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Abstract

:

Low-concentrated colloidal chitosan systems undergoing a thermally induced sol–gel phase transition are willingly studied due to their potential use as minimally invasive injectable scaffolds. Nevertheless, instrumental injectability tests to determine their clinical utility are rarely performed. The aim of this work was to analyze the flow phenomenon of thermosensitive chitosan systems with the addition of disodium β-glycerophosphate through hypodermic needles. Injectability tests were performed using a texture analyzer and hypodermic needles in the sizes 14G–25G. The rheological properties were determined by the flow curve, three-interval thixotropy test (3ITT), and Cox–Merz rule. It was found that reducing the needle diameter and increasing its length and the crosshead speed increased the injection forces. It was claimed that under the considered flow conditions, there was no need to take into account the viscoelastic properties of the medium, and the model used to predict the injection force, based solely on the shear-thinning nature of the experimental material, showed very good agreement with the experimental data in the shear rate range of 200–55,000 s−1. It was observed that the increase in the shear rate value led to macroscopic structural changes of the chitosan sol caused by the disentangling and ordering of the polysaccharide chains along the shear field.
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1. Introduction


In recent years, due to the growing number of traffic accidents and surgical interventions, innovative methods of treatment and regeneration of damaged tissues are sought. An interesting solution seems to be injectable hydrogels [1,2,3] that are obtained from synthetic and natural polymers. These materials, characterized by the three-dimensional architecture, have the ability to mimic the extracellular matrix [4,5,6], and thus support cell proliferation. One of the desired feature of the injectable hydrogels is their shear-thinning behavior [7,8], resulting in a reduction in viscosity as they flow through the needle. Thanks to this, they can be precisely designed in a laboratory and then successfully injected into the body.



Although the injection application reduces invasiveness compared to implant scaffolds, one of its biggest challenges is reducing the patient’s discomfort during drug administration [9]. In addition to purely pharmaceutical aspects such as the use of anesthetics, the reduction of injection pain is possible by reducing the diameter of the needle. However, this causes a significant change in the flow conditions of the medium, an increase in the flow resistance in the needle, and consequently, an increase in the force needed for injection. In extreme cases, choosing a needle that is too small may make an injection impossible or lead to an uncontrolled, rapid release of substances inside the body. Therefore, it is necessary to optimize the injection process in terms of the drug physicochemical properties, the diameter of the needles used, as well as the injection speed.



When designing minimally invasive hydrogel polymer matrices, apart from their shear-thinning nature, it is also worth paying attention to their gelation ability under the influence of changes in environmental conditions, e.g., temperature [10,11]. In the case of such systems, after exceeding the critical solution temperature (CST), they undergo a thermodynamically non-equilibrium sol–gel phase transition, forming an infinite three-dimensional structure. This process can be observed during both cooling and heating, and the materials are characterized by an upper critical solution temperature (UCST) and a lower critical solution temperature (LCST) [11], respectively. Although biopolymer-based hydrogels formed under the influence of cooling are much more common, the systems characterized by LCST seem to be more interesting due to their possible application in the form of a sol at room temperature and the formation of a matrix directly at the site of the disease inside the body. An example of such systems are chitosan hydrogels with the addition of glycerophosphate salt, which simultaneously exhibit shear-thinning rheological behavior. Thermosensitive chitosan hydrogels are often investigated both in terms of the gelation mechanism [12,13,14,15,16,17,18,19] and their application potential [20,21,22,23]. The latter mostly focuses on the study of biocompatibility, cytotoxicity, and bioactivity, and are based on cell cultures [21,24,25] or laboratory tests on small animals [26,27].



In addition to the desired characteristics for all materials used in tissue engineering such as biodegradability, biocompatibility, and non-toxicity, thermosensitive injection hydrogels (Figure 1) must also be injectable. For this purpose, the designed system at room temperature should remain in the liquid-like sol phase. Such systems, called in situ gelling liquids, form a gel after administration via physical or chemical cross-linking [8,28].



Despite many studies on injectable materials, instrumental studies, which consist of recording the load necessary to maintain the movement of a syringe plunger as a function of the distance traveled, are surprisingly rare. The characteristic courses of the determined injection curves depend on the properties of the tested medium, especially its viscosity [9,29,30]. Based on the obtained experimental data, the following values are determined: the initial glide force (IGF) necessary to initiate the plunger movement, the dynamic glide force (DGF) necessary to maintain the plunger movement during injection, and the maximum force value recorded during the measurement [29,30,31]. Zhang et al. [31], in their research, proposed to use the parameter called total work done as a quantity better than the above-mentioned forces describing the injectability process. Moreover, the use of instrumental injectability tests enables repeatable quantitative analysis, the results of which could be successfully correlated with panel tests [29]. Consequently, their conduct allows for the characterization of the medium by the laboratory tests, changes in its composition in order to improve injectability, or a precise recommendation of administration conditions (suggested needles, temperature, etc.).



So far, the results of injectability studies conducted for Carbopol [32], hyaluronic acid [33], shear-thinning hydrogels, (Hydroxypropyl)methyl cellulose (HPMC) and polyethylene oxide (PEO) [31] polymer solutions, immunoglobin solutions, monoclonal antibodies [34], protein systems [32], and other specific pharmaceuticals [9,35] have been published. In most of them, researchers focus mainly on determining the effect of substance concentration on its injectability process. Sometimes they correlated the obtained experimental data with the viscosity of the medium or described the injectability process using needles differing in sizes. Extremely interesting results were presented by Rungseevijitprapa and Bodmeier [30]. They comprehensively discussed the injection process of microparticle systems including the injection site effect. The authors unequivocally showed that the forces required to inject “into the air” were much lower than those required for subcutaneous and intramuscular injections.



The injectability of the hydrogels undergoing a thermally induced sol–gel phase transition is almost exclusively determined by the LCST value. This results from the assumption that the samples remain in the sol phase during injection, determined by the advantage of viscous properties over elastic ones. For this purpose, the LCST value should be slightly higher than room temperature, but not exceed human body temperature. Despite the lack of instrumental tests, many authors clearly indicate the possible injection application [3,18,36,37,38] of the investigated systems solely based on their rheological properties. Although these features will strongly determine the possibility of the injectability process, determination of the forces required for injection is essential for assessing their clinical utility [33]. A small number of published papers on thermosensitive chitosan hydrogels mainly presented the influence of the molecular weight of the polymer [39] and the addition of calcium phosphate ceramics [40,41] on their injectability. In these studies, one size of the injection needle was used, or even tests without a needle were performed.



