711). This analy-
sis is based upon the protein A280 method, and mass extinction coef-
ficient, e 1 %, of 13.2 L g�1 cm�1 was used for each measurement.
Before analysis, water was used as a blank or background correction.
Measurements were performed in triplicate for each sample (n = 3).
Samples were appropriately diluted to the linear range of the method
in order to achieve a high accuracy of the protein values determined.
Critical concentration of PEGs
Critical concentration is the amount of PEG required to precipitate

human pAb IgG out of the AFG solution at the given concentration of
101.9 § 1.0 mg mL-1 and ambient temperature, a RT of 22.5 § 2.0 °C.
Stock solutions of different grades of PEGs, 600 (80 % w/v), 2050
(60 % w/v), 3350 (60 % w/v), 4000 (50 % w/v), 6000 (40 % w/v), 8000
(30 % w/v), and 10,000 (20 % w/v), were prepared in 1.0 M NaCl. PEG
400 was used as received in liquid form, and NaCl was not used with
it. In 500 mL of AFG, PEG that is dissolved in a 1.0 M NaCl solution
was gradually added until it showed light to heavy precipitates. This
point was determined by visual inspection. Below this critical point,
lower concentrations of PEG and NaCl would yield protein solutions
that are undersaturated. A rheometer was then used to measure the
viscosity of these solutions, and a phase diagram was constructed, as
shown in Figure S1, for example, for PEG 600. The details of the pro-
cedure for viscosity measurement are given in section 2.2.6.

Spray drying process
Spray drying was performed on a bench-top spray dryer (B-290

Mini Spray Dryer, Buchi Labortechnik AG, Flawil, Switzerland) pro-
vided at Takeda Pharmaceuticals (35 Landsdowne Street, Cambridge,
MA). The concentration of protein in the feed solution was kept at
50 mg mL�1 unless otherwise specified. For this, an AFG 10 % solution
with a pH of 4.8−5.0 was diluted with water and kept on continuous
stirring overnight at 4.0 § 0.2 °C in the cold room. The spray dryer
was assembled with a spray chamber, cyclone, and sample collection
vessel with a capacity of 0.3 L. The atomization of the solution was
carried out using a 2-way spray nozzle with a tip diameter of 1.4 mm,
and a peristaltic pump was used to feed the solution. The gas (air or
nitrogen) flow on the rotameter was adjusted to 40. The spray drying
parameters, inlet temperature, pump, and aspirator, were set to
120 § 1.0 °C, 15 %, and 70 %, respectively, and these were optimized.
The outlet temperatures recorded before and during the entire spray
drying process were 60§2.0 °C and 54§3.0 °C, respectively. Before
spraying the sample solution, purified water was sprayed for 5 min
to ensure that there was no moisture accumulation in the cyclone
and sample collection vessel. This is related to inlet and outlet tem-
peratures.

Spray-dried product characterization. Product yield. Spray-dried solid
powder was collected directly from the sample collection vessel,
without scraping the inner surface of the vessel to avoid agglomera-
tion of particles, and the PSD was determined using a particle size
analyzer. To calculate the total recovery, the product that was stuck
to the interior of the spray chamber, cyclone, and sample collection
vessel was thoroughly washed with water and dissolved. This
amount was estimated using the UV method as described in Section
2.2.1.

Moisture content. The moisture content of the sample was deter-
mined using a KF titration. About 300 mg of SDS was used in the KF
titrator (C30, Coulometric KF Titrator, Mettler Toledo LLC, Columbus,
OH, USA). Before analysis, the instrument was calibrated using a cali-
bration standard, sodium tartrate dihydrate. The measurement was
performed in triplicate (n = 3).

Particle size distribution analysis. The geometric PSDs were deter-
mined by laser diffraction using a Malvern Mastersizer 2000 (Mal-
vern Instruments Ltd., Worcestershire, UK). Liquid measurements in
neat heptane were carried out using a Hydro 2000 mP dispersion
unit. For a small volume, wet sample dispersions were performed at
1000 rpm. Data were analyzed based on the D10, D50, D90 and the
span of the PSD. Results reported are the average of three analyses. A
span value was calculated using the formula, Span = D90 ‒D10/D50.

