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A B S T R A C T   

Subvisible particles generated during the preparation or administration of biopharmaceuticals might increase the 
risk of immunogenicity, inflammation, or organ dysfunction. To investigate the impact of an infusion system on 
the level of subvisible particles, we compared two types of infusion sets based on peristaltic movement (Medi-
fusion DI-2000 pump) and a gravity-based infusion system (Accu-Drip) using intravenous immunoglobulin 
(IVIG) as a model drug. The peristaltic pump was found to be more susceptible to particle generation compared 
to the gravity infusion set owing to the stress generated due to constant peristaltic motion. Moreover, the 5-µm 
in-line filter integrated into the tubing of the gravity-based infusion set further contributed to the reduction of 
particles mostly in the range ≥ 10 µm. Furthermore, the filter was also able to maintain the particle level even 
after the pre-exposure of samples to silicone oil-lubricated syringes, drop shock, or agitation. Overall, this study 
suggests the need for the selection of an appropriate infusion set equipped with an in-line filter based on the 
sensitivity of the product.   

1. Introduction 

Intravenous (IV) infusion is a common route of delivery for bio-
therapeutics, accounting for about 63% of protein therapeutics as of 
2018 (Luo et al., 2020). IV infusion therapeutics are prepared by 
injecting a calculated amount of the drug into an IV infusion bag through 
syringes, followed by mixing and administration at controlled flow rates 
(if necessary) through medical tubing. Each of these steps, even when 
strictly followed based on the product label and guidelines, can poten-
tially expose proteins to various stresses, prompting the generation of 
particles (Werner and Winter, 2015). 

Particulate matter is generally monitored and regulated in the 
finished drug product (Besheer, 2017; Glover et al., 2013; Kumru et al., 
2012). Besides, excipients are being added in formulations to reduce the 
susceptibility of proteins to the stresses through extensive screening 
processes (Kamerzell et al., 2011; Messina and Woys, 2022; Panchal 

et al., 2022; Svilenov et al., 2023). However, once the therapeutic pro-
teins are released into the market, there is limited control or only a vi-
sual inspection of the factors that contribute to their generation and 
affect their quality and integrity (Nejadnik et al., 2018). Moreover, the 
magnitude and nature of mechanical stress or surface exposures could 
differ in actual clinical settings. As per an observational study in a 
clinical setting, there were several such incidences including agitation of 
vials, back-and-forth movement of the plastic syringes, and dropping of 
IV bags (Jiskoot et al., 2017). Such mishandlings could expose protein 
therapeutics to interfacial stresses, inducing subvisible particles (Car-
penter et al., 2009; Ghazvini et al., 2016; Kim et al., 2021; Kim et al., 
2020; Linkuvienė et al., 2022; Liu et al., 2011; Nejadnik et al., 2018; 
Randolph et al., 2015; Thirumangalathu et al., 2009; Ueda et al., 2019). 
Likewise, IV infusion-specific infusion pumps could be another potential 
source of particle formation since pump systems have been identified as 
one of the major sources of protein particle formation (Deiringer et al., 
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2022; Dreckmann et al., 2020; Gomme et al., 2006; Her and Carpenter, 
2020; Her et al., 2020; Wu and Randolph, 2020). 

Peristaltic pumps are commonly used in infusion sets as they allow 
accurate calibration of the flow rate while keeping it constant, making 
them ideal for precise dosing control (Formato et al., 2019; Pollo et al., 
2019). The pump works through a positive displacement of fluid 
generated by the periodical pressing of a tube segment against the pump 
housing (Klespitz and Kovács, 2014). Although the infusion peristaltic 
pumps studied by Deiringer et al. and Wu et al. mainly cover the peri-
staltic pumps used in the fill and finish procedures, with a similar 
working mechanism of positive displacement through repeated 
compression and expansion, the protein particulates in infusion pumps 
can be produced based on the adsorption of proteins onto the tubing 
surface followed by disruption during operation and are released as a 
protein film (Deiringer et al., 2022; Wu and Randolph, 2020). To pre-
vent particles from entering into the patient’s systemic circulation, 
tubing sets are available with in-line filters ranging from 0.2 to 15 µm 
pore size (Werner and Winter, 2015). However, particles larger than 20 
µm have been detected even when 0.2 µm and 1.2 µm in-line filters were 
used (Pardeshi et al., 2017). Alternatively, a gravity-based infusion set, 
also known as an IV drip, allows the flow by utilizing the gravitational 
force which normally consists of a drip chamber and a flow regulator. 
Meanwhile, compared to the infusion pumps, the flow rate in a con-
ventional gravity-based infusion set is less accurate as it depends on the 
height of the infusion bag or bottle (Crass and Vance, 1985). Never-
theless, unlike the peristaltic pump, it does not involve repeated tubing 
compression, which leads to a hypothesis that the level of particle 
generation would be lower than that of peristaltic pumps. 

The existence of particulate matter particularly in the subvisible 
range (i.e., approximately 1–100 µm) and lower has been a critical 
challenge in biopharmaceuticals as it poses a higher risk of being un-
detected in the clinical setting due to their small size and transparency 
(Carpenter et al., 2009; Kumru et al., 2012; Langille, 2013). Despite the 
improvements in subvisible particle analysis technologies such as FI 
technology or background membrane imaging (Fawaz et al., 2023; 
Helbig et al., 2020), implementing these techniques in a clinical setting 
(e.g., in-use stability) is less feasible. Infused subvisible particles carry a 
risk of developing several complications during IV infusions including 
immunogenic reactions, inflammation, or even organ dysfunction (Ilium 
et al., 1982; Niehaus et al., 1984; Pardeshi et al., 2021; Turco and Davis, 
1971; Van Boxtel et al., 2022). Reflecting on the severity of possible 
adverse events secondary to the infusion of subvisible particles into 
patients, and with an intent to suggest a better infusion system, the 
current study was designed to compare the level of subvisible particles 
generated in two different types of infusion sets (Table 1 and Fig. 1); 1) 
Infusion set 1: the MEDIFUSION DI-2000 pump based on peristaltic 
movement conjugated with a di(2-ehtylhexyl) phthalate (DEHP)-free 
infusion tube, and 2) Infusion set 2: Accu-Drip, a gravity-based infusion 
system, conjugated with a polyurethane infusion tube with a 5-µm in- 
line filter. The Accu-Drip system used for the study is an automatic 
infusion control device that is designed to adjust the flow rate with the 
help of a drop sensor attached to the drip chamber, making it superior to 
conventional IV drip systems in accuracy (Hanvit MD Co.). Moreover, 
the investigation also included the effect of the in-line filter, the use of 
plastic syringes with silicone oil (SO syringe), and the application of 
mechanical stresses such as drop shock and agitation stress. Intravenous 

gamma globulin (IVIG)—the model drug for the study—was diluted into 
a 5% dextrose IV bag in defined concentrations using a silicone oil- 
lubricated syringe or silicone oil-free syringe. 