The majority of the studies on the injection phenomenon use the theoretical basis of capillary rheometry of non-Newtonian fluids to define the flow conditions in the needle (shear rate values). Such tests are carried out to determine the viscosity of the investigated medium beyond the measuring range of the rotational rheometer [34,35,42]. These analyses are very rarely used to predict the forces required for application and to correlate them with experimental data. Allmendinger et al. [32] proposed a formula to predict the forces required for injection, taking into account the non-Newtonian nature of the experimental medium that was verified with the results of instrumental tests. In their considerations, the authors introduced a new quantity called effective shear rate, the value of which was lower than the corrected shear rate value. Despite a comprehensive discussion, the authors did not consider the possible wall slip effect, which would explain the lower values of the shear rate.



During the flow of long-chain polymer solutions through the capillaries, their conformation changes [43,44]. The phenomenon of their deformation and ordering along the streamlines determines their shear-thinning rheological behavior, the intensity of which depends on the degree of entanglement of the polymer coils. Xu et al. [45] showed that, with increasing shear rate, the end-to-end distance of the polymer chain increases, indicating its disentanglement. This phenomenon was also observed during rheometric measurements with simultaneous analysis using the small-angle light scattering technique [46,47,48].



In the case of melted polymers and their solutions, the Cox–Merz rule is used to assess the relationship between viscous and viscoelastic properties related to the existence of an internal polymer structure. It is assumed that this rule is met if the apparent viscosity obtained from steady shear and complex viscosity from oscillatory measurements are equal. Although the exact physical mechanism determining the validity of this rule is unknown and is based solely on experimental data, according to the considerations by Bair et al. [49], the strong relationship between shear stress and chain conformation plays a crucial role.



The aim of this work was to analyze the flow phenomenon of thermosensitive, low-concentrated chitosan colloids with the addition of disodium β-glycerophosphate through injection needles under high shear rate conditions. The analysis will be carried out using the classical relationships of capillary rheometry of non-Newtonian fluids. The phenomena of laminar flow under high shear rate conditions, leading to flow resistance and deformation of long-chain polymer particles, will be discussed. The obtained results of the experimental tests will be compared with the theoretically determined values of the forces necessary for injection, taking into account the non-Newtonian nature of the medium as well as the influence of their viscoelastic properties.




2. Materials and Methods


2.1. Preparation of Injectable Chitosan Hydrogels


Thermosensitive chitosan hydrogels were prepared in accordance with the commonly used methodology proposed by Chenite et al. [18]. For this purpose, 0.4 g of crab-derived chitosan (deacetylation degree: 81.8%, molecular weight: 680 kDa, CAS No. 9012-76-4) was dissolved in 16 mL of 0.1 M hydrochloric acid (CAS No. 7647-01-0) and left for 24 h in room temperature. Next, a suspension of disodium β-glycerophosphate (CAS No. 13408-09-8) was prepared by dispersing 2 g of the powder in 2 mL of distilled water. After cooling both samples for 2 h at 5 °C, the glycerophosphate suspension was introduced drop by drop into chitosan.



All materials were provided by the Sigma-Aldrich® company (Poznan, Poland) and used without further treatment.




2.2. Instrumental Injectability Studies


Instrumental injectability tests were carried out using a Brookfield CT3 texture analyzer (London, United Kingdom) with a 4.5 N load cell (44 N) in compression mode. In the study, hypodermic needles (Zarys International Group, dispoFINE, Zabrze, Poland) in sizes 14G–25G (Table 1) and 2 mL disposable syringes (Braun Injekt, ALMO-Erzeugnisse Erwin Busch GmbH, Bad Arolsen, Germany) with an internal diameter of 9.75 mm filled with 0.5 mL of chitosan sol were used.



During the measurements, the force as a function of the distance traveled by the analyzer head was recorded. The injectability process was carried out “into the air”. The detailed measurement procedure is described below. Three repetitions of the measurement were made; sample was injected immediately after being taken out of the refrigerator to ensure a constant temperature of the sol.



The injectability was discussed based on the determined values of dynamic glide force (DGF), the application of which is necessary to maintain the syringe plunger movement. Its value was determined on the basis of the average value of the longest range of forces in which they assume a constant value [31].



2.2.1. Influence of the Injection Needle Used (Diameter and Length)


In order to determine the influence of the used needle on the injection process, needles with sizes 14G–25G were used. The effect of needle length was determined on the basis of tests carried out with the use of 23G needles with a length of 25 mm or 30 mm. The crosshead speed of 1 mm·s−1 was used, which is the most commonly used rate for manual injection [31,40].




2.2.2. Influence of the Injection Rate


To discuss the injection rate effect, a 22G hypodermic needle was used. Its choice resulted from the appropriate length-to-diameter ratio, which eliminates the influence of the inlet and end effects [35] and ensures fully developed fluid flow. During the measurements, the crosshead speeds in the range of 0.2–1 mm·s−1 were used, corresponding to the possible speeds of manual injection.




2.2.3. Injection under Constant Shear Conditions in the Needle


In order to test the injection process under constant shear rate conditions, the crosshead speed was varied according to the values given in Table 2. The selection of needles and the value of the crosshead speed resulted from the ability to precisely maintain the probe displacement parameters by the apparatus.




2.2.4. Effect of Uncontrolled Storage at Room Temperature


For the same reasons as in Section 2.2.2, studies on the effect of the storage time of chitosan sol at room temperature were carried out with a 22G needle and a crosshead speed of 1 mm·s−1. The experimental material was injected immediately after being removed from the refrigerator and after storage for 5, 10, 15, 30, and 60 min at room temperature.





2.3. Rheological Characterization


The rheological characterization of the experimental medium was performed using an Anton Paar Physica series MCR 301 rotational rheometer (Anton Paar, Warszawa, Poland) equipped with a plate–plate measurement system (diameter 25 mm, gap 0.2 mm). A sandblasted plate (serial No. 63000) was used in the tests. Detailed measurement parameters were set depending on the test performed and are described below.



2.3.1. Flow Curve in the Range of High Shear Rates


In order to determine the rheological properties of the chitosan sol, the flow curves in the shear rate range of 100–18,000 s−1 were determined. The lower range resulted from the possible values of the shear rate occurring in the 14G needle using the 1 mm·s−1 crosshead speed, and the upper range resulted from the limit of the test apparatus. The measurement was carried out at 5 °C.