Protein estimation. 50 mg of accurately weighed SDS was dis-
solved in 1 mL of water using a speed shaker for 1 h, and the concen-
tration was measured using a UV method as described in Section



Table 1
Obtained from qualitative precipitation assay. CPT-1 is the amount used for the prepara-
tion of the formulation that would yield an undersaturated solution with ease of addi-
tion of additives.

Grade of PEG CPT (% w/v) CPT-1 (% w/v)

400 54.5 50
600 46.66 44
2050 13.12 12
3350 11.61 10
4000 10.93 8.33
6000 6.66 5.0
8000 5.80 5.0
10,000 4.37 4.0
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2.2.1. The measurement was performed in triplicate (n = 3). The value
was multiplied by 2 (dilution factor, D = 2) to obtain a concentration
in 100 mg of solid powder.

Differential scanning calorimetry (DSC). Thermal analysis of spray
dried powder was performed using DSC (Q2000, TA Instruments,
New Castle, DE, USA) operating with Universal Analysis software,
version 4.5A. 3−4 mg of sample was weighed accurately in aluminum
pans and subjected to the thermal scan at a heating rate of 10 °C
min−1. During analysis, a dry nitrogen purge was maintained at
50 mL min−1. The instrument was calibrated using a high purity stan-
dard of indium before analysis.

Preparation of suspension formulations
Formulations were prepared in AFG solution, 10 %, pH 4.8, called

primary dispersion medium. This medium was saturated using a
stock solution of PEG 6000 and sodium chloride below its critical
point, as shown in Table 1. It was mixed with a magnetic stirrer at
400 rpm. PEG 6000 is an optimized grade from a lower viscosity,
higher number of monomers, and lesser agglomeration point of view.
This saturated solution is called a secondary dispersion medium. At
this point, additives were also added, if any, for example, Asp and
URE. Then an equivalent amount of SDS was dispersed (% suspended
solid) to reach the target protein concentration in the solution. The
solid was vortex mixed for 5 min at a vortex speed of 10 using a vor-
tex mixer (VWR Analog Vortex Mixer, Mini 120 V, Henry Troemner,
LLC, USA). The following micro-suspension level of dispersion was
carried out using a magnetic stirrer overnight or 16−17 h at 400 rpm.
The resultant formulations were left at room temperature for a day to
remove or minimize the frothing generated on the top of the formu-
lations.

Qualitative turbidity measurement
Turbidity was measured comparing the formulations with refer-

ences, water, and AFG 10 %, and 20 % solutions. Formulations were
faced against a black background to perceive their color, if applicable.
The qualitative score was given based on their density and color, or
opacity. The density of the solution was determined using a simple
formula; density, r = mass (m)/volume (V).

Viscosity measurement
The rheological behavior of all formulations was determined using

an instrumented rheometer (Discovery HR-3, Hybrid Rheometer,
Thermal Advantage, TA, USA) at a temperature of 20§0.5 °C. The
instrument was equipped with cone-and-plate geometry and a tem-
perature-controlling unit. The cone had a dimension of 20 mm of
diameter and cone angle of 1° (0.590.5300). Viscosities at different
shear rates (shear rate sweep) were measured using 100−200 mL of
sample depending on the estimated viscosity of the samples. Before
analysis, the instrument was calibrated. Values were expressed as
mean of three determinations (n = 3).
Physical-chemical stability analysis

Mobile phase preparation. For chromatographic analysis, each liter of
elution run buffer was prepared by dissolving 21.3 g of Na2SO4 anhy-
drous, 2.76 g of NaH2PO4 monobasic, and 1.3 g of NaN3 in demineral-
ized water. Then the pH of 6.8 was adjusted using a 1.0 N NaOH
solution. 10 % DMSO was added, and the resultant solution was vac-
uum filtered through 0.45 mm membrane filter using a 250 mL dis-
posable filter unit (Nalgene Filtration Products, Thermo Scientific Inc.,
USA).

