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Stereotaxic surgery is a less invasive form of surgery that uses a three-dimensional coordi-
nate system to place instruments at a specific location in the brain. Through this type of
surgery, one can place needles among other tools within the structures of the brain.
Therefore, injections can be given in order to deliver substances that cannot cross the
blood–brain barrier. The two most important parameters of the microinjection to control
are volume and speed. The volume should not be so large that it displaces the brain tissue
and tears it. The injection speed must also be slow so that the liquid that comes out of the
syringe can diffuse into the tissue without displacing it and damaging it. Thus, the objec-
tives of the present work are: 1) To develop not a 3D printed prototype but an end-user
device. 2) The device must be for animal research only. 3) It must have the same precision
in volume and speed as commercial devices. 4) It must be adjustable for microsyringes
from 0.5 ll to 1 ml. 5) It must be possible to place it directly on the stereotaxic surgery
apparatus and to use it separately. 6) The price must be substantially lower than that of
the commercial devices.
� 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Hardware in context

Stereotaxic surgery is a less invasive form of surgery that uses a three-dimensional coordinate system to place instru-
ments at a specific location on the body. A mechanical framework of cartesian, polar, or mixed coordinates is used. The place-
ment of this frame in the body requires fixed anatomical references. As the only place with these characteristics is the skull,
this type of surgery is used only in neurosurgery. The stereotaxic surgery method was first published in 1908 by British
researchers Victor Horsely, a neurosurgeon, and Robert H. Clark, a physiologist [1]. Although this system was initially used
for neuroscience research, it was used in 1933 by the North American physician Martin Kirschner in humans to treat trigem-
inal neuralgia [2]. Through this type of surgery, one can place: probes, electrodes, needles, among other instruments, within
the structures of the brain, making the following procedures possible: ablation, biopsy, injury, stimulation, electrophysiolog-
ical recording, and injection [3,4]. Currently, intracerebral injection is widely used for the treatment of various diseases in
humans [5] and neuroscience research in animals, mainly rodents [6,7,8 ]. It has been used in order to deliver toxins [9], neu-
rotransmitters [10], antibiotics [11], stem cells [12], viral vectors [13], and nanomaterials [14], among others, to various
brain structures. These substances could not otherwise cross the blood–brain barrier. The injection systems were initially
manual and later automated. They consist of a body where the microsyringe is held and which contains in its interior a
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stepper motor. This motor is connected to a fine threaded rod that moves a platformwhich in turn pushes the syringe’s plun-
ger. The body can be attached to the stereotaxic surgery apparatus. The motor is controlled by a microprocessor which con-
trols the two most important parameters of the microinjection: volume and speed. The volume should not be so large that it
displaces the brain tissue and tears it, forming an abscess. The maximum volume tolerated by brain tissue in a single injec-
tion has been determined to be 1500 nL [15,16,17]. The injection speed must also be slow so that the liquid coming out of the
syringe can diffuse into the tissue without displacing it and damaging it. Thus, the maximum injection rate should not
exceed 250 nl/min [18–20]. Since the microsyringe’s needle will move through the brain tissue [21], its characteristics
are also important, so that minimum damage is caused to the nervous tissue. These characteristics are the diameter, the
length, and the tip. The microinjection system does not control these characteristics, but the researcher must choose the
indicated microsyringe (Hamilton, Reno NV, USA) [22], depending on the size of the brain to be injected. For example, Hamil-
ton syringes are suitable for the human brain and larger animal species but not for rodents. In this circumstance, an insulin
syringe needle (held by the stereotaxic surgery apparatus) connected to a Hamilton syringe by a tube with a smaller diam-
eter and rigid walls is implemented. There are many models of microinjectors on the market, some of which are more speci-
fic for intracerebral injection, while others are for general purposes. Some of those specific for neuroscience can be mounted
on the stereotaxic apparatus [23]; others cannot or are larger [24]. These, depending on the capacity of syringe used, can
inject volumes from nanoliters to microliters with slow injection rates for intracerebral injection (less than 250 nl/min). Gen-
eral purpose syringe pumps have injection volumes from microliters to milliliters [25] and cannot be placed in the stereo-
taxic surgery apparatus. The latter are not suitable for intracerebral injection. Others are for clinical use in humans that
cannot do this job, and we will not consider them in this work. Prices range from $1,550.00 USD to $6,000.00 USD. Thus,
the objectives that we considered for the design presented in this work are as follows:

o To develop a 3D printed device that is not a prototype but rather an end-user device.
o It must be for animal research only.
o It must have the same precision in volume and speed as specific commercial devices.
o It must be adjustable for microsyringes with total volumes from 0.5 ll to 1 ml.
o It must be possible to place it directly on the stereotaxic surgery apparatus and to use it separately
o The price must be substantially lower than that of the commercial devices.