2. Materials and methods 

2.1. Materials 

IVIG (IVIG-SN 10%; lot number: 383A21020 and 383A22001), 
composed of 100 mg/mL humanized IgG and 18.8 mg/mL glycine at pH 
4.8, was purchased from GC Biopharma (Gyeonggi, Korea). A 100 mL IV 
infusion bag of 5% dextrose (Lot. A9V9B44 and 44X4B44) (packaging 
material: multi-layered non-PVC films, with polypropylene in the sur-
face of contact with the solution) was purchased from Dai Han Pharm. 
Co., Ltd. (Seoul, Korea). The tubing sets: IV flow regulator set (SRY- 
400A) (Tube 1) and Accu-Valve-IV set (Tube 2) were purchased from 
Sungshim Medical Co., Ltd. (Daegu, Korea) and Hanvit MD Co., Ltd. 
(Daejeon, Korea), respectively. The Medifusion DI-2000 pump based on 
a peristaltic mechanism was procured from Daiwha Corp., Ltd. (Incheon, 
Korea), and the electronic infusion controller for gravity flow infusion 
systems (Accu-Drip) based on the gravitational force was purchased 
from Hanvit MD Co., Ltd. (Daejeon, Korea). A 22G needle (Lot. 
0711108) and IV catheter (Kovax-CATH 24G) (Lot. 0611065) were 
purchased from Kovax Corporation (Seoul, Korea). A 10 mL syringe from 
Henke Sass Wolf (Tuttlingen, Germany) was used as a SO-free syringe, 
and a 10 mL syringe from Kovax (Seoul, Korea) was used as an SO sy-
ringe, utilized for withdrawing the IVIG from the vial and injecting into 
the IV bag for the preparation. 

2.2. Sample preparation 

Desired amounts of IVIG (for diluted concentrations of 20 mg/mL 
and 60 mg/mL, based on the dosage recommendation for pediatric pa-
tients weighing 4.2–12.5 kg and 10–30 kg, respectively) were injected 
into the 5% dextrose IV bag and mixed by gently pressing with the 
fingers. The flow rate of the infusion was set at 40 mL/h, whereas the 
samples were collected in a sterile 50 mL falcon tube. The samples were 
then stored in a refrigerator at 4 ◦C and analyzed within five days. All 
samples were prepared in triplicate (n = 3). 

2.3. Stress testing: 1) bag drop, 2) vial agitation, and 3) silicone oil from 
a syringe 

For bag drop stress, IVIG diluted in a 5% dextrose IV bag was 
dropped once on the floor from a height of about 1 m (n = 3). The stress 
test was duplicated with the use of either SO syringe or SO-free syringe 
in introducing IVIG into the IV bags. Agitation stress was performed on a 
100 mg/mL IVIG vial, the commercial product itself, using a multimixer 
set at 40 rpm (Seoulin Bioscience, Gyeonggi, Korea) for five days at 25 
◦C (n = 3). The agitated IVIG samples were then transferred into the IV 
bag using either an SO syringe or SO-free syringe, and subsequently 
infused through the IV tubing related to different infusion sets for 
sample collection. 

Table 1 
Information on tubing and infusion methods used for the current study.  

Infusion method Flow rate (mL/h) Tubings Tubing material In-line filter Abbreviation 

Peristaltic pump 
(Medifusion DI-2000) 

100 Tube 1 
(SRY-400A) 

Polyvinyl Chloride, 
non-DEHP 

Absent Infusion set 1 

Gravity dependent 
(Accu-Drip) 

1–350 Tube 2 
(Accu-Valve-IV set) 

Polyurethane 
(drip chamber: styrene, butadiene copolymer) 

Present 
(5 µm) 

Infusion set 2 

Tube 2-rf Removed Infusion set 2-rf  
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2.4. Size exclusion chromatography (SEC) 

SEC analysis was performed in Agilent HPLC 1260 series (CA, USA) 
with TSKgel® G3000SWXL HPLC column (phase diol, 30 cm × 7.8 cm, 5 
μm) (Tosoh, Tokyo, Japan) as a stationary phase. The flow rate was set 
to 0.5 mL/min, with a column temperature of 25 ◦C. Whereas the 
samples were eluted using 3 × phosphate-buffered saline (411 mM NaCl, 
8.1 mM KCl, 30 mM Na2HPO4, and 1.8 mM KH2PO4) adjusted at pH 7.4 
as a mobile phase. The injection volume was 20 μL and the UV detector 
was set at 280 nm. All the samples were diluted to 5 mg/mL before 
analysis. Monomer contents were calculated using the following 
equation: 

Remaining monomer (%) = (At/A0) × 100  

where At is the area of the monomer of the samples collected after 
infusion and A0 is the area of the monomer of 100 mg/mL IVIG with 
18.8 mg/mL glycine buffer at pH 4.8 before infusion. 

2.5. Light obscuration (LO) 

Particle concentrations were analyzed by the HIAC 9703 + liquid 
particle counter (Beckman Coulter Inc., CA, USA) equipped with a 1-mL 
syringe pump. Before each analysis, the fluid path was rinsed with 
deionized water filtered through a 0.2 µm Minisart® NML surfactant- 
free cellulose acetate syringe filter (Sartorius AG, Goettingen, Ger-
many), followed by particle count measurement to assure cell cleanli-
ness. A value of < 10 particles (p)/mL was considered an acceptable 
background value. 200 μL of samples were measured each time and an 
average of the third to fifth scans were used to calculate the mean and 
standard deviation (the first and last scans were discarded). Each sample 
and its replicates were measured in triplicate. Particles of sizes ≥ 2 μm, 
≥ 5 μm, ≥ 10 μm, and ≥ 25 μm were acquired through the PhamSpec 
software (version 3.5.32) provided with the instrument. The data were 
then arranged within the size ranges of 2–10 μm, 10–25 μm, and greater 

than 25 μm. 