Size-exclusion chromatography. The HPLC system (Agilent, 1200
Series) was equipped with a TSKgelTM G3000SWXL column
60 cm £ 7.5 mm ID, 10 mm particle size (Tosoh Bioscience, Tokyo,
Japan), binary pumps, and an Agilent variable wavelength DAD detec-
tor. The concentration of excluded proteins was determined at wave-
length of 280 nm by UV detector with an injection volume of 10 mL.
The column was preequilibrated with mobile phase. The elution was
carried out with a mobile phase at ambient temperature with a flow
rate of 0.7 mL min�1. The total run time per sample was 60 min. Elu-
tion time for agglomerates, dimers, monomers and fragments were
14.41 min, 16.56 min, 19.48 min, and 25.08 min, respectively. The
retention time uncertainties in this analysis were §0.02 min. Chro-
matograms were analyzed using Agilent ChemStation software, and
the retention time and percentage main peak were recorded.

Quantitative determination of injectability

Syringeability. The formulations were syringed from the vial using an
18G needle for the determination of the injection force, and the
details for injectability analysis are provided in the section below.

Injectability analysis. The measurement of the injection force was
performed in compression mode using a software-controlled (Blue-
hill� Universal, v4.37) compression testing machine (Instron 5580,
Norwood, MA, USA). The syringe was fixed in the in-house-made
syringe holder as shown in Fig. S3, and the needle (24G, 0.75 In) was
positioned downward, which had an adaptor. The syringe was made
of polypropylene and had a total capacity of 3 mL. The plunger end of
the syringe was placed in contact with a 10 N loading cell. Injection
testing was carried out at a crosshead speed of 0.83 mm s�1, repre-
sentative of the 3 mL min�1

flow rate. The aliquot volume for all for-
mulations was 1.5 mL. The injection force required to maintain the
constant flow rate of 3 mL min�1 of the formulation into air was con-
tinuously recorded against the resistance offered by the material. The
function of plunger displacement (mm) was then transformed into
the extruded volume of the formulation from the cross-sectional area
of the cylindrical barrel.

Statistical analysis
Tests for significant differences and regression analysis were per-

formed by using the software Origin� 8.5 (Origin Lab., USA). Differen-
ces were considered significant at the p < 0.05 level. Linear
regression analysis was performed using the method of least squares
by Microsoft Excel software. The frequency of the fit was assessed
from the regression coefficient (R2).

Results and discussion

The amount of PEG, CPT, required to precipitate a 100 mg/mL con-
centration of h IgG in 250 mM glycine is enumerated in Table 1. As
expected, to precipitate a given concentration of protein, a lower
amount of PEG with a higher molecular weight was required. This
behavior is consistent with the fact that the volume exclusion effect
is related to their nominal mass.18 The relationship between CPT and



Fig. 1. The concentration of PEG and corresponding average molecular size obtained
from the qualitative precipitation assay, with PEG 6000 (6.0 kDa) marked as an outlier.
The lower molecular weight grades of PEGs, 400 and 600, are not shown. The R2=0.99,
is only for the data shown in the figure above, excluding PEG 6.0 kDa.
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PEG molecular weight was linear except for PEG grades 400, 600, and
6000 (Fig. 1).

For suspension formulation, the objective is to optimize the dis-
persion medium in terms of viscosity and aggregation. The viscosities
were measured for the secondary dispersion medium, which consists
of PEGs and NaCl, with representative typical rheological behavior in
Fig. S2. The viscosity of the dispersion medium increases exponen-
tially with PEG concentration. Above the critical point, viscosity
would be very high, and that solution is undesirable for the prepara-
tion of the formulation. Below this point, formulations can be pre-
pared. In the literature, a viscosity of »30 cP is considered the
maximum acceptable for a formulation to be syringeable and
injectable, with <20 cP being more preferable.2 Fig. 2 shows the vis-
cosity of different PEGs in a nearly saturated protein solution. The vis-
cosity of the AFG 10 % solution is 3.97§0.08 cP. A larger size and a
higher concentration of PEG contributed to a higher viscosity for the
Fig. 2. Viscosity of different grades of PEG present in the 10 % solution of h IgG in 0.25 M gly
can be used in the formulation preparation, and the viscosity should be below 20 cP.
secondary dispersion medium, in the range of 4.2−7.5 (§2.5−3.3) cP.
PEG 6000, an intermediate molecular weight, was selected for formu-
lation development since the aggregation was minimal, <0.1 %, as
compared to lower (400−3350) and higher (8000−10,000) molecular
weight PEGs (Table S1).