Hardware description

The device was 3D printed with PLA plastic, and the goal was to achieve not a prototype but a final product that could be
used immediately. It has the same components as commercial devices but it is cheaper. The central part of the device is made
up of a 28BYJ-48 stepper motor which is quite inexpensive and can be found practically anywhere. This motor is connected
to an M5 threaded rod with steps of 0.8 mm, which improves the precision of the microinjector. We measure the pitch of the
rod and found that it was 0.795 instead of 0.8. We used 0.795 in the calculations. This motor is controlled by an Arduino Uno
microprocessor using an EasyDriver V4.4 motor controller. Since the motor shaft is eccentric due to the gearbox it contains,
to move the threaded rod, it uses a 1:1 motor and rod gear. Unlike commercial microinjectors, the part where the microsy-
ringe is held is designed so that any microsyringe can be placed, as well as a 1 ml insulin syringe. Another difference with
commercial microinjectors is that it can be mounted on the stereotaxic surgery device or on a scissor jack stand (included in
the design) printed in PLA. The jack was included in the design as it is helpful in cases where the hose used to connect the
microsyringe to the needle mounted on the stereotaxic surgery device must be very short.

� This intracerebral microinjection system is designed for animal neuroscience research animals (it is NOT suitable for
human). It has the same precision as the commercial systems but it is cheaper.

� Since it can be placed on its platform, it can also be used to deliver substances directly to cells in culture.
� Another application that this device may have, is applying substances during electrophysiological experiments on iso-
lated cells or brain slices.

� It can also be used in microfluidics where nano or micro-volumes are used.

Design files summary

Bill of materials summary

Build instructions
3D print. All STL files must be 3D printed, and those that appear in Table 1 with an asterisk are printed as the indicated
copies. They are printed in 1.75 mm PLA plastic, without rafts, without supports, with an infill of 30%.

Microinjector.
� Cut 152 mm of threaded rod and sand the edges of the ends (Fig. 2B).
� The rod gear must be screwed onto the rod and glued with cyanoacrylate-based glue (Fig. 2B). Care must be taken that
they are aligned.
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Table 1

Hardware name Microinjector II

Subject area Neuroscience
Hardware type Biological sample handling and preparation
Closest commercial analog UMP3 UltraMicroPump

From World Presision Instruments Inc, USA.
Open source license CC-BY 4.0
Cost of hardware $190.88 USD
Source file repository Mendeley, https://doi.org/10.17632/m77h37dfjf.1

Fig. 1. The different parts of the microinjector and their location.

Fig. 2. Assembly of the microinjector. A parts list for the microinjector and the first steps of assembly.
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� Two screws must be glued with their respective knobs with epoxy glue (Fig. 2C).
� A nut must be placed on the bottom of the plunger. It has to be well placed so that the threaded rod can pass through it
without forcing anything (Fig. 2D).

� The motor gear has to be placed on the motor, and it only has one way to place it. It must not be glued (Fig. 3D).
� The threaded bar is placed in the body of the microinjector, as shown in the figure (Fig. 3A). Subsequently, the plunger is
inserted from the back and the rod is screwed into the plunger nut (Fig. 3B, 3C).

� The motor is placed with its gear engaging it with the gear of the bar (Fig. 4A).
� The motor is screwed into position (Fig. 4B).
� The body cap is screwed into position (Fig. 4C, 4D).
� The syringe holder is placed in position and screwed on (Fig. 4E).
Fig. 3. Steps for assembly of the microinjector.

Fig. 4. Final steps for assembly of the microinjector.

4
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Housing.
� Cut the back of the housing so that the circuit mount is in place (Fig. 5a) and glue it to the housing base (with epoxy or
cyanoacrylate-based glue), as shown in Fig. 5b.

� Glue the display chassis at one end of the housing (Fig. 5c).
� Cut the housing to gain access to the display chassis from the back and be able to pass the display cables to the Arduino
(Fig. 5d).