2.6. Flow imaging microscopy (FI) 

Particle concentrations along with their morphologies were analyzed 
using a FlowCam 8100 series equipped with a FOV80 flow cell (80 µm 
depth × 700 µm width) and a 10-fold magnification camera (Fluid Im-
aging Technologies Inc., ME, USA). Before the analysis, calibration was 
performed with 15 µm polystyrene beads. Before running each sample, 
measurements were performed for 0.2-µm filtered deionized water to 
assure fluid path and cell cleanliness (a particle concentration < 50 p/ 
mL was deemed as an acceptable background value). One milliliter of 
the sample was loaded, and 0.2 mL each was measured 5 times with a 
flow rate set at 0.1 mL/min. The auto image rate was set at 10 frames per 
second leading to a theoretical efficiency of 39.3 percent. The particle 
concentration (p/mL) is calculated using the Visual spreadsheet soft-
ware (version 4.17.14) by dividing the particle count by the fluid vol-
ume imaged (mL) defined after analysis. An analysis of the third to fifth 
scans was averaged for the calculation of mean values based on area- 
based diameter (ABD). Data analyses were performed using the. 

2.7. Attenuated total reflectance FT-IR spectroscopy 

The Nicolet iS5 spectrophotometer (Thermo Fisher Scientific, Wal-
tham, MA, USA) with an iD5 diamond attenuated total reflectance was 
utilized to identify the plasticizer composition of the infusion tubes. For 
identification of the plasticizers, a portion of the tubing was cut through 
both ends (15 cm) while 5 mL hexane was pipetted into the tube and 
collected into a beaker. The hexane was then evaporated by heating the 
beaker at 80 ◦C until the weight of the beaker remained constant. The 
dried residue was re-dissolved in 100 µL of hexane prior to analysis. 5 µL 
of the prepared samples were then placed on the crystal plate and dried 
for 5 min. 64 interferograms were recorded within the range of 4000 
cm− 1 to 400 cm− 1 in a single beam mode with a resolution of 4 cm− 1. 

Fig. 1. Images of the infusion sets used in the study as (a) a peristaltic infusion pump with a DEHP-free tubing set (Infusion set 1), and (b) an Accu-Drip (gravity- 
based) infusion system with a polyurethane tubing set (Infusion set 2). 
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Nicolet Omnic software version 8.2.387 was then used to analyze the 
sample spectra. 

2.8. Viscosity 

Viscosity was measured using an m-VROC viscometer with a 
18RC05100200 sensor (Rheosense Inc., CA, USA). Water was circulated 
continuously using a Digital Precise Circulation Water Bath (Daihan 
Scientific, Seoul, Korea) keeping the temperature constant at 25 ◦C. All 
samples were measured after confirming the viscosity of deionized 
water as 1.0–1.1 mPa•s with an R2 value of ≥ 0.98 under the shear rate 
of 6000 s− 1. The sample was then prepared by diluting IVIG in 18.8 mg/ 
mL glycine buffer at concentrations ranging from 60 mg/mL to 100 mg/ 
mL. Each sample was loaded into a 500-µL Hamilton syringe while the 
measurement was performed by increasing the shear rate gradually in 
seven steps from 2100 s− 1 to 9900 s− 1. 

2.9. Statistical analysis 

The student’s t-test was used to compare the results from FI and LO in 
Microsoft Excel. Statistical significance for each analysis was denoted by 
a 1-tailed p-value divided into three categories as: < 0.05 (*), < 0.01 

(**), and < 0.001 (***). All the data are presented as mean values and 
standard deviations. 

Principal component analysis (PCA) was employed to identify the 
contribution of particle characteristics in defining the proteinaceous 
subvisible particles generated through various stresses. The particle 
characteristic parameters obtained through FI were narrowed down 
through PCA using JMP Pro® version 16.2.0 (SAS Institute Inc., Cary, 
NC, USA). The classification was predicted on the basis of positive or 
negative sign of each principal component composed of identified 
parameters. 

3. Results and discussion 

3.1. Comparison of infusion sets: Particle concentration during 
administration 

Fig. 2a and 2b exhibit the subvisible particle concentration of IVIG in 
5% dextrose before and after infusion sets by LO and FI, respectively. 
The particle concentrations analyzed by LO before infusion were 
detected (i.e., remarked as ‘IVIG (diluted)’) as 47 p/mL, 0 p/mL, and 
0 p/mL at 20 mg/mL, which increased to 100 p/mL, 10 p/mL, and 3 p/ 
mL at 60 mg/mL in the size range of 2–10 µm, 10–25 µm, and ≥ 25 µm, 

Fig. 2. Bar graph of subvisible particles released through the different tubing and infusion sets analyzed by (a) LO and (b) FI. *p < 0.05, **p < 0.01, and ***p < 0.001 
indicate statistical significance of particle concentration as Tube 1 vs. Tube 2 and Tube 2-rf, and Infusion set 1 vs. Infusion set 2 and Infusion set 2-rf (n = 9). (N: no 
particles detected). 
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respectively, suggesting an increase in particle counts and size at a 
higher IVIG concentration (Fig. 2a). However, the numbers were found 
to be within the limits stated in the USP chapter 〈787〉 (< 25 p/mL for ≥
10 µm, and < 3 p/mL for ≥ 25 µm). Conversely, a notable increase in the 
particle concentration overpassed the limit when the same samples were 
analyzed by FI, specifically within the range of 2–25 µm (more than 10 
times compared to LO) (Fig. 2b). The particle counts and its sizes were 
found to be higher at higher IVIG concentrations. Initially, the repack-
aged IVIG was analyzed after passing through both Tubes 1 and 2 (i.e., 
infusion tubing) to compare the effects of different tubing sets in the 
particle formation. The sample passed through Tube 2 exhibited a 
relatively lower number of particles in all size ranges compared to Tube 
1 in both LO and FI. Based on FI, the particle counts were reduced to 
around 3 and 8 times at the range 2–10 µm, and around 4 and 18 times at 
the range 10–25 µm at the concentrations 20 mg/mL and 60 mg/mL, 
respectively. The limited number of particles greater than 10 µm in Tube 
2 could be due to the adsorption of proteins onto the liquid–solid in-
terfaces of the downstream side of the membrane, filter housing, and 
wall of the tubing, which eventually sloughs off and forms proteinaceous 
particles as demonstrated by Pardeshi et al. (Pardeshi et al., 2017). 
Besides, no particles were detected in Tube 2 with a size ≥ 25 µm 
(Fig. 2b). The prominent reduction can be attributed mainly to the 
presence of a 5-µm in-line filter in Tube 2 (Allcutt et al., 1983; Werner 
and Winter, 2015). Moreover, the particle level increased in all size 
ranges once the integrated filter was detached (Tube 2-rf; Fig. 2b). The 
particle concentrations in samples passed through Tube 1 and Tube 2 
remained lower than the samples prior to infusion, which could be due 
to the adsorption of the proteins on the hydrophobic inner wall of the 
tubing surface owing to its amphiphilic nature (Sherwin et al., 2014; 
Tzannis et al., 1997; Zahid et al., 2008). On the other hand, LO is 
dependent on particle capacity to block light, particles with a near 
refractive index to that of the solution tend to be undersized or under-
counted (Yoneda et al., 2019). Moreover, low reproducibility and higher 
standard deviation were observed in the LO data as displayed in Fig. 2a. 
Hence, the particles were solely discussed using FI for further studies. 