A solid powder of h IgG was generated using spray drying for sus-
pension preparation. Spray drying parameters are important critical
process parameters to optimize. Based on spray conditions and atom-
ization, the final product was deposited on different parts of the spray
drying machine. In the case of product recovery, 85.5 % solids were
collected directly from the sample collection vessel when the concen-
tration of protein in the feed solution was 69.6 mg mL−1. The rest of
the product was recovered in wash solutions, and this contributed to
13.2 %. (Table 2) The wash solutions, comprising 13.2 % of product
recovery and consisting of solutions from the spray chamber, cyclone,
and sample collection vessel, had a product recovery of 2.4 %, 6.6 %,
and 4.2 %, respectively. The protein content in the spray-dried solid
(SDS) was estimated to be 80.21 § 0.56 %. The amount of glycine was
calculated by deducting the protein content and the moisture con-
tent. As mentioned before, spray drying was performed using differ-
ent protein concentrations in the feed solution, and optimized spray
drying parameters were used. To see the effect of different protein
concentrations in the feed solution, the particle size distribution
(PSD) of the product was determined. The total product yield was
between 95.9−98.7 %. Their individual recoveries as solid powder
and obtained from wash solutions are presented in Table 2. A unimo-
dal PSD was found in all cases except for the AFG 10 % feed solution
(Fig. 3).

A feed solution with a higher concentration, above 85 mg/mL,
resulted in multimodal PSD, and most of the particles were found to
be of larger size or agglomerates of particles when the concentration
was 100 mg/mL. This is seen from their D10, D50, and D90 values
(Table 2). More than 90 % of particles were below 20mm. In a concen-
trated solution, the shear forces required to separate the proteins in a
droplet at given process parameters are higher than for proteins in
dilute solution. The 50 mg/mL concentration in the feed solution was
found to be optimal for a slightly narrower PSD as compared to the
rest of the protein concentration in the feed solution. This concentra-
tion was used to obtain SDS for further formulation preparations.
Thermal analysis of spray dried powder showed broad endotherm
due to water loss, and there was no degradation at 120 °C (Figure S1).
cine. For example, D12 % represents the concentration (12 %) of that particular PEG that



Table 2
Spray-dried product characterization with different protein concentration in the feed solution.

Conc.
(mg/mL)

Solid Powder (%) Wash
Solutions (%)

D10

(mm)
D50

(mm)
D90

(mm)
Span

100 79.74 16.18 57.4 § 0.1 219.6 § 0.4 608.9 § 1.1 2.51 § 0.49
83.6 88.0 9.0 4.1 § 0.10 8.4 § 0.2 16.9 § 0.2 1.51 § 0.02
69.6 85.5 13.2 7.7 § 0.5 15.8 § 1.7 29.7 § 3.9 1.38 § 0.09
54.3 85.0 12.0 3.7 § 0.2 8.0 § 0.1 16.4 § 1.2 1.53 § 0.14
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This suggested that spray dried solid was physically stable at 120 °C.
The physicochemical stability of proteins in SDS is reported in Table 3.
In all cases, the h IgG was > 90 % monomers, < 7.5 % dimers, and <
0.3 % aggregates. SDS powder was found to be less dispersible in pure
water, so a speed shaker was used to dissolve the solid before per-
forming analysis.