� Cut an access to the keyboard cables in the housing (Fig. 5e).
� Screw the display into the display chassis cover (Fig. 5f).
� Glue the cover to the display chassis (Fig. 5g).
� Pass the display and keyboard cables inside the housing (Fig. 5h).
� Glue the keyboard in place (Fig. 5i).
� Screw the Arduino and EasyDrive on the circuit mount (Fig. 5j).
� Glue the power jack and the RJ11 connector (Fig. 5k).
Stand scissor jack.
� Screw the internal arms with the external arms to form four scissors (Fig. 6a).
� Join two scissors by screwing the slider to the internal arms (Fig. 6b).
� Join the external arms by screwing the bar (Fig. 6c).
� Join the formed structure to the base by screwing it through the other ends of the external arms (Fig. 6d).
� Make a second structure and screw it to the base like the first (Fig. 6e).
� Place nuts in the slots of the sliders (Fig. 6f).
� Cut 19 mm of threaded rod, sand the edges of the ends and pass it through the holes in the base and the sliders, screwing
it into the nuts found in the sliders, leaving it protruding at the ends (Fig. 6g).

� At one end, screw a nut and glue it with cyanoacrylate glue and screw the knob on the other side and glue it also (Fig. 6h).
Screw loosely so the rod can rotate freely.

� Screw the other ends of the internal arms to the cover, as shown in Fig. 6i.
� Glue or screw the microinjector pedestal to the lid (Fig. 6j).
Fig. 5. Steps for assembly of the microinjector controller.
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Fig. 6. Steps for assembly of the scissor jack.
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Electronics.
� 28byj-48 motor

o The stepper motor is unipolar and we have to convert it to bipolar [26,27].
o The red wire is cut or desoldered, and it is no longer used.
o The BJ11 telephone cable is cut off the connector on one side, and the cables are uncovered.
o The cables can be soldered directly to the motor PCB (unsoldering those with the motor) or to the motor cables.

ALWAYS BE CAREFUL THAT THE COLOR OF THE TELEPHONE CABLE MATCHES THE COLOR OF THE CORRECT
MOTOR CABLE, AS ILLUSTRATED IN Fig. 7.

� Easy Drive motor controller
o All cables connected to the EasyDrive are soldered, so the female connectors of the Dupont cable are cut. The male end

must be connected directly to the Arduino in the places indicated in Fig. 7. Take care not to connect it elsewhere.
o The BJ11 connector cables (telephone) are also soldered to the EasyDriver, taking care that the color of the cable is

in the correct position in the EasyDriver Fig. 7.
o Power supply cables are soldered in the EasyDriver and the power jack with those from the Arduino.

� LCD
o Four male–female Dupont cables have the female connector cut off and soldered to the LCD. The SCL and SDA cables

are connected to the Arduino with the male connectors in the positions indicated in Fig. 7.
o The power cables go directly to the Arduino, also soldered on one side and connected to the Arduino.

� Keypad
o The keypad has a female connector where the Dupont ribbon can be directly connected. Eight male-male leads of the

Dupont ribbon cable are connected directly to the keypad and Arduino. ALSO, BE CAREFUL TO CONNECT THEM IN
THE POSITION INDICATED IN Fig. 7.

� Power supply
o The entire circuit can be powered with 7 V, except the display that is powered by 5 V taken from the arduino. The

circuit draws 200 milliamps with the engine running. This means that the power supply can be 7 V, 500 or more
milliamps.

Firmware.
� Installation of the Arduino IDE 2.0.0 or newer

o Visit https://www.arduino.cc, download, and run the installer.
o Follow the instructions.
o Detailed instructions [28]
6
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Fig. 7. Electronic circuit connections.
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� Install libraries
o The libraries that need to be installed are Keypad.h v3.1.1, Wire.h v2.3.7, LiquidCrystal_I2C.h v1.1.2, and AccelStepper.

h v1.0.4
o To install a new library, use the Library Manager of the IDE.
o Open the IDE.
o Click on the ‘‘Sketch” menu and then on ‘‘Include Library > Manage libraries”.
o A new menu appears. Put the library’s name in the ‘‘Filter your search” field.
o It appears below and click on ‘‘INSTALL” or ‘‘UPDATE”.
o Detailed instructions [29]

� Upload the sketch to the IDE and the Arduino Uno
o Run the Arduino IDE. Go to ‘‘File”, then to ‘‘Open”.
o Locate the sketch folder and upload it.
o To upload it to the Arduino Uno, click on the arrow pointing to the right in the IDE menu bar.
o Detailed instructions [30]

Operation instructions.
� Main Menu

o In this menu, there are two options: A, to go to the setup menu and prepare the injection; B, to go to the liquid loading
and injection menu.

o The desired letter is typed (Fig. 8).
� A Setup

o First decide in which units the volumes are going to be written: 1 = nanoliters; 2 = microliters; 3 = milliliters. Key in
the desired number (Fig. 8a).