To evaluate the impact of different infusion sets on the particulate 
concentration, two infusion sets were tested; a peristaltic pump used in 
conjunction with Tube 1 (Infusion set 1) and an Accu-Drip used in 
conjunction with Tube 2 (Infusion set 2). Both LO and FI exhibited an 
increase in the particle count in Infusion set 1, which was specifically 
evident through FI analysis with about 1.5-fold and 2-fold particles 
compared to Tube 1 alone (Fig. 2b). Conversely, the particles remained 
relatively constant with the use of Infusion set 2. This result could be due 
to: 1) the different infusion mechanisms, and/or 2) the presence of the 
in-line filter. To confirm this and to observe the effect of the Accu-drip 
infusion system alone, the in-line filter was removed (remarked as 
‘Infusion set 2-rf’). The particle counts subsequently increased at both 
IVIG concentrations, indicating the number of particles filtered. How-
ever, it should be noted that the particle count was yet lower (i.e., 56 p/ 
mL, 18 p/mL, and 9 p/mL at 20 mg/mL, and 1380 p/mL, 13 p/mL, and 1 
p/mL at 60 mg/mL in 2–10 µm, 10–25 µm, and ≥ 25 µm, respectively) 
compared to Infusion set 1 (822 p/mL, 33 p/mL, and 1 p/mL at 20 mg/ 
mL, and 3991 p/mL, 177 p/mL, and 25 p/mL at 60 mg/mL in 2–10 µm, 
10–25 µm, and ≥ 25 µm, respectively). The comparison indicates the 
different infusion set stresses in the particle concentration. Shear stresses 
are generally known to cause protein denaturation and aggregation 
when they are transferred using pumps (Cromwell et al., 2006; Dreck-
mann et al., 2020; Maa and Hsu, 1996; Thomas and Geer, 2011). 
However, linear peristaltic pumps are known to cause the least amount 
of shear stress compared to the radial peristaltic pump (Dreckmann 
et al., 2020). Nevertheless, a study by Deiringer et al. confirmed that 
interfacial adsorption could play a major role in the generation of pro-
teinaceous microparticles in peristaltic pumps (Deiringer and Friess, 
2022a). Moreover, as previously mentioned, continuous squeezing of 
the infusion tubing by the actuators could trigger the disruption of the 
protein film, releasing the adsorbed protein layers into the bulk of the 

solution in the form of microparticles (Deiringer et al., 2022; Pardeshi 
et al., 2017; Wu and Randolph, 2020). Supplementarily, the model drug 
IVIG used for this study is void of the surfactants included in biophar-
maceutical formulations to prevent interfacial adsorption (Deiringer and 
Friess, 2022a; Khan et al., 2015; Kim et al., 2014), which made the 
product more vulnerable to interfacial adsorption onto the inner surface 
of the tubing material. Hence, it can be stated that both the infusion 
mechanism and the existence of an in-line filter improved the perfor-
mance of Infusion set 2 in terms of minimizing the generation and transit 
of subvisible particles through the line. 

3.2. Nature of tubing material and particle formation 

Aside from the pump mechanism, tubing materials also have a sig-
nificant impact on particle production. (Deiringer and Friess, 2022b). 
Tubings made of polyvinyl chloride (PVC) (as in Tube 1) are quite 
commonly used for infusion, owing to their durability, chemical resis-
tance, and low cost (Al Salloum et al., 2017; Bernard et al., 2015). 
However, due to their low flexibility, plasticizers may be added at 
concentrations as high as 30–40% (w/w) (Rock et al., 1986) which often 
leaches into the infused solution. 

To determine the presence or absence of leachable through the 
tubing materials, 5% dextrose (without drug) was allowed to run 
through the Infusion sets, and collected samples were subsequently 
tested by FI. As shown in Fig. 3, Infusion set 2 demonstrated the least 
number of particles, which increased to 4-fold once the filter was 
removed (size ≤ 5 µm). Whereas Infusion set 1 showed an 8-fold increase 
in particles with a size greater than 5 µm. Furthermore, the represen-
tative FI images demonstrated a prominent presence of spherical-shaped 
particles with a mean circularity index of greater than 0.8, suggesting 
the displacement of hydrophobic liquid compound(s) from the tubing 
material. Hence, to identify the components of the leached compound 
from the tubing material, hexane was used as a solvent to dissolve the 
compound, followed by the analysis of dried residues by FT-IR. Inter-
estingly, the FI-IR spectra of residues from Tube 1 (Fig. 4) depicted 
distinct absorption bands of (di-(2-ethylhexyl) terephthalate) DEHT at 
2958, 2928, 2859 cm− 1 (methyl C–H stretching), 1719 cm− 1 (C––O 
stretching of O––C–O), 1577 cm− 1 (C––C alkene of benzene ring), 1408 
cm− 1, 1380 cm− 1 (CH3 umbrella deformation bend), 1264–1019 cm− 1 

(C–O ether stretching), and 728 cm− 1 (C–H aromatic out-of-plane 
bend) (Marx, 2019; Matos et al., 2019). Since the use of DEHP has 
been restricted by European Directive 2007/47/CE (Council, 2007) due 
to concerns about its toxicological effect in medical devices, alternative 
plasticizers such as DEHT, trioctyl trimellitate, or di-isononyl-1,2- 
cyclohexane-dicarboxylate are being used by the manufacturers (Ber-
nard et al., 2015). Moreover, plasticizers such as DEHT are not cova-
lently bound to the PVC surface and are known to migrate from PVC 
(although much less than DEHP) into the infused solution (Earla and 
Braslau, 2014; Snell et al., 2020). Furthermore, this migration creates an 
oil-water interface for protein adsorption leading to the generation of 
subvisible particles. In addition, the continuous peristaltic motion of the 
pump into the tubing further eases the release of these plasticizers into 
the drug solution, as evident in Fig. 3c. Hence, this leads to the 
conclusion that, the conjugative effect of the tubing material along with 
the continuous compressive action within the peristaltic pump leading 
to the release of plasticizer and adsorption and desorption of protein 
layers in Infusion set 1 led to the higher number of particles. 