Different electrolytes with PEG were studied in order to reduce
the viscosity of primary and secondary dispersion mediums. Table 4
shows the amount of PEG 6000 (CPT1) with different electrolytes
(CPT2) required to saturate the AFG 10 % solution. There was no signif-
icant change in the pH of the solution. Viscosity is higher for satu-
rated solution than for 10 % solutions because of the presence of PEG.
The reason both PEG and electrolytes are used is because PEG helps
to quickly saturate the protein solution, and viscosity can be reduced
by using electrolyte with it. NaI was a little more effective than NaCl
and Arg HCl. The addition of 0.01 % of Poloxamer 188 did not have a
statistically significant effect on the viscosity (Table 4). NaCl is com-
monly used as an electrolyte as in isotonic saline, and its amount was
kept within the isotonic limit and selected for further experiments.

In order to understand the complete rheological profile with
respect to the concentration of protein, a series of formulations were
prepared using four optimized additives: NaCl, PEG 6000, Asp, and
URE. The content of the second and third vials, 100 C and 200 C,
respectively, is immune globulin in 250 mM glycine buffer, pH 4.6.
Asp and URE were found to be effective when directly added to the
protein solution (data not shown). The composition of formulations
F1 to F7 is enumerated in Table S2. The role of each of these additives
in the formulations has been mentioned before as being important in
this work. As shown in

Fig. 4, all formulations form colloidal dispersion, and their turbid-
ity was determined qualitatively. Qualitative turbidity depends on
visual inspection, which can be subjective. According to USP Chapter
h855i, turbidity can also be determined using a visual comparison,
but instrumental assessment provides a more discriminatory assess-
ment.19 Table S3 shows the qualitative turbidity measurement of the
Fig. 3. Particle size distribution of spray-dried product
formulations captured in Fig. 4. The score of turbidity was given
based on both density and color, or opalescence. Since the density of
the formulations was also considered in the assignment of score, it
can be a semi-quantitative measurement. The denser and darker
color formulations scored higher, as shown in Table S3. The water is
colorless, and 10 % and 20 % AFG solutions, designated as 100 C and
200 C, respectively, have a colorless to light yellow coloration (Fig. 4).
The rest of the formulations have suspended SDS in them, and there-
fore, they scored higher. 100 C and 200 C are solutions; the formula-
tions, F1 to F7, are micro-suspension or colloidal particulate
dispersions.

Fig. 5 presents the rheological behavior of the formulations, F1 to
F7. As anticipated, viscosity is higher for higher protein concentra-
tion; and is increasing by »1.4 times from 250 to 280 mg/mL (Fig. 5A
and B). On the other hand, the viscosity is higher with a higher pro-
tein concentration; and is increasing by »1.6 times from 300 to
330 mg/mL (Fig. 5C and D). The viscosity was increased by 3.2-fold
from 380 to 400 mg/mL (Fig. 6A and B). In both cases of relative
change, F6 and F7, the difference in viscosity at the highest and low-
est shear rates is 2.79 times greater, i.e., higher for F7, and lower for
F6. This means formulations are better up to 380 mg/mL concentra-
tion, and beyond this concentration, viscosity drastically increases by
more than 3-fold. Depending on their shear-thickening behavior,
they can be further subcategorized. This subcategory is presented in
Fig. 7. Except for F1, the rest of the formulations are non-Newtonian
systems. The shear thickening in the case of F1 remained negligible. If
the rheological behavior of F5 is compared with F6 (F6 is shown in
Fig. 6) it is seen that the viscosity higher with a higher protein con-
centration; and was increased by only »1.08 times from 350 (F5) to
380 mg/mL (F6).

Formulations (F1 to F7) were studied for injectability and also
compared with references, AFG 10 % and 20 %, including water. Fig. 8
shows the typical injectability profile of the formulations, wherein
the extruded volume of the formulation is plotted against injection
force. The injection force was continuously recorded against the
for different values of initial protein concentration.



Table 3
Physical-chemical stability analysis of h IgG in SDS powder. The inlet temperature was
120 °C.