o VJ = The maximum volume of the syringe (in the previously chosen units). Type the number, the key ‘‘*” is the decimal
point (Fig. 8B). When you finish entering the number, type the ‘‘#” symbol, which is the ‘‘Enter” key, and go to the next
one (Fig. 8).

o SJ = The distance between zero and the maximum volume of the syringe scale in millimeters (Fig. 8c). It is measured
with a ruler from zero to the maximum volume (in mm) of the syringe scale and keyed in (Fig. 8j). Type ‘‘Enter” for the
next one.

o VI = The volume to be injected, also in the previously chosen units. Type and press ‘‘Enter” (Fig. 8d).
7



Fig. 8. Software menu screens. The stroke of the syringe is the distance measured in mm from zero volume to the maximum of the scale.
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o TI = Injection time in seconds. Type and press ‘‘Enter” (Fig. 8e) to save the parameters in the memory. If another
microinjection is going to be done with the same parameters, it is unnecessary to retype them just go directly to
the ‘‘Microinjection” menu.

o If only one parameter will be changed, the others can be skipped with the ‘‘D” key, but always make sure that ‘‘Enter”
is pressed after the new parameter.

o Option ‘‘D” is to exit to the previous menu.
� B Microinjection

o Vel = gives us the injection speed in motor steps per second (Fig. 8f).
o Time = indicates the injection time in seconds (Fig. 8g).
o Option ‘‘A” starts loading the selected volume into the syringe at maximum speed. A status bar appears (filled circles),

indicating what remains to be loaded.
o Option ‘‘B” starts the intracerebral microinjection. A status bar appears (filled squares), indicating the elapsed injec-

tion time.
o Option ‘‘D” is to abort and exit to the previous menu.

Validation and characterization

Performance characterization

This design is based on the 28BYJ-48 motor; it is a 64-step motor with a 1:64 gear box (Fig. 9) that makes the motor cap-
able of taking (in complete steps) 4090.9 steps per revolution. Since the motor is coupled to an M5 threaded rod with
0.795 mm steps, the motor advances that distance per revolution. The rod gives more precision to the engine. To control
the motor, we use the EasyDrive because it is less bulky than the others and has an excellent library. Thus, when we tested
this motor with the EasyDrive in the lab, we found that it makes 2045.5 steps per revolution, which is the data we used for
the firmware. Since each motor is different, you can do the same procedure of measuring the angle per step multiplying it by
360. This value is substituted in the firmware ‘‘Driver_Microinjector_V4.3, on line 103, which says ”const int steps = 2045;‘‘.
To measure the step angle, a paper gauge is attached to the motor rotor. On a blank sheet, draw a circle of approximately
8



Fig. 9. 28byj-48 motor specifications.
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15 cm with a compass and a straight line through the center. Place the motor in the center of the circle and align the indi-
cator on the rotor with the straight line. Activate the motor at very low speed, count 10 steps and make a mark in the circle.
Make a straight line between the mark and the center of the circle and measure the angle between both lines. Divide the
angle by 10 and then divide 360�by the angle, this gives us the number of steps per revolution. See (Table 2 and Table 3).

This motor is unipolar and needs to be changed to bipolar in order to be used with the EasyDrive, but the method is
straightforward. To relate the advance of the syringe plunger with the injected volume, the internal diameter of the syringe
would have to be measured and the volume calculated. This method is impractical as we would have to ask the user to make
this measurement with a caliper. A more practical method is to measure with a ruler the scale of the syringe from zero to
maximum volume, which tells us how many millimeters the plunger must move to push the maximum volume of the syr-
inge. We call this variable the ‘‘SJ” syringe stroke. The software also asks the user:

o the maximum volume of the ‘‘VJ” syringe.
o the volume to inject ‘‘VI.”
o the injection time ‘‘TI”.

