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Abstract
Bioink preparation is an important yet challenging step for bioprinting with hydrogels, 
as it involves fast and homogeneous mixing of various viscous components. In this 
study, we have developed an automated active mixing platform (AAMP), which 
allows for high-quality preparation of hydrogel bioinks. The design of AAMP, adapted 
from syringe pumps, provides many advantages, including low cost, automated 
control, high precision, customizability, and great cytocompatibility, as well as the 
potential to intelligently detect the homogeneity. To demonstrate the capability of 
AAMP, mixing of different hydrogel components, including alginate and xanthan 
gum with and without Ca2+, alginate and Laponite, PEGDMA and xanthan gum, was 
performed to investigate an alginate hydrogel preparation process. Colorimetric 
analyses were carried out to evaluate the mixing outcome with AAMP. Result showed 
that AAMP can prepare homogeneous hydrogel mixing in a fast and automated 
fashion. A  multiphysics COMSOL simulation is carried out to further validate the 
results. Moreover, cell viability and proliferation study were performed in a cell 
encapsulation mixing experiment to validate the cytocompatibility of the AAMP. 
The AAMP has demonstrated great capability in hydrogel bioink preparation and 
could therefore holds great promise and wide applications in bioprinting and tissue 
engineering.
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1. Introduction
Hydrogels, as an essential class of materials, are becoming increasingly common in many 
fields, including tissue engineering, pharmaceutics, and wound dressings[1]. Specifically, 
they are becoming prevalent in the field of tissue engineering, acting as scaffold materials 
that provide desired mechanical properties and biological functionalities[2-4]. With the 
advancement of additive manufacturing, particularly three-dimensional (3D) printing, 
hydrogels have gained increasing interest as bioinks for the printing of tissue engineered 
scaffolds[5-14].
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Despite tremendous breakthroughs made in hydrogel 
bioprinting, challenges remain, with achievement 
of hydrogel bioink homogeneity being one of them. 
Syringe extrusion is the most used hydrogel bioprinting 
approach, where the hydrogel is first prepared by mixing 
of the monomer, crosslinker, and other additives, and then 
incubated to form the hydrogel, followed by the loading of 
hydrogel into a syringe for subsequent printing[15]. During 
this process, homogeneous mixing and proper loading 
are crucial to the homogeneity of the final product to be 
printed[16]. As the hydrogel pre-polymer solutions are 
usually highly viscous[17] and difficult to mix, traditional 
vortexing usually works poorly for hydrogel pre-polymer 
mixing. The fast gelation kinetics also result in the change 
of viscosity and diffusion coefficients during the mixing, 
which adds more complexity to the mixing process[15]. 
Moreover, during all the mixing and loading steps, it is 
difficult to avoid formation or trapping of air bubbles[15]. 
These factors can greatly hinder the bioink preparation 
process, resulting in heterogeneous bioink, which, in turn, 
affects the print quality.

Various efforts have then emerged to address these 
issues so as to achieve a homogeneous bioink. The most 
straightforward approach is to apply powerful mixing 
apparatus. Different types of mixing apparatus, including 
blenders[18,19] or agitators,[20,21] can be used. These powerful 
mixers can achieve fast mixing homogeneity even before 
the sol-gel transition begins, so the change in viscosity 
and diffusivity can be negligible. They are also capable of 
batch-processing large quantity of gels due to their large 
form factors. However, these methods are still subject to 
formation or trapping of air bubbles during the blending 
or on the loading of bioink into the printing syringe 
barrel. Once the gel is formed, it is relatively difficult to 
be transferred from one container to another without 
trapping air. To address this, approaches have been 
developed to perform the mixing in the format of syringes. 
For example, a static syringe mixer was developed with 
the brandmark of CELL-MIXER[22-24]. In such static mixer, 
different components to be mixed are loaded in separate 
syringes placed in parallel and pushed together through a 
mixing tip whose outlet is connected to the target syringe. 
The mixing tip is designed with swirling blades, so that 
the components can be thoroughly mixed when passing 
through. As the mixer is static and the mixing is a one-
time operation, the homogeneity of the mixing depends 
on the length and geometry of the mixing tip. For very 
viscous components, the tip might never be long enough 
to achieve homogeneous mixing.

In these cases, another type of syringe-based mixer, 
referred to as active mixer herein, would be preferred. 