On the other hand, the FT-IR spectra of Tube 2 did not exhibit 
distinct plasticizer peaks, indicating a low level of leachable (Fig. 4b). 
Besides, PU itself is known to have higher tensile strengths, tear resis-
tance, chemical resistance, and abrasion resistance (Szycher), prevent-
ing intrinsic sources of particles from the tubing into the drug solution. 
As a caveat, leachable can also consist of soluble compounds in nano- 
size, such as additives that can migrate to the PU surface and then be 
leached in a soluble or solid form. However, only subvisible particles 
(≥1 μm) are mainly considered in this study. This along with an in-line 
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filter further reduced the existing subvisible particles in Infusion set 2. 
Moreover, Accu-Drip is solely based on the gravitational force and does 
not require any mechanical action for passing the liquid, preventing the 
generation of particles itself in the first place. 

3.3. Monomeric content and nano-size distribution 

SEC was used to compare the monomeric content and soluble 

aggregates in the IVIG solution after passing it through two infusion sets 
(Fig. 5). Although the particle level was relatively higher at 60 mg/mL, 
its change in monomeric content was less than about 1% compared to 
Infusion set 2. Current pharmaceutical regulations mandate that IV drug 
preparations be within 10 % of the nominal concentration consistently 
during administration (Hung, 2004). Whereas, a 12% difference (1 out 
of 3 replicates) was observed at 20 mg/mL, when passed through Infu-
sion set 1, exhibiting relatively higher sensitivity of low protein 

Fig. 3. Representative FI images of subvisible particles generated by infusion of 5% dextrose solution through (a) Infusion set 1, (b) Infusion set 2, and (c) Infusion set 
2-rf. 

Fig. 4. FT-IR spectra of extracted residues from (a) Tube 1 and (b) Tube 2.  
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concentration towards monomer loss. The extensive use of a variety of 
polymers in IV infusion containers and tubings raises the risk of protein 
loss through adsorption or subvisible particle formation, particularly at 
low doses. Moreover, cases of loss in monomer due to adsorption were 
evident previously in the undiluted protein infusion preparations 
(Tzannis et al., 1997; Zahid et al., 2008). In the case of peristaltic pumps, 
the continuous expansion and relaxation of the tubing provoke the 
constant adsorption, desorption, and film renewal leading to the for-
mation of subvisible particles (Deiringer and Friess, 2023), ultimately 
causing a loss in the monomer. 

Despite the incidence of the decrement in monomer, soluble aggre-
gates remained lower than or equal to Infusion set 2, suggesting less effect 
on the formation of the soluble aggregates (i.e., < 100 nm). Overall, the 
SEC results suggest that protein therapeutics at lower concentrations may 
become more susceptible to monomer loss, which might reduce the 
effectiveness of the treatment with the use of peristaltic pumps. Conse-
quently, protein loss owing to adsorption onto packaging materials, fil-
ters, and tubing, or formation of subvisible particles must be explored and 
addressed concurrently with formulation development or selection of 
appropriate administration device, specifically for low-dose products. 

3.4. Comparison of infusion sets: Stressing IVIG by dropping and agitation 

Mishandling protein therapeutics during preparation and adminis-
tration such as dropping the IV bags, vials, or syringes containing drug 
products, or vigorous shaking when mixing is more common than we 
know in clinical settings (Jiskoot et al., 2017). Moreover, the contents 
are typically administered without additional analysis/inspection if the 
containers are intact. The unintentional dropping of the containers can 

lead to particle formation and aggregation (Randolph et al., 2015). To 
observe the effects of several mishandlings during the preparation of the 
IV infusion bag in the particle load along with the additional effect of 
infusion methods and capacity of the in-line filter, the bag drop and 
agitation tests were performed as mentioned in section 2.3. 

Fig. 6a exhibits the concentration of particles after infusion of 
stressed 60 mg/mL IVIG through the drop shock and agitation. As ex-
pected, the particle levels were elevated in samples before infusion as 
well as in the samples infused through Infusion set 2. Dropping is known 
to produce cavitation in liquid pharmaceuticals; even a 10-inch drop 
onto hard surfaces has been found to produce bubbles (Randolph et al., 
2015). In turn, the rapid collapse of bubbles could be followed by free 
radical formation, a temperature rise, and secondary shock waves 
resulting in localized protein oxidative and conformational changes 
(Randolph et al., 2015). Subsequent exposure to the pumping pressure 
in Infusion set 1 would expectedly further aggravate into a bigger par-
ticle (i.e., decreasing particle concentration). Consequently, all the 
samples passed through Infusion set 1 exhibited reduced particle levels 
after the drop shock (Fig. 6a). This could be because of the adsorption of 
proteins into the wall of the tubing and containers or simply particle loss 
during analysis due to the rapid sedimentation of bigger particles. In a 
previously observed incidence, a clinically significant reduction in the 
amount of factor VIII was detected even without any stresses with the 
loss of activity due to the protein adsorption onto the plastic surface 
(McLeod et al., 2000). Moreover, a study done with glass vials demon-
strated that drop shock additionally substantiates the adsorption of 
proteins onto the surface which further increased with the drop height 
(Randolph et al., 2015). Nevertheless, even after the drop shock, IVIG 
infused through Tube 2, or Infusion set 2 still exhibited a less amount of 

Fig. 5. SEC chromatograms of Infusion sets 1 and 2 at IVIG concentrations of (a) 20 mg/mL and (b) 60 mg/mL.  
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subvisible particles in all size ranges compared to Tube 1 alone or 
Infusion set 1. The particle concentration was 1938 p/mL, 162 p/mL, 
and 25 p/mL in Infusion set 1, which decreased to 1087 p/mL, 22 p/mL, 
and 1 p/mL in Infusion set 2 within sizes 2–10 µm, 10–25 µm, and ≥ 25 
µm, respectively. The reduction in particles in Infusion set 2 or Tube 2 
can again be justified by the inclusion of an in-line filter in Tube 2. 