2.3.2. The Cox–Merz Rule


In order to determine the possible influence of the viscoelastic properties of the chitosan sol during the flow through the needles on additional flow resistances, studies were conducted to determine the relationship between purely viscous properties determined in rotational measurements with viscoelastic properties obtained from oscillatory measurements. During a series of measurements, flow curves were determined in the shear rate range of 10−2–103 s−1 and frequency sweep tests in the range of 10−2–103 rad·s−1 were performed. The measurements were carried out at temperatures of 5, 15, 25 and 37 °C, and each time the sample was changed after the test.




2.3.3. Three-Interval Thixotropic Tests


In order to determine the effect of the short-term shear interval on the macroscopic viscoelastic properties of the chitosan sol, three-interval thixotropic tests were carried out in the oscillation-rotation-oscillation mode [15,50]. In the oscillatory shear intervals, constant deformation values of γ = 1% and ω = 5 rad·s−1 lasting 100 s and 600 s, respectively, were applied. The rotational shear interval lasted 3 s and the shear rate values varied in the range of 200–7000 s−1. Based on the experimental data, in particular, the value of the storage modulus G’, the degree of deformation and recovery of the polymer structure were determined depending on the shear rate value. The value of the deformation parameter (Def) was calculated according to the following equation:


  D e f =    G i  −  G 0     G i    × 100 %  



(1)




where Gi is the value of the storage modulus in the 1st oscillatory shear interval and G0 is the value of the storage modulus immediately after the 2nd rotational shear interval.



The value of the recovery parameter (Rec) was determined according to the formula:


  R e c =    G  30      G i    × 100 %  



(2)




where G30 is the storage modulus G’ value 30 s after the end of the 2nd shear interval.






3. Results


3.1. Rheological Characterization of Chitosan Sol


Figure 2 shows the flow curve of chitosan sol obtained in the shear rate ranges observed in the injection needles used. The raw data were approximated by the Ostwald–de Waele power law. The values of the characteristic flow index (n = 0.44) and the consistency coefficient (K = 12.54 Pa·s0.44) were used in the model used to predict the force necessary for injection—Equation (6). The obtained parameters values of the power law proved a very strong shear-thinning behavior of chitosan sol under the flow conditions observed in injection needles.




3.2. Theoretical Analysis of Flow Conditions in an Injection Needle


In order to analyze the injection phenomenon, a proper discussion of the experimental data obtained during instrumental injectability tests must be preceded by a theoretical discussion of the flow conditions in the injection needle, which will be understood as a capillary. In the case of the considered flow of a non-Newtonian medium, its viscosity significantly depends on the value of the shear rate. Simultaneously, this value and the shear rate profile in the capillary significantly depend on the non-Newtonian nature of the experimental medium. In order to determine the real value of the shear rate considering the shear-thinned behavior of the chitosan sol, the correlation proposed by Rabinowitsch–Mooney was used:


   γ ˙  =   32 × Q   π ×  d 3      ×  (    3 n + 1   4 n    )   



(3)







The above relationship, expressed as the crosshead speed vT, and taking into account the continuity equation, takes a more useful form:


   γ ˙  = 8 ×  v T  ×    (     d  s y r i n g e      d  n e e d l e      )   3  ×  (    3 n + 1   4 n    )   



(4)







The determined values of the shear rate for the most commonly used crosshead speed (vT = 1 mm·s−1) and the value of the characteristic flow index (n = 0.44) are summarized in Table 1. It is worth noting that the obtained values were 32% higher compared with the Newtonian fluid (n = 1). This meant that the viscosity of the medium during flow will drop even more. Due to the small diameters and low velocities that are observed in capillaries, the nature of the fluid flow in them is usually described as laminar. In order to unequivocally determine the nature of the flow of chitosan sol in the range of the needles used, the values of the generalized Reynolds number proposed by Metzner and Reed were determined, in accordance with the following formula:


  R  e  M R     =   ρ ·  u  n e e d l e      2 − n   ×  d  n e e d l e     n     8  n − 1   ×  K ′     



(5)







In the above relation, the consistency coefficient K’ was determined on the basis of the parameters of the Ostwald–de Waele model. It was found that the calculated values of the generalized Reynolds number (Table 1) were much lower than the value of the critical Reynolds number Recr = 2395 (for n = 0.44) determined from the Ryan and Johnson relationship. This meant that the flow of chitosan sol in injection needles was laminar, in some cases even creeping, thus no velocity vector components other than parallel to the flow direction were observed during the flow.




3.3. Instrumental Injectability Tests


Figure 3 shows the results of the injectability tests determining the effect of the needle diameter using a constant crosshead speed of 1 mm·s−1. It was found that the diameter of the used needle had a significant influence on the value of the force necessary to inject chitosan sol. With the decreasing inner diameter of the injection needle, the value of the determined DGF force increased significantly. From a practical point of view, it is recommended to use needles not smaller than 21G for the injection of colloidal chitosan sol. This is due to the determined values of the force necessary to maintain the plunger movement not exceeding 20 N [9,33]. The use of smaller needles, 22G and 23G, may exceed the recommended value of the dynamic force DGF, and the selection of needles smaller than 25G may exceed the maximum force of 40 N [9]. Attempting to use them may fail or lead to uncontrolled outflow of liquid and tissue damage. It should also be noted that the determined values of DGF forces during injection “into the air” will be lower than the actual values of forces during subcutaneous or intramuscular injection due to the occurrence of additional resistance of the tissue [30].



The difficulty in administration along with the decreasing diameter of the injection needle result from the increasing flow resistance, and thus the greater force necessary to overcome them. Since the flow through the hypodermic needle can be described using the theoretical basis of capillary rheometry of non-Newtonian fluids, an attempt was made to determine the value of the force necessary for injection in accordance with the following equation:


   N  m o d e l   =  F s  +    8 n  ×  K ′  ×  L  n e e d l e   ×  u  n e e d l e     n       d  n e e d l e      n + 1     × π ×  d  s y r i n g e     2     



(6)







The proposed equation was based on the determination of linear pressure drops during laminar flow of a non-Newtonian medium through a circular pipe. As shown in Figure 3a, the predicted force values according to Equation (6) described the experimental data satisfactorily. Reducing the needle diameter with the use of a constant crosshead speed will also increase the flow velocity in the capillary, thus causing even greater flow resistance.