In an active mixer, two syringes loaded with hydrogel 
components are placed against each other and connected 
by a female-to-female syringe connector. By pumping 
the two-syringe system back and forth, the components 
would start mixing in the sealed chamber formed by 
the two syringes and the connector[25]. As the back-
and-forth pumping could have infinite number of 
cycles, homogeneity could eventually be reached if the 
components are non-reacting. However, the gelation 
of hydrogel pre-polymer components adds more 
complexity to the process, and if not mixed fast enough, 
gelation would affect the final homogeneity. Therefore, 
the pumping is expected to be fast with high pumping 
frequency and pumping speed. So far, this approach is 
still carried out by manually pumping the two syringes, 
which is not only laborious, but also limited in its 
pumping speed and frequency. With the pumping of very 
viscous fluids repeatedly with only thumbs in the span 
of a few minutes, one may even be at risk for long-term 
ergonomics-based diseases. Moreover, manual operation 
induces human error as the pumping speed can hardly be 
kept constant. All these factors add up to the complexity 
of the mixing and gelation process during the hydrogel 
bioink preparation, making it difficult to analyze and 
standardize. Therefore, many hydrogel preparation 
approaches still suffer from batch-to-batch variations[26,27]. 
Such variation not only limits the applications of hydrogel 
bioinks, but also hinders the theoretical understanding of 
the intrinsic gelation process of hydrogels.

In this work, we propose an automated active mixing 
platform (AAMP). The AAMP is an active mixer that has 
the potential to relieve this variation obstacle. On one 
hand, the AAMP frees human labor from the laborious 
pumping operation. On the other hand, it allows for 
controllable mixing settings, including pumping cycles 
and speed. Such capabilities can help minimize the batch-
to-batch variation of hydrogel bioinks, as was validated by 
consecutive successful rounds of homogenous mixing. We 
also systematically characterized the AAMP performance 
under different parameter settings, including cycle and 
speed, using a representative alginate/Ca2+ hydrogel with 
high-viscosity additives. All experiments were validated 
using colorimetric analysis[25]. We believe, the high 
repeatability provided by AAMP could greatly facilitate 
the fabrication of hydrogel bioink with high quality, as 
well as provide more predictable data for theoretical 
study of the gelation process. Furthermore, to validate 
our experimental results and provide more insights 
into the hydrogel gelation study, we also carried out 
COMSOL simulation for the AAMP mixing process. We 
varied mixing cycle and speed in the simulation and the 
outcome matched with experimental results. In addition, 
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assessment of cell viability and proliferation ability post-
mixing was conducted, as both measures are essential for 
the AAMP-mixed bioinks to be effectively used in tissue 
engineering. Together, the experimental and simulation 
results provided instructive information on how to 
achieve high-quality hydrogel bioink with homogeneity. 
Beyond being a viable option in terms of its efficacy, 
our design with chassis size can be extended/reduced 
and movable stop sensors allow for a “one-size-fits-all 
approach”, in which the AAMP can accommodate various 
syringe lengths and mixing volumes. For all these reasons, 
we believe that the AAMP holds great promise in hydrogel 
bioprinting and tissue engineering.

2. Materials and methods
2.1. Design and set-up of the device

The AAMP is composed of a chassis, two pushing blocks, 
two holding blocks, a stepper motor (Nema 17) with a 
TB6600 (Toshiba) driver and 24V power supply (Figure 1). 
A 1/4”-20 lead screw is connected to the stepper motor for 
linear motion. All structural components were designed 
in Solidworks and 3D printed (Dremel) with polylactic 
acid (PLA). During operation, the holding blocks held the 
syringe barrels in place, while the pushing blocks, attached 
to the motor through a common lead screw, moved 
the syringe pistons back and forth, creating the cyclic 
pumping motion. The movement was programmed and 
controlled by an Arduino Uno. Both the TB6600 motor 
controller and the 24 V power supply were specifically 
chosen to allow for a speed sufficient for both adequate 
mixing and overcoming the pressures inside the syringe. 
The baseline speed used in the following experiments, 
unless stated otherwise, is 3000  rpm. Added on either 
side of the chassis was proximity sensors (Gikfun MC-38 
wired door sensor magnetic switches for Arduino) for 
limiting the range of motion of the pushing blocks. A pair 
of 10-mL syringes (inner diameter 14.4 mm) was inserted 
into the device and connected through a female-female 
syringe connector (inner diameter 4.3  mm). While a 
volume of 10  mL was chosen, syringes of larger and 
smaller volumes can be loaded and inserted as well.