Apart from drop shock, the agitation of vials during the trans-
portation is another example of inevitable mechanical stress that could 
affect the quality of therapeutic proteins. Consequently, a stress study 
was performed by agitating the vials containing 100 mg/mL IVIG at 
25 ◦C for five days; the particle level increased throughout the size 
ranges in all the samples after agitation (Fig. 6a). The adsorption of 
proteins onto the air–water interface acts as a nucleation site initiating 
the protein film formation, which is released into the solution leading to 
the formation of subvisible particles (Ghazvini et al., 2016; Sreedhara 
et al., 2012). Regardless, the particles were much lower in the sample 
involving Tube 2 alone or Infusion set 2. Similarly, in the drop test, the 
reduction was especially evident at the size range ≥ 10 µm, owing to the 
5-µm size of the in-line filter. The particle concentration was limited to 
19–28 p/mL at the size 10–25 µm and 1–3 p/mL at a size greater than 25 
µm with the use of Tube 2 alone or as its infusion sets. As previously 
observed (Fig. 2b), even without the filter, the particle concentration 
remained lower than those of the samples infused through Tube 1 alone 
or its infusion set, suggesting the safety of the gravity-based pump in 
minimizing the level of subvisible particles. 

3.5. Comparison of infusion sets: Use of silicone oil (SO) syringes 

The elevated particle level of infused 60 mg/mL IVIG prepared using 
SO syringes is shown in Fig. 6b. In plastic syringes, silicone oil is coated 

in the inner barrel of the syringes to reduce the gliding force during 
administration (Funke et al., 2015; Sacha et al., 2010). However, pre-
vious studies have shown an increase in subvisible particles along with 
an increase in the innate response to its use (Kim et al., 2021; Kim et al., 
2022; Krayukhina et al., 2015; Liu et al., 2011; Schargus et al., 2018; 
Thirumangalathu et al., 2009). Similarly, the current study found a 
substantial number of subvisible particles in all samples, suggesting a 
potentially negative impact during and after administration. It has 
previously been demonstrated that layers of proteins are formed on the 
silicone oil surface with the primary layer being irreversibly bound 
whereas subsequent layers are prone to desorption when the plunger is 
pushed (Couston et al., 2013; Torisu et al., 2017). Consequently, the 
detached silicone oil and protein films can be swept into the IV bag, 
causing an increase in the level of microparticles, which was more than 
2-fold compared to that of the 60 mg/mL IVIG IV bag prepared by a SO- 
free syringe (Fig. 2b vs. 6b). Moreover, both the drop shock and agita-
tion further aggravated the particle concentration in Infusion set 1, 
while agitation induced the highest number of particles (Fig. 6a vs. 6b). 
Compared to the SO-free syringe, the increment was up to 28-, 3- and 2- 
fold by agitation in the size ranges 2–10 µm, 10–25 µm, and ≥ 25 µm, 
respectively, contrary to the 3-, 1.7-, and 3.6-fold increments after the 
drop shock, respectively. On the other hand, the particle level did not 
increase in Infusion set 2, indicating the necessity of an in-line filter in 
the infusion system for protein therapeutics. Surprisingly, the particles 
≥ 25 µm were within the limit in either the dropped IVIG IV bag or 
agitated IVIG samples after infusion, which were from 1 p /mL and 3 p/ 
mL, respectively. 

Fig. 6. Bar graph of subvisible particles generated after infusion of samples pre-exposed to the drop shock and agitation prepared using (a) an SO syringe or (b) an 
SO-free syringe. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate statistical significance of particle concentration as Tube 1 vs. Tube 2 and Tube 2-rf, and Infusion set 
1 vs. Infusion set 2 and Infusion set 2-rf (n = 9). 
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3.6. Shape characterization of subvisible particles 

One advantage of FI over LO is the characterization of particle 
morphology based on parameters such as diameter, convexity, circu-
larity, elongation, aspect ratio, etc. Taking advantage of this, charac-
terization of the subvisible particles generated through two infusion sets 
was performed based on their diameters, circularities, and elongations. 
The diameter used in this study is derived from the circle with the same 
area as the projection area of the particle (area-based). Circularity is the 
ratio of the diameter of a circle with the same size as the projected area 
and the projected image’s perimeter (Promeyrat et al., 2010). Hence, the 
deviation of shape from a smooth and round circle would reduce the 
circularity value. Whereas, elongation is the ratio of length/breadth 
based on the area and perimeter (Camoying and Yñiguez, 2016). 

Table 2 depicts the morphological characterization based on diam-
eter, circularity, and elongation, whereas Fig. 7 shows the representative 
FI images of the subvisible particles generated in IVIG solution after 
infusion with and without pre-exposure to stresses. Regardless of the 
stress applied, the mean diameter at all size ranges was greater in 
Infusion set 1 compared to Infusion set 2 (p-value: < 0.01), signifying the 
formation of larger sized particles with the use of Infusion set 1 
(Table 2). Furthermore, high circularity with low elongation in the size 
ranges ≥ 2 µm and ≥ 5 µm (since no particles were observed at ≥ 10 µm 
and ≥ 25 µm in Infusion set 2) were observed in samples infused through 
Infusion set 2 compared to those of Infusion set 1, indicating the for-
mation of more elongated particles in the later (Fig. 7a, 7d, and 7 g vs. 
Fig. 7b, 7,c, 7e,7f, 7 h, and 7i). As the particle size increased, the for-
mation of more fibrous particles was observed, given that circularity 
decreased, and elongation increased in both infusion sets. Comparable 
results were obtained in the mechanically stressed samples. However, 
the elongation was found to be higher in agitated samples in both 
infusion sets while circularity was reduced in Infusion set 1, suggesting 
that agitation would generate more elongated fibrous particles 
compared to the drop stress, also observable through the Fig. 7. This 
morphological transition of subvisible particles into a more elongated 
fibrous form resulting from agitation has also been previously docu-
mented in IgG1 and IgG4 molecules (Simler et al., 2012). Besides, the 
agitation has been known to cause aggregation through a variety of 
processes, including local heat events (Santos et al., 2006) and the 
facilitation of enhanced contact between the protein and the air–water 
interface and container surface (Ghazvini et al., 2016). It is possible that 

any of these events stimulate structural rearrangement of a specific 
population of subvisible particles from an amorphous to a more elon-
gated fibrous form (Simler et al., 2012). Similarly, the adsorption and 
desorption of the layer of proteins during repeated pressing of the tubing 
in Infusion set 1 might have resulted in particles with lower circularity 
values (p-value: < 0.001) and higher elongation values (p-value: <
0.001) with a fibrous morphology compared to Infusion set 2. 
Conversely, the introduction of SO syringes overall increased the 
circularity even in Infusion set 1, especially at sizes ≥ 10 µm and ≥ 25 
µm. This increase in circularity could be attributed mainly to the exis-
tence of SO droplets in the samples. Moreover, the FI images in Fig. 7g-7i 
clearly exhibit the presence of SO droplets characterized by a spherical 
morphology and a bright inner core. 