Conc.
(mg/mL)

Aggregates (%) Dimer (%) Monomer (%) Fragments (%)

100 0.263 7.371 90.979 1.387
83.6 0.204 5.357 93.097 1.341
69.6 0.164 6.592 91.865 1.379
54.3 0.233 5.852 92.564 1.352

Table 4
Concentration of components at the precipitation of AFG 10 % at RT and their viscosity.

Components pH CPT1
(mMol)

CPT2
(%w/v)

Viscosity
(cP)

Viscosity (cP)
with 0.01 %
Poloxamer 188

AFG 10 %, A 4.8 − − 3.97 § 0.08 −
A + NaCl - PEG 4.9 182.3 6.66 7.93 § 0.21 7.41 § 0.74
A + NaI - PEG 4.9 166.6 5 4.14 § 0.17 4.63 § 0.23
A + Arg HCl - PEG 5.0 285.7 8.57 6.56 § 0.19 7.89 § 0.34
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resistance offered by the formulations when the flow rate was con-
stant at 3 mL/min. The entire injectability profile can be divided into
four different phases: Phases I, II, III, and IV. Phase IV is not relevant
to the flow behavior of the suspension since the syringe became
empty and therefore can be ignored. Thus, phase IV has no practical
relevance in a real-world scenario. Phase I is related to the initiation
when the user starts pushing the plunger following phase II. The
maximum force is the threshold at which the pain at the site of injec-
tion could become maximum; however, it is not easier to predict the
threshold value for the pain at the site of injection based on Phase II
and III. For the highly viscous formulation of 400 mg/mL, which
shows maximum yield force in Phase II and ultimate force in Phase
III, the injectability would become almost impractical from the pain
at the site of injection viewpoint. It will be easier for user to inject the
formulation with lower ultimate forces and therefore, 330 mg/mL
and below this formulation would cause lesser pain at the site of
injection. However, it remains difficult to directly link the Phase II
and III with patients’ response towards pain at the site of injection
without studying at the clinic, which remains outside the scope of
this work.

More details of Phase II and Phase III have been provided in Fig. 9.
Phase III is called the plateau phase since most of the suspensions
were injected at a constant force without any significant fluctuations
in the recorded injection force. For low viscosity fluids, the ultimate
force, fu, is almost the same as yield force. This kind of formulation
Fig. 4. Photographic image showing a series of formulations, from F1 to F7, with controls or
bidity measurement.
would not really cause any significant pain at the site of injection. fu
is the force recorded at the end of the plot, and is also called the max-
imum force offered by the material. Yield force, fy, is the force or point
after which formulations demonstrated continuous viscoplastic flow
without any fluctuations in the injection force until it achieves the fu.
Almost all formulations showed this behavior in Phase III. Apparently,
injectability or injection force is a function of the viscosity of the fluid,
the type of the syringe (barrel and needle gauge used), as well as flow
rate achieved. As the plunger moves in the barrel, stopper-plunger
break-loose forces20 are registered first, which are quite comparable
regardless of the viscosity of the suspensions in all cases. Yield forces,
fy, vary substantially depending on the viscosity of the formulation,
and their attainment has been delayed in Phase II or Phase III. For
low-viscosity fluids, 100 C and 200 C, fy are negligible. Moderately
high viscosity fluids, from 250C to 330C, gained yield forces in Phase
II, and the rest of the highest viscosity formulations, 350 C, 380 C, and
400 C inclusive, achieved their yield forces in Phase III.

Table 5 shows quantitative injectability parameters that were
derived from the force-displacement profile of the suspension formu-
lations shown in Fig. 8. As the concentration and therefore the viscos-
ity of the formulations increased, the values of fy, fV�1/4, and fu also
increased accordingly. The reason these parameters are calculated is
because they indicate the nature of the flow during injectability anal-
ysis. This means that for a given fluid, if the standard deviation
between these parameters is minimal or close to zero, such systems
are considered mechanically homogenous. If the value of the stan-
dard deviation is greater, those systems are mechanically inhomoge-
neous. Ideally, the value should decrease and approach close to zero,
but it should not increase. And Pmax is the maximum pressure that
was created inside the barrel, which is calculated from the value of fu
and the cross-sectional area of the cylindrical barrel.