2.2. Preparation of alginate hydrogel for 
characterization

About 2.5% of sodium alginate (high molecular weight; 
Sigma-Aldrich, MO, USA) was first prepared in deionized 
water with red food dye. About 6% of xanthan gum 
(Sigma-Aldrich, MO, USA) solution was then prepared in 
deionized water separately with blue food dye and 2 mg/mL 
CaSO4 slurry (Sigma-Aldrich, MO, USA). The two separate 
solutions were then vortexed and left overnight to reach 
homogeneity. Then, the two solutions were centrifuged 
at 3000  rpm for 4  min to remove air bubble. A  volume 
of 1.5  mL of each of the solutions was then loaded into 
the 10-mL syringes, and mixed at 1:1 ratio using AAMP. 
In the colorimetric test, 2.5% of sodium alginate and 
6% of Laponite (BYK, USA), or 20% polyethylene glycol 
dimethacrylate (PEGDMA; molecular weight = 1000) and 
6% of xanthan gum were also used for mixing outcome 
evaluation with red and blue dyes, respectively.

2.3. Rheological characterization

2.5% of sodium alginate and 6% of xanthan gum solution 
were prepared separately. Their viscosities were measured 
using flow ramp tests with an ARES-G2 rheometer (TA 
Instruments, DE, USA). For the flow ramp test, the shear rate 
was gradually increased from 0 to 100 1/s, while the stress and 
viscosity were recorded and plotted. Moreover, to study the 
effect of gelation on viscosity, the two solutions were mixed 
thoroughly, and the viscosity of the mixture was continuously 
monitored for 10 min under a shear rate of 10 1/s.

2.4. Characterization of hydrogel mixing

After mixing, the homogeneity of the hydrogel was 
analyzed by colorimetry method. Our analysis includes 
comparison of hydrogel with and without the alginate/Ca2+ 
reaction, differing mixing cycles (5, 10, 20, 30, and 50) and 
differing speeds (750  rpm, 1500  rpm, and 3000  rpm) of 
the same mixing cycles. The speeds of 750 rpm, 1500 rpm, 
and 3000  rpm correlate to theoretical linear speeds of 
952.5 mm/min, 1905 mm/min, and 3180 mm/min. After 
mixing, the dye-containing gel mixture was extruded 
and sandwiched between two glass sides separated by 
SecureSeal™ imaging spacers. Pictures of the gel mixture 

Figure  1. Top view of the automated dual-syringe mixing device with (a) device body, (b) syringe-syringe female connecter, (c) NEMA 17 motor, 
(d) TB6600 motor controller, (e) Arduino Uno, and (f) 24V power supply.
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were then taken, followed by measuring their red (R) and 
blue (B) values in RGB fashion at 40 randomly sampled 
pixels using image processing software (MATLab). The 
standard deviation or percent variance of R and B values 
was then calculated as an indication of the homogeneity.

2.5. Multiphysics modeling and simulation with 
COMSOL

COMSOL Multiphysics simulation software was used to 
simulate the mixing process in the AAMP at a frequency 
of 1 Hz for up to 50 cycles. Geometry of the dual-syringe 
compartment was directly reconstructed in COMSOL. 
Using moving walls together with a moving mesh, back 
and forth motion was coupled with fluid dynamics (CFD) 
model to allow for comparison to the experimental data. 
Viscosities of the fluid components were substituted based 
on experimental value from the rheological measurement. 
Time response of fluid velocity, pressure, and concentrations 
were plotted at selected time points after the computation.