The observed deviation of the experimental data from the theoretical force values (Equation (6)) for the smallest needles (23G and 25G) may result from an even stronger phenomenon of shear-thinning under the influence of very high shear rates. In these needles, the calculated values of the shear rate (Table 1) were higher than the measuring range of the rotational rheometer (18,000 s−1) with which the rheological parameters of the chitosan hydrogel were determined. In the considered range of shear rates, a second region of shear thinning may occur, where the flow behavior index n for long-chain polymers may even reach a value of 0.37 [45]. Consequently, a possible decrease in the value of the flow index parameter will result in a reduction of the injection force due to the lower flow resistance. On this basis, for needles smaller than 0.4 mm, where the shear rate exceeded 18,000 s−1, the area of the possible value of the force necessary for injection was determined within the limit value of the parameter n from 0.37 (determined in accordance with the literature data) to 0.44 (resulting from the rheometric measurements).



When any fluid flows through the syringe–needle system, there will be additional local resistances related to the narrowing of the diameter during the inflow of fluid into the needle as well as its outflow from the needle. However, due to their insignificant effect in total resistances (value determined based on the theoretical equations below 0.3%), these components may be neglected.



Apart from the diameter of the injection needle, its length will also significantly affect the value of linear flow resistance. According to Equation (6), this value will increase in direct proportion to the capillary length. Figure 3b shows the results of instrumental tests confirming these dependencies. From a practical point of view, the analysis of the obtained data and theoretical relationships allowed us to indicate another reason, apart from purely clinical reasons, for using the shortest possible needles. Based on the data obtained, it can be seen that the DGF force increased proportionally with the increase in the crosshead speed (Figure 4).



Even though in Equation (6), there is no term related to the crosshead speed, this quantity will unequivocally define the volumetric flow rate and consequently, the flow velocity of the medium in the injection needle. This follows from the continuity equation for an incompressible fluid:


  Q   =   π ×  d  s y r i n g e     2   4  ×  v T  =   π ×  d  n e e d l e     2   4  ×  u  n e e d l e    



(7)







This means that, when considering the same syringe–needle system, a twofold increase in the crosshead speed will result in a twofold increase in the flow velocity through the injection needle. According to Equation (6), for shear-thinning fluids, the final influence of the flow velocity through the needle will be smaller because of the exponent n < 1 at the velocity component. Analyzing only the velocity value in the needle, it could be assumed that the dependence of the dynamic glide force on the velocity should be a power function with an exponent less than one. However, an increase in fluid flow velocity will cause an increase in the shear rate value and thus a decrease in the apparent viscosity value.



The influence of the crosshead speed on the injection force value discussed in the example of the 22G needle will be qualitatively met for all needles. According to the data presented in Figure 4, the smaller the injection needle, the stronger the impact of the crosshead speed on the DGF force values [35]. This dependence results directly from the proportionality constant in the continuity equation. In practice, this means that in the event of unforeseen difficulties during injection, a slower injection attempt may be sufficient, especially in the case of very small needles where the risk of exceeding the maximum allowable forces is much greater (Figure 3a).



In order to eliminate the different shear conditions during the flow of chitosan sol, measurements were carried out at a constant value of the shear rate. Thus, a constant value of the apparent viscosity of the chitosan sol was ensured during the flow through the considered injection needles. The determined values of the dynamic force DGF as a function of the internal diameter of the capillary used for the assumed constant values of the shear rate are shown in Figure 5.



The analysis of the obtained data showed that, regardless of the injection needle used, ensuring the same flow conditions in the range of low (in relation to injection) shear rates hardly affected the obtained DGF values. The higher the set values for the shear rate, the more the injection needle used affected the value of the DGF value. This was particularly observed in the case of injection needles 18G–21G for assumed shear rates of 700 s−1 and 3400 s−1. Thus, the conducted analysis confirmed the phenomena observed during the study of the influence of the crosshead speed (Figure 4), while limiting the impact of the variable value of apparent viscosity.



In the case of thermosensitive hydrogels characterized by a lower critical solution temperature, uncontrolled storage of the sol at room temperature may be another important factor influencing the injection process. Figure 6 shows the determined values of dynamic glide force (DGF) as a function of the storage time of the sample at room temperature.



The analysis of the obtained experimental data indicated that storage of the samples before injection caused a decrease in the DGF value. It was found that storing chitosan sol at room temperature for 60 min before injection caused a reduction in the value by approximately 17% from 19.4 N to 16.1 N. This resulted from the decreasing apparent viscosity value caused by unforced heating of the sample. It is worth mentioning that the injection temperature was lower than the LCST value determined on the basis of previous rheological measurements [15,51], and the sol remained in the viscoelastic flow region. In this area, a decrease in viscosity with increasing temperature was observed. Therefore, there was no risk that uncontrolled storage of the thermosensitive chitosan hydrogel at room temperature for too long (up to 1 h) will result in the formation of a three-dimensional lattice and hinder the injection process.



However, it should be noted that in the case of using other systems with an LCST value close to room temperature [36], leaving the thermosensitive hydrogel for too long may lead to the formation of a polymer network, and thus a significant increase in the viscosity value, which will consequently make injection application difficult.




3.4. Influence of the Injection Application on the Conformation of Chitosan Molecules


According to Equation (6), the theoretical analysis of the forces required for injection was carried out taking into account the non-Newtonian nature of the chitosan sol described by the power model (Figure 2). Despite the satisfactory compliance of the model with the experimental data, it should be emphasized that the tested material was a viscoelastic fluid. This meant that, apart from viscous features, they were also characterized by elastic properties, which may also affect the flow of chitosan sol. In order to determine the influence of the viscoelastic properties on the potential increase in flow resistance, studies to verify the possibility of describing chitosan systems using the Cox–Merz rule were carried out. According to this rule, the apparent viscosity value obtained during rotational measurements is equal to the value of complex viscosity determined from oscillation measurements for the same deformation value, shear rate, and angular frequency. Such a phenomenon, and thus the fulfillment of the Cox–Merz rule, are observed for most melted polymers and their solutions.



The results of the tests conducted at subsequent temperatures are shown in Figure 7. On their basis, it can be stated that at the lowest temperature, i.e., 5 °C, the Cox–Merz rule was fulfilled in a wide range of applied deformations, from 0.8 rad·s−1 to 400 rad·s−1. However, as the temperature increased, the range of converging the experimental curves of dynamic viscosity and complex viscosity became narrower.



From the administration point of view, the most interesting observation was made during the analysis of the course of the experimental curves obtained at 25 °C (Figure 7c). It could be seen that the dynamic viscosity and complex viscosity reached the same values for shear rates above 30 s−1. This meant that in the range of the shear rate values observed in injection needles, the viscoelastic properties did not increase the viscosity of the fluid. Consequently, the chitosan sol can be successfully described using only the shear-thinning behavior determined by the parameters of the Ostwald–de Waele model.