Additionally, more analysis of morphological characteristics was 
performed through principal component analysis (PCA) of the datasets 
presented in Table 2. PCA loadings in Fig. 8a indicate the direction of the 
plane while PCA score plots exhibited in Fig. 8b indicate the coordinates 
on the plane. The classification was performed using the positive and 
negative values of two components (1 and 2). PCA revealed that the two 
components together explained about 92.5% of the variance in a studied 
dataset. The first component (PC1) accounted for 80.5% of the variance 
and was characterized by the strong positive impact of the diameter and 
elongation parameters on the PC1 component. Similarly, the second 
component (PC2) accounted for 12% of the variance and was charac-
terized by the positive impact of the circularity and diameter parameters 
on the PC2 component. Generally, elongation and circularity parameters 
were considered to affect the shape factor while the diameter parameter 
was considered to affect the size factor. In this respect, the differently 
shaped and sized sub-visible particles were projected on the different 
areas of the score plots with each condition designated with a specific 
color and symbol (Fig. 8b). The plotted data of condition-agitation 
appeared to form a distinct ellipse with an inclination towards the 
positive side of PC1 component, suggesting the significant effect on the 
shape factor (Fig. 8b, red dotted ellipse). This information verifies 
Table 2′s morphological data, which showed that elongation increased 
with decreasing circularity and increasing diameter. Whereas the in-
clusion of the plotted data of condition-SO syringe within an ellipse 
inclined towards the positive side of PC2 suggested its significant effect 
on the size factor (Fig. 8b, blue dotted ellipse), which is consistent with 
the observation as SO increased the circularity at higher size ranges of ≥
10 µm and ≥ 25 µm. On the other hand, the variance caused solely by 

Table 2 
Morphological characterization of the subvisible particles generated in IVIG solution after passing through Infusion sets 1 and 2 with and without stresses, based on 
diameter, circularity, and elongation.  

Contents Diameter (SD) Circularity (SD) Elongation (SD) 

≥ 2 
µm*** 

≥ 5 
µm*** 

≥ 10 
µm* 

≥ 25 
µm* 

≥ 2 
µm*** 

≥ 5 
µm*** 

≥ 10 
µm*** 

≥ 25 
µm* 

≥ 2 
µm*** 

≥ 5 
µm*** 

≥ 10 
µm** 

≥ 25 
µm** 

Infusion 
set 1  

Without 
stress 

3.97 
(0.23) 

9.29 
(0.73) 

16.01 
(1.92) 

34.07 
(4.85) 

0.69 
(0.08) 

0.58 
(0.01) 

0.48 
(0.05) 

0.49 
(0.17) 

3.86 
(1.12) 

5.87 
(0.85) 

8.43 
(2.06) 

9.38 
(6.63) 

Bag drop 3.96 
(0.36) 

8.57 
(0.66) 

15.60 
(2.55) 

29.86 
(2.89) 

0.69 
(0.07) 

0.57 
(0.07) 

0.46 
(0.07) 

0.40 
(0.02) 

3.42 
(0.35) 

5.41 
(1.44) 

8.89 
(3.67) 

9.52 
(4.91) 

Agitation 4.08 
(0.15) 

8.90 
(0.56) 

15.96 
(1.46) 

29.67 
(6.48) 

0.62 
(0.02) 

0.47 
(0.02) 

0.33 
(0.04) 

0.20 
(0.09) 

4.62 
(0.28) 

8.20 
(0.73) 

14.10 
(1.94) 

24.58 
(5.20) 

SO syringe 4.24 
(0.30) 

9.03 
(0.69) 

15.72 
(1.29) 

31.74 
(8.19) 

0.85 
(0.02) 

0.79 
(0.02) 

0.73 
(0.04) 

0.41 
(0.09) 

1.92 
(0.28) 

2.39 
(0.73) 

2.87 
(1.94) 

8.96 
(5.20) 

Infusion 
set 2  

Without 
stress 

2.79 
(0.53) 

5.85 
(0.78) 

NA NA 0.84 
(0.08) 

0.73 
(0.34) 

NA NA 1.78 
(0.92) 

3.19 
(3.09) 

NA NA 

Bag drop 3.08 
(0.36) 

8.33 
(1.48) 

14.81 
(2.05) 

NA 0.87 
(0.09) 

0.68 
(0.30) 

0.76 
(0.02) 

NA 2.12 
(1.34) 

1.54 
(0.06) 

2.06 
(0.25) 

NA 

Agitation 3.14 
(0.20) 

8.07 
(1.48) 

13.86 
(3.85) 

26.69 
(1.75) 

0.92 
(0.01) 

0.84 
(0.03) 

0.64 
(0.03) 

0.64 
(0.15) 

1.32 
(0.06) 

2.24 
(0.74) 

7.36 
(6.19) 

20.11 
(1.37) 

SO syringe 3.36 
(0.41) 

7.78 
(3.12) 

15.07 
(3.70) 

29.79 
(2.93) 

0.86 
(0.04) 

0.72 
(0.10) 

0.53 
(0.02) 

0.58 
(0.22) 

2.39 
(1.51) 

3.16 
(0.99) 

6.25 
(1.04) 

3.46 
(2.46) 

*p < 0.05, **p < 0.01, and ***p < 0.001, indicates statistically significant difference between the set of data in Infusion set 1 and Infusion set 2 based on diameter, 
circularity, and elongation at different size ranges. 
SD: standard deviation. 
NA: data not available. 
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condition-bag drop or condition-without stress was within a 95% con-
fidence ellipse (Fig. 8b, solid black lined ellipse), indicating less effect in 
the particle characterization. Overall, the data illustrates that in addi-
tion to the size, the particle morphological character can also be utilized 
to define the protein subvisible particle population based on different 
stresses. As subvisible particles are a persistent issue in bio-
pharmaceuticals, identifying them is crucial for determining their source 
and thus optimizing the formulation development or avoiding them in 
the manufacturing process. Moreover, the FI technique allows for a 
quantitative study of these morphological features, allowing for a more 
precise understanding of protein aggregation. 