2.6. Cell viability study

A 4-day cell viability study was performed by mixing 
cell-laden hydrogel components with AAMP. Human 
mesenchymal stem cells (hMSCs) were cultured in DMEM 
medium (Life Technologies, USA) supplemented with 10% 
of fetal bovine serum (FBS, Life Technologies, USA) and 
1% of penicillin and streptomycin. For encapsulation of 
cells in the hydrogel, hMSCs were trypsinized and added 
to 2.5% alginate solution before mixing at 1:1 ratio with 
6% of xanthan gum. For dissolving alginate and xanthan 
gum, DMEM medium was used as the solvent instead of 
deionized water. After 10, 30, and 50 cycles of mixing in 
AAMP, hydrogels were extruded into a mold, forming 
discs with a diameter of 6 mm and a thickness of 0.45 mm. 
After physical crosslinking by submerging in 1% of CaCl2 
solution for 1  min, samples were then transferred into a 
24-well plate, with 1 mL DMEM medium added to each well 
for culturing. Samples were then analyzed on days 0, 1, and 
4. On analyzing, samples were washed with medium. Live/
dead staining kit (Invitrogen™, Thermo Fisher, Waltham, 
MA) was used to visualize live and dead cells. Results were 
obtained with a fluorescence microscope (Zeiss, Germany) 
and the viability was analyzed through MATLab scripts by 
counting live and dead cells using image analysis.

2.7. Cell proliferation

Four-week cell proliferation was evaluated by DNA 
quantification. Similar to the viability experiment, hMSC 
– or human umbilical vascular endothelial cell (HUVEC) 
– encapsulated hydrogels were molded into discs with 
6 mm diameter and 0.45 mm thickness. After crosslinking, 
hMSC-  and HUVEC-laden samples were cultured in 

DMEM and HUVEC growth medium, respectively, and 
collected on days 0, 3, 7, 14, 21, and 28. At each time point, 
samples were collected into 1.5-mL centrifuge tubes and 
mechanically broken down with polypropylene pestles 
(Bio Plas, CA, USA) in 500 μL of 1% of Triton solution in 
PBS. The resulted solution was then sonicated to lyse the 
cell membrane. The amount of DNA was then measured 
with PicoGreen dsDNA assay kit (Invitrogen, MA, USA).

3. Results and discussion
3.1. AAMP system setup

Figure 1 shows the AAMP from the top view, including 
the structural set-up and control electronics. The overall 
device is lightweight and portable, establishing it as an 
efficient and low-cost option compared to that which exists 
on the market today. The chassis sits on two rods that allow 
for size manipulation of the device’s body. The AAMP is 
controlled by Arduino which is easily customizable for 
speed and cycle settings. The stop sensors are located on 
the side walls of the chassis and are adjustable, allowing the 
user to regulate how far each syringe is pushed. This setting 
is especially important for the “one-size-fits-all” approach, 
in which our AAMP system is able to accommodate 
syringes of different sizes and varying mixing volumes.

3.2. Colorimetric characterization of AAMP

We have carried out characterization for the AAMP to 
study the effect of different mixing conditions on the mixing 
outcome. We first mixed 2.5% of sodium alginate and 6% 
of xanthan gum solutions as representative materials for 
characterizing the mixing. We also studied their rheological 
properties before mixing using a rheometer (Figure 2). As 
shown in Figure 2A and B, both sodium alginate and xanthan 

Figure  2. Rheological properties of (A) sodium alginate, (B) xanthan 
gum, (C) their mixture over time, and (D) alginate mixed with Ca2+.

A B

C D
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gum showed shear-thinning property, but the viscosity of 
xanthan gum (Figure 2B) is much higher than that of sodium 
alginate (Figure  2A). Therefore, we can conclude that the 
viscosity of the mixture also mainly attributes to xanthan 
gum solution. Moreover, we also performed a time-wise 
viscosity measurement after the two solutions were mixed. It 
can be seen that the viscosity remained constant in 10 min, 
except the initial fluctuation. This is much longer than the 
mixing time, so we assume that no gelation-induced viscosity 
change happened during mixing. We also performed flow 
ramp study for alginate solution mixed with Ca2+ and 
incubated it overnight for full crosslinking (Figure 2D). The 
result shows that after crosslinking, the viscosity of alginate 
became much higher, and at 10 1/s shear rate the viscosity of 
alginate reached 25 Pa·s. This further confirms that during 
the AAMP mixing, viscosity did not change much due 
to the crosslinking, while the initial change in Figure  2C 
might be due to fluctuation as the equipment just started 
rotating. Figure  3 shows the colorimetric characterization 

of different mixing conditions. Figure 3A and C shows the 
mixing results for the gel with and without the alginate/Ca2+ 
reaction, respectively, at varying stages of mixing cycles at 
a speed of 3000 rpm. In both cases, it was seen that better 
homogeneity was achieved with increased mixing cycles. 
The mixing reached visual homogeneity at 50 cycles. These 
qualitative results were further confirmed by a quantitative 
analysis using colorimetry (Figure 3B and D). It was seen 
that the percent variance decreased for both R and B values 
as mixing cycle number increased. The lighter color of the 
gels in Figure 3C is probably due to darker color of the initial 
solution.