The narrowing of the Cox–Merz rule applicability range observed with the increase of temperature resulted from the progressive aggregation of colloidal chitosan systems. In line with the gelation mechanism proposed in the authors’ previous works [15,52], an increase in temperature in the initial stage of aggregation leads to a gradual growth of unstable embryos. When using low angular frequency values, they will exhibit an elastic response to the applied deformation. When the critical deformation values of approximately 5 rad·s−1 at 15 °C and 30 rad·s−1 at 25 °C are exceeded, the shear-induced deformation of the chitosan molecules will occur. Under these conditions, the flow of chitosan sol will be determined only by the nonlinear (viscous) response [53] to the applied stress; consequently, the flow of the fluid gel [54] may occur. Finally, at 37 °C, the experimental curves had a completely different course, which indicated the failure to meet the Cox–Merz rule, resulting from enhanced physical interactions leading to the formation of an infinite, three-dimensional polymer matrix. During this process, an increase in the dominance of elastic features over viscous ones associated with the formation of a highly cross-linked structure was observed. Thus, the results obtained during measurements at higher temperatures differed from the data presented for acid chitosan solutions. Martinez-Ruvalcaba et al. [55] showed that chitosan solutions without the addition of disodium β-glycerophosphate salts meet the Cox–Merz rule up to 45 °C.



In order to determine the influence of the flow of chitosan sol through the injection needle on their macroscopic structural properties, three-interval thixotropic tests were carried out in the oscillatory-rotational-oscillatory shear intervals. The values of deformation and recovery parameters were determined based on changes in the storage modulus G’ value in accordance with Equations (1) and (2); their dependence as a function of the applied shear rate is shown in Figure 8.



The obtained values of the degree of deformation as well as the recovery of the polymer structure clearly indicated strong thixotropic properties of the studied material. It was found that the increase in the shear rate caused a strong deformation of chitosan molecules and hindered the reconstruction of the internal structure. It was found that the dependence of the obtained parameters on the applied shear rate could be described by the power function. It is worth noting that the dependence of the deformation parameter as a function of the shear rate reflected the course of the flow curve of the shear thinning fluid. However, this parameter was calculated based on the changes in the value of the storage modulus G’ which determines the elastic properties of the chitosan sol. Being careful, the determined power model can be used to determine the degree of deformation and recovery of the experimental material even outside the measuring range of the instrument, i.e., for values of shear rates above 20,000 s−1, which may occur when using the smallest injection needles.





4. Discussion


The colloidal chitosan systems obtained with the use of a long-chain unbranched polymer exhibited a shear-thinning behavior. This resulted from the well-known phenomenon in the polymer rheology of the disentanglement of polymer chains and their ordering along the shear field. This phenomenon was also observed for thermosensitive chitosan colloids and described in the previous research of the authors using rheometric measurements combined with small-angle light scattering technique [46]. This remark is very important since the considered systems must form a polymer network after injection application; changes in their conformation during the flow through the needle may affect both the phase transition conditions and the final mechanical properties of the obtained scaffolds. These assumptions were confirmed by the results of the three-interval thixotropic tests. The application of an intensive, short-term interval of rotational shear caused a strong deformation of the experimental medium, and its recovery was much more difficult. Although the tested material exhibited viscoelastic properties, in the shear rate ranges observed in injection needles at room temperature, they were characterized by equal values of apparent viscosity and complex viscosity. Thus, the Cox–Merz rule was met under the considered conditions, and the tested colloidal system was characterized by a nonlinear (viscous) response to the applied deformation, causing the flow of chitosan sol with ordered polymer chains along the shear field. This meant that when analyzing the injectability process, there was no need to consider the elastic properties of the investigated fluid. The model used to predict the forces necessary for injection based solely on the shear-thinning nature of the chitosan sol satisfactorily described the obtained experimental data.



Particular attention should be paid to the experimental data obtained in determining the effect of uncontrolled storage of chitosan sol at room temperature on their injectability. It appeared that storing the sample for up to 1 h reduced the injection force values. This resulted from the decrease in viscosity observed during spontaneous heating of the medium from the actual storage temperature (5 °C). Although this phenomenon may raise doubts, in the case of thermosensitive systems undergoing phase transition with increasing temperature, it should be emphasized that the actual process of forming an unlimited structure is preceded by a viscoelastic flow region.



Based on the experimental data obtained, it can be clearly stated that the main injection resistance is related to the flow of the medium through the injection needle; the smaller the needle (capillary) diameter used, the greater the flow resistance (linear pressure drops). In theoretical considerations of the injection process, especially when using large needles, the flow of chitosan sol through the syringe should also be considered. Simultaneously, based on the theoretical analysis of the local resistances related to the rapid narrowing of the diameter during the inflow into and outflow of the needle may be neglected due to the very small values.




5. Conclusions and Outlook


In the presented work, a comprehensive theoretical and experimental analysis of the injectability process of thermosensitive chitosan gels was carried out. It should be noted that the applied equation for predicting the injection force value showed very good agreement with the experimental data on the widest range of injection needles considered so far, where the flow conditions determined by the shear rate value varied in the range of 200 s−1 < y < 55,000 s−1. Simultaneously, it had been shown that in the considered flow conditions, it was not necessary to take into account the elastic properties of the chitosan sol.



Due to their strongly shear-thinning nature, the considered systems are a promising material for use as injectable scaffolds, the application of which is possible with very thin needles (even 23G and 25G), thus limiting their invasiveness and reducing patients’ discomfort.



It was found that the increase in the shear rate value led to macroscopic structural changes of the chitosan sol caused by the disentangling and ordering of the polysaccharide chains along the shear field. Therefore, it seems justified to conduct further research involving the influence of the injection application on the sol–gel phase transition conditions as well as the mechanical properties of the obtained hydrogels, which may be significantly determined by the conformation of the polymer chains during forced flow under high shear conditions.







Author Contributions


Conceptualization, A.R. and P.O.; methodology, A.R.; validation, A.R. and P.O.; formal analysis, P.O.; investigation, A.R.; resources, P.O.; data curation, A.R.; writing—original draft preparation, A.R.; writing—review and editing, P.O.; visualization, A.R.; supervision, P.O. All authors have read and agreed to the published version of the manuscript.