3.7. Limitation of gravity-based infusion 

During the preliminary study, the experiment was designed with 
three different IVIG concentrations; 20 mg/mL, 60 mg/mL, and 100 mg/ 
mL. At 100 mg/mL, it was directly connected to the infusion set through 
the bottle (Fig. 9). The infusion was conducted smoothly with Infusion 
set 1, whereas flow resistance was observed at 100 mg/mL IVIG with 

Infusion set 2. In other words, the in-line flow was stopped. As a further 
investigation, the viscosity of IVIG was measured within a range of 
concentration from 60 mg/mL to 100 mg/mL with an increasing shear 
rate. The viscosity of IVIG was consequently reduced with increasing 
shear stress exhibiting a non-Newtonian-like behavior (Fig. 9). The 
initial viscosity of 2.46 mPa⋅s at 2100 s− 1 decreased to 2.28 at a shear 
rate 9900 s− 1 at 60 mg/mL IVIG. Moreover, the viscosity increased as 
the IVIG concentration increased since viscosities in concentrated so-
lutions are induced by both molecular crowding as the fraction of sol-
vent declines and by direct interactions between protein molecules 
(Galush et al., 2012). Furthermore, the same samples were allowed to 
run through both IV infusion sets. As observed at the beginning of the 
experiment, all the samples freely passed through Infusion set 1, 
whereas only up to 70 mg/mL could pass through Infusion set 2. Once 
the filter was removed from Infusion set 2, the permittance changed to 
80 mg/mL. Since a negative pressure is created in Infusion set 1 with the 
peristaltic motion, easy forward movement of all the concentrations was 
observed. However, Infusion set 2 is particularly based on the gravita-
tional forces, resulting in the flow resistance in the samples higher than 

Fig. 7. Representative FI images of subvisible particles generated after infusion of samples pre-exposed to the drop shock (a-c), agitation (d-f), and SO syringes (g-i).  
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the viscosity of around 3 mPa⋅s. Hence, although gravity infusion sets 
with filters have shown remarkable results in preventing the generation 
of particulate matter, one limitation of this set might be the limit in the 
infusion of protein formulations with high viscosities. 

3.8. Future perspectives 

Compounding pharmacists and healthcare providers are expected to 
administer safe and effective pharmaceutical dosages within a certain 
period. Given the length of time between preparation and administra-
tion, healthcare providers also have the responsibility to ensure the 
intactness of the stability of the product in its final administrated form. 
However, the guidelines or instructions related to the preparation or 
administration process seem to lack warnings regarding this. The cur-
rent study reveals that even careful preparation of IV infusions, without 
any mishandling such as shaking or dropping, can lead to the generation 
of subvisible particles that could exceed the limit specified in USP 
chapter 〈787〉 depending on the infusion set and tubing. Accu-Drip, a 
gravity-based precision infusion system, prevents the formation of par-
ticulate matter by limiting the mechanical stress on the infusion tube. 

Moreover, the presence of a 5-µm in-line filter reduces the passage of 
particles ≥ 10 µm, showing the importance of filters in the tubing line. 
However, no indication exists regarding its use as in the case of IVIG 
where a huge range of filter sizes has been recommended starting from 
0.2-µm to 200-µm filters (Werner and Winter, 2015). A study done in 
2015 with more than 300 marketed therapeutic proteins revealed that 
only 16 % of the products were filtered (44.6% during preparation and 
55.4% during administration) with a large number of products without 
any filtration recommendation, along with which a broad variation in 
filter pore size recommendation was also found (Werner and Winter, 
2015). Nevertheless, the remarkable difference between the peristaltic 
pump and gravity infusion systems along with the silicone oil-lubricated 
and silicone oil-free syringes on the level of subvisible particles, suggests 
a proper selection of the administration devices for the safety of the 
patients and to maintain the efficacy of the treatment. 

4. Conclusion 

The presence of subvisible particles in medicinal preparations is 
considered a major challenge in developing biopharmaceuticals. This is 

Fig. 8. (a) PCA loadings of the parameters and (b) PCA score plots of the sub-visible particles under different conditions: agitation (red circle), bag drop (green 
triangle), SO syringe (blue inverted triangle), and without stress (orange square). (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 9. Graph plot of viscosity vs. shear of IVIG solutions in the concentrations ranging from 60 mg/mL to 100 mg/mL (on the right) and a photographic image 
showing the flow resistance in 100 mg/mL IVIG solution through Infusion set 1 (on the left). 
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especially problematic during IV infusion since the patients are exposed 
to a high volume of the drug product over an extended period. With the 
growing need for IV infusion systems having precise flow rates and 
pressure, infusion pumps with high relative accuracy have grown in 
popularity. However, this study found that infusion pumps with peri-
staltic systems are more susceptible to particle production due to the 
constant pressure into the tube. When the infusion set with a gravity 
system was applied, however, a significant drop in the subvisible par-
ticle concentration was found. Furthermore, the presence of an in-line 
filter in the tubing system of the gravity infusion set prevented parti-
cles from passing through the infusion line. Moreover, the manufacturer 
claims that the Accu-drip infusion set used in this experiment has an 
accuracy of 3% owing to the presence of a drip sensor attached to an 
automated infusion control mechanism. The restriction would be the 
flow resistance that may arise in high-viscosity medicinal preparations. 
Based on the results, this study suggests appropriate infusion sets based 
on compatibility tests and the need for an IV-line set equipped with an 
in-line filter. Furthermore, the study raises awareness of the few mis-
handlings that often occur in the clinical setting, as well as the conse-
quences of using off-label use syringes, prompting the proper indication 
and guidelines in handling biotherapeutics. 
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Klespitz, J., Kovács, L., 2014. Peristaltic pumps—A review on working and control 
possibilities, 2014 IEEE 12th International Symposium on Applied Machine 
Intelligence and Informatics (SAMI). IEEE, pp. 191-194. 10.1109/ 
SAMI.2014.6822404. 

Krayukhina, E., Tsumoto, K., Uchiyama, S., Fukui, K., 2015. Effects of syringe material 
and silicone oil lubrication on the stability of pharmaceutical proteins. J. Pharm. Sci. 
104, 527–535. https://doi.org/10.1002/jps.24184. 

Kumru, O.S., Liu, J., Ji, J.A., Cheng, W., Wang, Y.J., Wang, T., Joshi, S.B., Middaugh, C. 
R., Volkin, D.B., 2012. Compatibility, physical stability, and characterization of an 
IgG4 monoclonal antibody after dilution into different intravenous administration 
bags. J. Pharm. Sci. 101, 3636–3650. https://doi.org/10.1002/jps.23224. 

Langille, S.E., 2013. Particulate matter in injectable drug products. PDA J. Pharm. Sci. 
Technol. 67, 186–200. https://doi.org/10.5731/pdajpst.2013.00922. 
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