We also sought to determine the effect of speed on 
achieving homogeneity. Hydrogel mixing under 3 different 
speeds was compared (Figure  3E). Gel without the 
alginate/Ca2+ reaction was used to more easily visualize 
the difference between the different speeds. The fastest 
mixing used is 3000 rpm. With all three being mixed for 
20 cycles, visually, it was observed that the faster mixing 

Figure 3. Characterization of hydrogel mixing. (A) Hydrogel with Ca2+/Alginate reaction mixed by the AAMP at 5, 10, 20, 30, and 50 mixing cycles. 
(B) Standard deviation/percent variance of red (R) and blue (B) values in the case of 5, 10, 20, 30, and 50 mixing cycles by the dual-syringe mixing device. 
Values decrease with increased cycle number which demonstrates increased homogeneity with increased mixing. (C) Hydrogel without reaction mixed by 
the AAMP at 5, 10, 20, 30, and 50 mixing cycles. (D) Percent variances of R and B values in the case of 5, 10, 20, 30, and 50 mix cycles by the dual-syringe 
mixing device. Values decrease with increased cycle number, which demonstrates increased homogeneity with increased mixing. (E) Hydrogel without 
reaction mixed by the AAMP that underwent 20 mixing cycles at 3000 rpm, 1500 pm, and 750 pm. (F) Percent variances of R and B values in the case 
of 750, 1500, and 3000 rpm for 20 mixing cycles by the dual-syringe mixing device. Values decrease with increased cycle number, which demonstrates 
increased homogeneity with increased mixing.

A B

C D

FE
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speed allowed homogeneity to be achieved in fewer cycles. 
Quantification in Figure 3F using the percent variance of 
R and B values at three different speeds suggests the same 
trend. Moreover, we performed additional experiments 
using 30  mL syringes with other forms of hydrogels, 
including mixing 2.5% of alginate with 6% of Laponite, and 
mixing 20% of PEGDMA with 6% of xanthan gum. The 
results of both hydrogel mixing in Figure S1 show similar 
trends with the results of Figure 3, suggesting the versatility 
of the AAMP for a broad range of hydrogel mixture.

3.3. COMSOL simulation of the mixing outcome

COMSOL simulation was performed to further validate 
the AAMP mixing outcome. We assigned the viscosity 
and diffusion coefficient of each component according 
to empirical values. We further assume that the AAMP 
was able to achieve homogeneous mixing fast enough, 
so the effect of gelation was also negligible. Therefore, 
the simulation could be simplified to a simple mixing 
model. As a result, we plotted the fluid speed, pressure, 
and concentrations at selected time points as shown in 
Figure 4. It can be seen that there was a dramatic increase 
in the flow speed at the connector region (Figure  4A), 
which should contribute to most of the mixing outcome. 
A  representative pressure profile at the same time point 
also corresponds to the flow rate, where high flow rate 
leads to high pressure (Figure 4B). The pressure profile has 
shown that the maximum pressure did not exceed 3 psi, 
which is safe for cell[28]. Such result provides instructive 
information for fabricating cell-encapsulating hydrogel 
bioinks as the pumping speed and force can be customized 
to limit the maximum pressure and shear stress, which 
in turn ensures cell viability. Such application associated 
with cell encapsulation has been very useful and widely 
applied[29-34].

To directly evaluate the outcome of the mixing, the 
concentration of xanthan gum was plotted at different 
time points (Figure  4C-E). Initially, the xanthan gum 
component was completely loaded in the top syringe; 

as the mixing cycle increased, it began to mix with the 
alginate component loaded in the bottom syringe, and 
the concentration of xanthan gum (C[Gum]) began to 
distribute across the dual-syringe compartment. The 
simulation result was visualized in the 3D model. The future 
study is needed to better characterize the fluid properties 
of the materials we used, and substitute into the simulation 
model for precise prediction of the experimental results. 
Nevertheless, the established model provides a useful tool 
for experimental design.