Funding


The APC was funded by the Lodz University of Technology.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sivashanmugam, A.; Arun Kumar, R.; Vishnu Priya, M.; Nair, S.V.; Jayakumar, R. An overview of injectable polymeric hydrogels for tissue engineering. Eur. Polym. J. 2015, 72, 543–565. [Google Scholar] [CrossRef]

	



Sun, Y.; Nan, D.; Jin, H.; Qu, X. Recent advances of injectable hydrogels for drug delivery and tissue engineering applications. Polym. Test. 2020, 81, 106283. [Google Scholar] [CrossRef]

	



Yu, L.; Ding, J. Injectable hydrogels as unique biomedical materials. Chem. Soc. Rev. 2008, 37, 1473–1481. [Google Scholar] [CrossRef] [PubMed]

	



González-Díaz, E.C.; Varghese, S. Hydrogels as Extracellular Matrix Analogs. Gels 2016, 2, 20. [Google Scholar] [CrossRef] [PubMed]

	



Tibbitt, M.W.; Anseth, K.S. Hydrogels as extracellular matrix mimics for 3D cell culture. Biotechnol. Bioeng. 2009, 103, 655–663. [Google Scholar] [CrossRef]

	



Lee, J.H. Injectable hydrogels delivering therapeutic agents for disease treatment and tissue engineering. Biomater. Res. 2018, 22, 27. [Google Scholar] [CrossRef]

	



Guvendiren, M.; Lu, H.D.; Burdick, J.A. Shear-thinning hydrogels for biomedical applications. Soft Matter 2011, 8, 260–272. [Google Scholar] [CrossRef]

	



Yang, J.-A.; Yeom, J.; Hwang, B.W.; Hoffman, A.S.; Hahn, S.K. In situ-forming injectable hydrogels for regenerative medicine. Prog. Polym. Sci. 2014, 39, 1973–1986. [Google Scholar] [CrossRef]

	



Watt, R.P.; Khatri, H.; Dibble, A.R.G. Injectability as a function of viscosity and dosing materials for subcutaneous administration. Int. J. Pharm. 2019, 554, 376–386. [Google Scholar] [CrossRef]

	



Qiu, Y.; Park, K. Environment-sensitive hydrogels for drug delivery. Adv. Drug Deliv. Rev. 2012, 64, 49–60. [Google Scholar] [CrossRef]

	



Taylor, M.J.; Tomlins, P.; Sahota, T.S. Thermoresponsive Gels. Gels 2017, 3, 4. [Google Scholar] [CrossRef] [PubMed]

	



Lavertu, M.; Filion, D.; Buschmann, M.D. Heat-induced transfer of protons from chitosan to glycerol phosphate produces chitosan precipitation and gelation. Biomacromolecules 2008, 9, 640–650. [Google Scholar] [CrossRef]

	



Filion, D.; Lavertu, M.; Buschmann, M.D. Ionization and Solubility of Chitosan Solutions Related to Thermosensitive Chitosan/Glycerol-Phosphate Systems. Biomacromolecules 2007, 8, 3224–3234. [Google Scholar] [CrossRef] [PubMed]

	



Qiu, X.; Yang, Y.; Wang, L.; Lu, S.; Shao, Z.; Chen, X. Synergistic interactions during thermosensitive chitosan-β-glycerophosphate hydrogel formation. RSC Adv. 2011, 1, 282–289. [Google Scholar] [CrossRef]

	



Owczarz, P.; Ziółkowski, P.; Modrzejewska, Z.; Kuberski, S.; Dziubiński, M. Rheo-Kinetic Study of Sol-Gel Phase Transition of Chitosan Colloidal Systems. Polymers 2018, 10, 47. [Google Scholar] [CrossRef]

	



Supper, S.; Anton, N.; Seidel, N.; Riemenschnitter, M.; Schoch, C.; Vandamme, T. Rheological Study of Chitosan/Polyol-phosphate Systems: Influence of the Polyol Part on the Thermo-Induced Gelation Mechanism. Langmuir 2013, 29, 10229–10237. [Google Scholar] [CrossRef] [PubMed]

	



Cho, J.; Heuzey, M.-C.; Bégin, A.; Carreau, P.J. Physical gelation of chitosan in the presence of beta-glycerophosphate: The effect of temperature. Biomacromolecules 2005, 6, 3267–3275. [Google Scholar] [CrossRef]

	



Chenite, A.; Chaput, C.; Wang, D.; Combes, C.; Buschmann, M.D.; Hoemann, C.D.; Leroux, J.C.; Atkinson, B.L.; Binette, F.; Selmani, A. Novel injectable neutral solutions of chitosan form biodegradable gels in situ. Biomaterials 2000, 21, 2155–2161. [Google Scholar] [CrossRef]

	



Aliaghaie, M.; Mirzadeh, H.; Dashtimoghadam, E.; Taranejoo, S. Investigation of gelation mechanism of an injectable hydrogel based on chitosan by rheological measurements for a drug delivery application. Soft Matter 2012, 8, 7128–7137. [Google Scholar] [CrossRef]

	



Douglas, T.E.L.; Skwarczynska, A.; Modrzejewska, Z.; Balcaen, L.; Schaubroeck, D.; Lycke, S.; Vanhaecke, F.; Vandenabeele, P.; Dubruel, P.; Jansen, J.A.; et al. Acceleration of gelation and promotion of mineralization of chitosan hydrogels by alkaline phosphatase. Int. J. Biol. Macromol. 2013, 56, 122–132. [Google Scholar] [CrossRef]

	



Kim, S.; Nishimoto, S.K.; Bumgardner, J.D.; Haggard, W.O.; Gaber, M.W.; Yang, Y. A chitosan/β-glycerophosphate thermo-sensitive gel for the delivery of ellagic acid for the treatment of brain cancer. Biomaterials 2010, 31, 4157–4166. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, H.Y.; Jiang, L.J.; Cao, P.P.; Li, J.B.; Chen, X.G. Glycerophosphate-based chitosan thermosensitive hydrogels and their biomedical applications. Carbohydr. Polym. 2015, 117, 524–536. [Google Scholar] [CrossRef] [PubMed]

	



Martins, E.A.; Michelacci, Y.M.; Baccarin, R.Y.; Cogliati, B.; Silva, L.C. Evaluation of chitosan-GP hydrogel biocompatibility in osteochondral defects: An experimental approach. BMC Vet. Res. 2014, 10, 197. [Google Scholar] [CrossRef] [PubMed]

	



Hastings, C.L.; Kelly, H.M.; Murphy, M.J.; Barry, F.P.; O′Brien, F.J.; Duffy, G.P. Development of a thermoresponsive chitosan gel combined with human mesenchymal stem cells and desferrioxamine as a multimodal pro-angiogenic therapeutic for the treatment of critical limb ischaemia. J. Control. Release 2012, 161, 73–80. [Google Scholar] [CrossRef]

	