Syringeability and injectability are key product performance
parameters for any parenteral drug formulation. Although they seem
very similar, they have considerable differences. Syringeability refers
to the ability of an injectable formulation to pass easily through a
hypodermic needle on transfer from a vial prior to an injection.20 On
the other hand, injectability relates to the performance of the formu-
lation during injection and therefore has to do with injection force.
At the clinic, an injection is conventionally performed by pushing the
thumb on the plunger while the ipsilateral index and middle fingers
are used to stabilize the syringe.21 According to the literature, in this
manner, the average maximum force that can be generated is 79.8 N.
The males could generate a higher injection force, 95.4 N, than the
females, 64.1 N.22 Although the value in females is 64.1 N, it has also
been recommended that, no matter what sort of formulation we are
dealing with, the injection force should not exceed the limit of 40 N,
otherwise, it will be difficult for a female physician to inject such a
references, water, 10 % AFG, and 20 % AFG, and were also considered for qualitative tur-



Fig. 5. Plots showing the rheological profile of formulations F1 (A), F2 (B), F3 (C), and F4 (D) The viscosity values are shown at the highest, lowest, and mid-point shear rates, respec-
tively. Their concentration is also displayed in the legend of the plot.

Fig. 6. Plots showing the rheological behavior of formulations F6 (A), and F7 (B). The viscosity values are shown at the highest, lowest, and mid-point shear rates applied. F25 and
F26 has a protein concentration of 380 mg mL−1 and 400 mg mL−1, respectively.

Fig. 7. Subcategory of rheological systems based on their shear thickening behavior. Category 0 stands for the Newtonian system, where shear thickening is negligible. Δή shows the
magnitude difference of shear-thickening and viscosity differences at the lowest and highest shear rates applied.
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Fig. 8. The quantitative injectability of the formulations was also compared with empty syringes and reference protein solutions. Different regions of the plots are designated as
Phase I, II, III, and IV depending on the injection force recorded.

Fig. 9. Details of Phase I, and II, from Fig. 8. The plot characterizes behavior before fluid achieves a plateau, the highest concentration formulation, 400 C F26, is omitted. stopper-
plunger break-loose force, following dynamic glide forces, fDG, and a line across the yield forces, fy. The forces at 1/4th of the volume shown at the end of the plot, have also been
enumerated in Table 5.

Table 5
Quantitative injectability parameters obtained from force-displacement profile of the
formulations.

Formulation Protein
Conc.
(mg/mL)

fy
(N)

fV�1/4
(N)

Ultimate
Force, fu (N)

Maximum
Pressure,
Pmax (MPa)

100 C 101.9 § 1.6 0.8 § 0.01 0.8 0.7 0.012
200 C 207.2 § 0.8 1.2 § 0.03 1.3 1.4 0.024
F1 »250 2.0 § 0.01 2.1 2.5 0.043
F2 »280 2.9 § 0.01 3.2 4.3 0.075
F3 »300 3.5 § 0.01 3.5 3.8 0.066
F4 »330 3.7 § 0.05,

5.6 § 0.10
3.6 6.2 0.108

F5 »350 7.9 § 0.20 7.6 12.2 0.213
F6 »380 8.7 § 0.10 8.1 10.0 0.175
F7 »400 15.6 § 0.20 16.5 16.5 0.289

fV�1/4 is the force or point at which 1/4th of the volume had already been injected in
Phase II or Phase III.
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formulation.21 And, if we consider this 40 N cut-off instead of 64.1 N,
all formulations, F1−F7, are well within range with respect to even
the highest protein concentration formulation, F7 400 mg/mL
(Table 5), with a maximum injection force of 16.5 N, which is
2.4 times lower than the injection force limit recommended for
female physicians.