3.4. Cell viability and proliferation

For tissue engineering applications, cell viability and 
proliferation are fundamental rubrics for evaluating a 
bioink. To ensure that the AAMP does not introduce 
cell damage during bioink preparation, we performed 
4-week cell viability and proliferation studies to observe 
cells’ behavior after mixing (Figure  5). To validate that 
the device is cell-friendly, which works for not only one 
type of cells, we selected two representative cell types, 
including mesenchymal stem cells and endothelial cells. To 
study if prolonged mixing influences cell behavior, three 
groups with different mixing cycles, including 10, 30, and 
50, were tested. Figure  5A shows the live/dead staining 
results for all groups across 4  weeks. It can be seen that 
cell viability is above 95% for all groups, indicating that the 
mixing operation did not introduce any potential damage 
to cell viability. This was further confirmed by a 4-week 
proliferation study (Figure  5B and C) by measuring the 
DNA amount in the sample. According to the results, cell 
concentration remained almost the same across the 4-week 
period. Such no reduction in cell number indicates that 
the mixing procedure by AAMP does not introduce any 
potential damage to cells over the long-term. On the other 
hand, no increase in cell number was observed, which is 
possibly due to high overall gel content, leading to too 
condensed gel and leaving no room for cells to proliferate. 
However, this is not the focus of this study, as we just 
wanted to demonstrate that the mixing procedure has no 

Figure 4. COMSOL simulation results for the AAMP mixing process at a frequency of 1 Hz. (A) Flow velocity at t = 5 s. (B) pressure profile at t = 5 s. (C–E) 
Concentration of the viscosity enhancer, xanthan gum, at t = 0, 10 and 30 s, respectively.

D EA B C
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negative effect on cell viability. Note that the materials used, 
including both alginate and xanthan gum, are both known 
to be non-cytotoxic[35-38], and they were chosen as a general 
representation of cytocompatible hydrogel components. 
As the mixing procedure is proven to be cell-friendly, 
the protocol should work for almost all other commonly 
seen hydrogel bioink materials, such as gelatin[39-42] and 
poly(ethylene glycol) diacrylate (PEGDA)[43,44]. Therefore, 
the AAMP can be a widely applicable platform for 
preparing cell-laden hydrogel bioink. There is currently 
little to no literature discussing the outcomes of various 
methodologies for mixing, with most of the advancement 
lying in the commercial realm. This is especially concerning 
given the importance of cell viability and proliferation 
post-mixing, both which are rarely studied or discussed. 
Beyond introducing a new mixing device, this study holds 
the secondary purpose of addressing a foundational gap in 
research surrounding hydrogel mixing.

4. Conclusion
The AAMP provides a mechanism of high pumping 
frequency and speed that is portable, easily controllable and 
low-cost compared to those on the market today. Analyses 
outlined in this paper have shown that the AAMP is an 
effective means to achieve homogeneity for hydrogels with 
and without an alginate-Ca2+ reaction. By tuning speed 
and cycle parameters, it was found that by programming 
the AAMP to complete 50 mixing cycles at 3000  rpm, 
visual homogeneity was achieved for the hydrogels utilized 
in our tests, which was further confirmed by colorimetric 
analysis.

Through the results confirmed by both experiment 
and simulation, the AAMP is shown to be a cost-effective 
and efficient adaptation of the traditional manual active 
mixer that eliminates the need for human labor and the 
discomfort and error associated with it. Compared with 

Figure 5. Cell viability and proliferation. (A) 4-week viability study for hMSC-laden hydrogels mixed by AAMP for 10, 30, and 50 cycles. (B,C) 4-week 
proliferation study for hMSC- and HUVEC-laden hydrogels by AAMP for 50 cycles.

A B

C
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static mixing that may not achieve uniform mixing if the 
solutions are too viscous, AAMP ensures the homogeneity 
of the mixing outcome by limitlessly increasing the number 
of mixing cycles. Its customizable settings can be built upon 
and provides a myriad of possibilities for hydrogel quality 
enhancement. Our results suggest that the AAMP presents 
great potential for efficient and standardized preparation 
of hydrogels as well as the field of tissue engineering in 
general.
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