Lisková, J.; Bačaková, L.; Skwarczyńska, A.L.; Musial, O.; Bliznuk, V.; De Schamphelaere, K.; Modrzejewska, Z.; Douglas, T.E.L. Development of thermosensitive hydrogels of chitosan, sodium and magnesium glycerophosphate for bone regeneration applications. J. Funct. Biomater. 2015, 6, 192–203. [Google Scholar] [CrossRef]

	



Ngoenkam, J.; Faikrua, A.; Yasothornsrikul, S.; Viyoch, J. Potential of an injectable chitosan/starch/β-glycerol phosphate hydrogel for sustaining normal chondrocyte function. Int. J. Pharm. 2010, 391, 115–124. [Google Scholar] [CrossRef]

	



Huang, C.-L.; Chen, Y.-B.; Lo, Y.-L.; Lin, Y.-H. Development of chitosan/β-glycerophosphate/glycerol hydrogel as a thermosensitive coupling agent. Carbohydr. Polym. 2016, 147, 409–414. [Google Scholar] [CrossRef]

	



Mellati, A.; Akhtari, J. Injectable Hydrogels: A Review of Injectability Mechanisms and Biomedical Applications. Res. Mol. Med. 2019, 6, 1–14. [Google Scholar] [CrossRef]

	



Cilurzo, F.; Selmin, F.; Minghetti, P.; Adami, M.; Bertoni, E.; Lauria, S.; Montanari, L. Injectability Evaluation: An Open Issue. AAPS Pharmscitech 2011, 12, 604–609. [Google Scholar] [CrossRef]

	



Rungseevijitprapa, W.; Bodmeier, R. Injectability of biodegradable in situ forming microparticle systems (ISM). Eur. J. Pharm. Sci. 2009, 36, 524–531. [Google Scholar] [CrossRef]

	



Zhang, Q.; Fassihi, M.A.; Fassihi, R. Delivery Considerations of Highly Viscous Polymeric Fluids Mimicking Concentrated Biopharmaceuticals: Assessment of Injectability via Measurement of Total Work Done “WT”. AAPS PharmSciTech 2018, 19, 1520–1528. [Google Scholar] [CrossRef] [PubMed]

	



Allmendinger, A.; Fischer, S.; Huwyler, J.; Mahler, H.-C.; Schwarb, E.; Zarraga, I.E.; Mueller, R. Rheological characterization and injection forces of concentrated protein formulations: An alternative predictive model for non-Newtonian solutions. Eur. J. Pharm. Biopharm. 2014, 87, 318–328. [Google Scholar] [CrossRef] [PubMed]

	



Chen, M.H.; Wang, L.L.; Chung, J.J.; Kim, Y.-H.; Atluri, P.; Burdick, J.A. Methods To Assess Shear-Thinning Hydrogels for Application As Injectable Biomaterials. ACS Biomater. Sci. Eng. 2017, 3, 3146–3160. [Google Scholar] [CrossRef] [PubMed]

	



Rathore, N.; Pranay, P.; Bernacki, J.; Eu, B.; Ji, W.; Walls, E. Characterization of protein rheology and delivery forces for combination products. J. Pharm. Sci. 2012, 101, 4472–4480. [Google Scholar] [CrossRef]

	



Allahham, A.; Mainwaring, D.; Stewart, P.; Marriott, J. Development and application of a micro-capillary rheometer for in-vitro evaluation of parenteral injectability. J. Pharm. Pharmacol. 2004, 56, 709–716. [Google Scholar] [CrossRef]

	



Owczarz, P.; Rył, A.; Dziubiński, M.; Sielski, J. Injectable Chitosan Scaffolds with Calcium β-Glycerophosphate as the Only Neutralizing Agent. Processes 2019, 7, 297. [Google Scholar] [CrossRef]

	



Ji, Q.X.; Deng, J.; Xing, X.M.; Yuan, C.Q.; Yu, X.B.; Xu, Q.C.; Yue, J. Biocompatibility of a chitosan-based injectable thermosensitive hydrogel and its effects on dog periodontal tissue regeneration. Carbohydr. Polym. 2010, 82, 1153–1160. [Google Scholar] [CrossRef]

	



Parameswaran-Thankam, A.; Parnell, C.M.; Watanabe, F.; RanguMagar, A.B.; Chhetri, B.P.; Szwedo, P.K.; Biris, A.S.; Ghosh, A. Guar-Based Injectable Thermoresponsive Hydrogel as a Scaffold for Bone Cell Growth and Controlled Drug Delivery. ACS Omega 2018, 3, 15158–15167. [Google Scholar] [CrossRef]

	



Kolawole, O.M.; Lau, W.M.; Khutoryanskiy, V.V. Chitosan/β-glycerophosphate in situ gelling mucoadhesive systems for intravesical delivery of mitomycin-C. Int. J. Pharm. X 2019, 1, 100007. [Google Scholar] [CrossRef]

	



Shavandi, A.; Bekhit, A.E.-D.A.; Sun, Z.; Ali, M.A. Injectable gel from squid pen chitosan for bone tissue engineering applications. J. Sol-Gel Sci. Technol. 2016, 77, 675–687. [Google Scholar] [CrossRef]

	



Yasmeen, S.; Lo, M.K.; Bajracharya, S.; Roldo, M. Injectable Scaffolds for Bone Regeneration. Langmuir 2014, 30, 12977–12985. [Google Scholar] [CrossRef] [PubMed]

	



Doench, I.; Torres-Ramos, M.E.W.; Montembault, A.; Nunes de Oliveira, P.; Halimi, C.; Viguier, E.; Heux, L.; Siadous, R.; Thiré, R.M.S.M.; Osorio-Madrazo, A. Injectable and Gellable Chitosan Formulations Filled with Cellulose Nanofibers for Intervertebral Disc Tissue Engineering. Polymers 2018, 10, 1202. [Google Scholar] [CrossRef] [PubMed]

	



Snijkers, F.; Pasquino, R.; Olmsted, P.D.; Vlassopoulos, D. Perspectives on the viscoelasticity and flow behavior of entangled linear and branched polymers. J. Phys. Condens. Matter 2015, 27, 473002. [Google Scholar] [CrossRef] [PubMed]

	



Colby, R.H.; Boris, D.C.; Krause, W.E.; Dou, S. Shear thinning of unentangled flexible polymer liquids. Rheol. Acta 2007, 46, 569–575. [Google Scholar] [CrossRef]

	



Xu, X.; Chen, J.; An, L. Shear thinning behavior of linear polymer melts under shear flow via nonequilibrium molecular dynamics. J. Chem. Phys. 2014, 140, 174902. [Google Scholar] [CrossRef] [PubMed]