Despite high viscosity, specifically formulations F4 to F7 remained
injectable. These high-viscosity, shear-thickening formulations were
injected smoothly with the desired flow rate of 3 ml/min, and a
syringe with a 24G needle was used. The applied forces recorded
higher resistance as the formulations’ viscosity increased. All formu-
lations include additives such as PEG, NaCl, urea, and aspartic acid.
PEG might contribute to the formulation’s high viscosity, while the
other additives (NaCl, urea, and aspartic acid) play a role in lowering
the viscosity of the formulation and allowing the fluid to flow more
easily through a 24G needle. PEG has polyhydroxy functional groups
that might interact directly with water through H-bonds, and their
very long polyethylene polymer chain might get entangled with large
immune globulin molecules and contribute to higher viscosity. On
the other hand, small molecules like aspartic acid (non-planar



Fig. 10. Plots showing interdependency of protein concentration, viscosity, and associated injection force. A. at the lowest shear rates, B. At the highest shear rates. %SF is the critical
solid fraction of spray-dried solid in suspension beyond which viscosity increases more than three times.
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molecule) and urea (planar molecule) form stable H-bonds with
water, PEG, as well as immune globulin molecules, and can act as
molecular lubricants in order to reduce the viscosity. NaCl is respon-
sible for solvation and stable ionic bonds that diffuse along the
charged functional groups of amino acids of immune globulin mole-
cules and water and thereby lessen the higher viscous forces. Also,
under the applied force, shear-thickening systems would thicken and
would resist the flow; under constant applied pressure, the design of
the syringe-needle system might have played an important role in
compensating for the high viscosity and allowing the suspension to
flow under these specific conditions.

The interplay between protein concentration, viscosity, and injec-
tion force remains important to understand their interdependency.
Fig. 10 captures this behavior, where viscosity and injection force
both exponentially increased as protein concentrations were raised.
%SF is the point or critical amount of SDS, 380 mg/mL, above which
viscosity drastically increases and so does the injection force. How-
ever, apparently, in both Newtonian and non-Newtonian systems,
the concentration dependence on the viscosity is much greater than
the concentration dependence on the injection force. Rather, for the
series of protein concentrations and at a given injection set-up, injec-
tion force relatively operates in a in a narrow range. This means such
ultra-highly concentrated protein biologics, in this case, high-viscos-
ity h IgG colloids, are syringeable and injectable up to 400 mg/mL
concentration; however, their viscosity is not 20−50 cP.

Table S4 shows the physicochemical stability of h IgG in different
formulations. In general, 10-fold dilution improves the dissolution of
suspended solids and hence reduces the content of agglomerates.
Suspensions, F1 to F7, had an aggregate content already close to the
specification limit of Gammagaurd Liquid/KIOVIG. The higher content
of monomers in the formulations is believed to be due to the high-
quality spray-dried solids. All suspensions were prepared in an AFG
10 % solution, and in an AFG 20 % protein solution, dimers were found
to be higher as compared to the 10 % solution. The aggregate amount
remained low regardless of the concentration of the product.
Conclusion

The present work systematically developed a suspension formula-
tion where simple additives, PEG 6000, NaCl, Aspartic acid, and Urea,
were identified and optimized. These formulations investigated con-
sist of additives that are pharmaceutically acceptable. Analytical tech-
niques apart, formulation preparation involves unit operations like
spray drying and mixing. We also demonstrated that highly concen-
trated, high-viscosity human immune globulin colloids are
syringeable and injectable up to 400 mg/mL concentration, however,
their viscosity is not 20−50 cP. This behavior creates a viscosity-
injectability paradox (VIP), a very important parameter, and implies
that highly concentrated protein biologics may not only be assessed
from a viscosity point of view, but injectability or injection force
should also be taken into account. The practical scenarios in which
injections are performed at the clinic may supersede their highly vis-
cous behavior. Finally, where stable, continuous, mechanically
homogenous viscoplastic flow is achieved, injectability is not an
issue, but pain assessment will remain an open issue. In addition,
while the DSC analysis presented in this work provides information
on chemical stability additional work such as mass spectrometry and
force degradation studies should be performed to further character-
ize the stability.
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