	



Owczarz, P.; Ziółkowski, P.; Dziubiński, M. The Application of Small-Angle Light Scattering for Rheo-Optical Characterization of Chitosan Colloidal Solutions. Polymers 2018, 10, 431. [Google Scholar] [CrossRef]

	



Kume, T.; Hashimoto, T.; Takahashi, T.; Fuller, G.G. Rheo-Optical Studies of Shear-Induced Structures in Semidilute Polystyrene Solutions. Macromolecules 1997, 30, 7232–7236. [Google Scholar] [CrossRef]

	



Saito, S.; Hashimoto, T.; Morfin, I.; Lindner, P.; Boué, F. Structures in a Semidilute Polymer Solution Induced under Steady Shear Flow as Studied by Small-Angle Light and Neutron Scattering. Macromolecules 2002, 35, 445–459. [Google Scholar] [CrossRef]

	



Bair, S.; Tsuyoshi, Y.; Ludwig, B.; Hubert, S.; Vergne, P.; Gerhard, P. Oscillatory and Steady Shear Viscosity of Liquid Lubricants: The Cox-Merz Rule, Superposition, and Application to EHL Friction. In Proceedings of the 41st Leeds-Lyon Symposium on Tribology “Integrated Tribology”, Leeds, UK, 2–5 September 2014. [Google Scholar]

	



Toker, O.S.; Karasu, S.; Yilmaz, M.T.; Karaman, S. Three interval thixotropy test (3ITT) in food applications: A novel technique to determine structural regeneration of mayonnaise under different shear conditions. Food Res. Int. 2015, 70, 125–133. [Google Scholar] [CrossRef]

	



Owczarz, P.; Rył, A.; Modrzejewska, Z.; Dziubiński, M. The influence of the addition of collagen on the rheological properties of chitosan chloride solutions. Prog. Chem. Appl. Chitin Deriv. 2017, 22, 176–189. [Google Scholar] [CrossRef]

	



Rył, A.; Owczarz, P. Thermoinduced Aggregation of Chitosan Systems in Perikinetic and Orthokinetic Regimes. manuscript in preparation.

	



Chen, H.; Liu, W.; Hong, M.; Zhang, E.; Dai, X.; Chen, Q.; Yang, W.; Xue, Y.; Qiu, X.; Ji, X. Associative behavior of polyimide/cyclohexanone solutions. RSC Adv. 2019, 9, 27455–27463. [Google Scholar] [CrossRef]

	



Fernández Farrés, I.; Moakes, R.J.A.; Norton, I.T. Designing biopolymer fluid gels: A microstructural approach. Food Hydrocoll. 2014, 42, 362–372. [Google Scholar] [CrossRef]

	



Martínez-Ruvalcaba, A.; Chornet, E.; Rodrigue, D. Dynamic Rheological Properties of Concentrated Chitosan Soltions. Appl. Rheol. 2004, 14, 140–147. [Google Scholar] [CrossRef]








[image: Polymers 12 02260 g001 550] 





Figure 1. Graphical interpretation of the synergistic properties of thermosensitive injectable hydrogels. 
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Figure 2. Flow curve of chitosan sol obtained at 5 °C. 
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Figure 3. (a) Experimental and theoretical value of the force required for the injection depending on the inner diameter of the needle; (b) influence of the needle length on the value of the dynamic glide force (DGF). 
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Figure 4. Influence of the crosshead speed on the value of the dynamic glide force (DGF) for needles 21G, 22G, and 23G. 
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Figure 5. Influence of the needle diameter on the injection process under constant flow conditions expressed by the shear rate value. 
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Figure 6. Effect of storage time at room temperature on injectability of chitosan sol. 
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Figure 7. Experimental curves of dynamic viscosity and complex viscosity changes as a function of shear rate and angular frequency, respectively, at (a) 5 °C, (b) 15 °C, (c) 25 °C, and (d) 37 °C. 
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Figure 8. Dependence of deformation and recovery parameters as a function of the applied shear rate. 
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Table 1. Needles used in research.
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Needle

	
Outer Diameter

(OD)

(mm)

	
Inner Diameter (ID) (mm)

	
Length

(mm)

	
Actual Length

(mm)

	
Actual Length/ID (-)

	
Shear Rate (s−1)

	
Real Shear Rate (s−1)

	
ReMR 1

(−)






	
14G × 1½’’

	
2.108

	
1.6

	
40

	
37

	
23.1

	
186

	
245

	
0.10




	
15G × 1½’’

	
1.829

	
1.372

	
40

	
38

	
27.7

	
294

	
388

	
0.15




	
16G × 1½’’

	
1.651

	
1.194

	
40

	
41

	
34.3

	
447

	
589

	
0.22




	
18G × 1½’’

	
1.270

	
0.838

	
40

	
41

	
48.9

	
1292

	
1703

	
0.57




	
19G × 1½’’

	
1.067

	
0.686

	
40

	
41

	
59.8

	
2356

	
3104

	
0.97




	
20G × 1½’’

	
0.908

	
0.603

	
40

	
41

	
68.0

	
3469

	
4571

	
1.37




	
21G × 1½’’

	
0.819

	
0.514

	
40

	
41

	
79.8

	
5600

	
7380

	
2.09




	
22G × 1¼’’

	
0.718

	
0.413

	
30

	
37

	
89.6

	
10,796

	
14,226

	
3.76




	
23G × 1¼’’

	
0.641

	
0.337

	
30

	
37

	
109.8

	
19,871

	
26,185

	
6.49




	
23G × 1′’

	
25

	
31

	
92.0




	
25G × 1′’

	
0.514

	
0.26

	
25

	
31

	
119.2

	
43,269

	
57,020

	
13.00








1 Value of the generalized Reynolds number proposed by Metzner and Reed, determined based on Equation (5).
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Table 2. The set value of the crosshead speed (mm·s−1) in order to obtain the assumed shear speed in the needle.
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Needle

	
Assumed Shear Rate at the Injection Needle (s−1)




	
700

	
3400

	
13,500

	
27,000






	
15G

	
1.8

	

	

	




	
16G

	
1.2

	

	

	




	
18G

	
0.4

	
2.0

	

	




	
19G

	

	
1.1

	

	




	
20G

	
0.2

	

	
3.0

	




	
21G

	
0.09

	
0.5

	
1.9

	




	
22G

	

	

	

	
1.9




	
23G

	

	

	
0.5

	
1




	
25G

	

	

	

	
0.5
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