The software calculates:

o the millimeters that the plunger has to advance in order to move the injection volume
DI ¼ ðVI � SJÞ =VJ ð1Þ
o the steps that the motor has to take to move the volume VI.
DI ¼ absððID=0:795Þ � 2045Þ ð2Þ
9



Table 2

Design file name Fig. 1** File type Open source license Location of the file

Microinjector
Microinjector body a STL CC-BY 4.0 https://doi.org/10.17632/m77h37dfjf.1

‘‘Available with the article”.
Microinjector plunger b STL CC-BY 4.0 https://doi.org/10.17632/m77h37dfjf.1

Available with the article
Microinjector top c STL CC-BY 4.0 https://doi.org/10.17632/m77h37dfjf.1

Available with the article
Motor gear d STL CC-BY 4.0 https://doi.org/10.17632/m77h37dfjf.1

Available with the article
Rod gear e STL CC-BY4.0 https://doi.org/10.17632/m77h37dfjf.1

Available with the article
Syringe holder f STL CC-BY4.0 https://doi.org/10.17632/m77h37dfjf.1

Available with the article
Knob x2* STL CC-BY4.0 https://doi.org/10.17632/m77h37dfjf.1

Available with the article
Housing for electronics
Circuit mount g STL CC-BY 4.0 https://doi.org/10.17632/m77h37dfjf.1

Available with the article
Display housing h STL CC-BY 4.0 https://doi.org/10.17632/m77h37dfjf.1

Available with the article
Display housing top i STL CC-BY 4.0 https://doi.org/10.17632/m77h37dfjf.1

Available with the article
Stand scissor jack
Bar x2* j STL CC-BY 4.0 https://doi.org/10.17632/m77h37dfjf.1

Available with the article
Inner arm x4* k STL CC-BY 4.0 https://doi.org/10.17632/m77h37dfjf.1

Available with the article
Jack base l STL CC-BY 4.0 https://doi.org/10.17632/m77h37dfjf.1

Available with the article
Jack top m STL CC-BY 4.0 https://doi.org/10.17632/m77h37dfjf.1

Available with the article
Knob n STL CC-BY 4.0 https://doi.org/10.17632/m77h37dfjf.1

Available with the article
Microinjector pedestal o STL CC-BY 4.0 https://doi.org/10.17632/m77h37dfjf.1

Available with the article
Outer arm x4* p STL CC-BY 4.0 https://doi.org/10.17632/m77h37dfjf.1

Available with the article
Slider x2* q STL CC-BY 4.0 https://doi.org/10.17632/m77h37dfjf.1

Available with the article
Electronic circuit
Microinjector circuit jpg CC-BY 4.0 https://doi.org/10.17632/m77h37dfjf.1

Available with the article
Firmware
Driver_Microinjector_V4.3 ino CC-BY 4.0 https://doi.org/10.17632/m77h37dfjf.1

Available with the article

* Number of parts to print.
** Position of component in Fig. 1.
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o the speed that the engine must reach so that in the desired amount of seconds ‘‘TI”, it injects the desired volume ‘‘VI”.
Vel ¼ absðDI=TIÞ ð3Þ
Validation

Method: In the laboratory we tested the precision of the volume of displaced deionized water, with volumes equal to
(6 ll) and greater than one drop (so that it can be detached from the microsyringe). All the validation was carried out with
a 25 ll Hammilton micro-syringe. Then we measured the weight of the ejected volume with an analytical balance. To carry
out the gravimetric measurements, a site with stable humidity and temperature conditions was selected. A recently cali-
brated Sartorius Practum analytical balance (Sartorius Instruments, Goettingen, Germany) was used, which has a sensitivity
of 10-6 g; a Durac digital thermometer, model SP BEL_ART (HB Instruments, NJ, USA) with a maximum uncertainty of 0.02 �C;
an Extech model SD700 digital barometer (Extech Instruments, NH, USA) with an uncertainty equal to or less than 0.1 hPa.

Evaporation loss calculation. As a first step, the evaporation loss must be estimated to accurately convert mg to ml. To do
this, deionized water was placed in a glass container and placed on the scale. 10 ll was loaded into the syringe with the
10
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Table 4

Expected
volume (ll)

Measured volume

Mean (ll) SD (ll) Accuracy (%) CV (%)

6 6.1 0.18708 +1.6 3.06
7 6.93 0.13038 �1 1.88
8 8.06 0.26315 +0.75 3.26
9 8.822 0.20055 �1.9 2.27
10 9.964 0.11104 �0.36 1.11
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microinjector and a 25 ll Hammilton micro-syringe, at a maximum speed of 500 steps/sec. The balance was tared weight
with the water container inside, and then the water container was removed. The water was expelled from the microinjector
at a rate of 12 sec/ll, producing a total time of 120 sec. The water container was placed back on the scale, and the weight was
measured. Four measurements were made and averaged, showing an evaporation loss of 0.007 ml for each injection cycle.

Gravimetric test. Five different volumes (6, 7, 8, 9, and 10 ll) of deionized water were loaded into the microinjector at
maximum speed. Five measurements were made for each volume. They were expelled in 120 sec. into a container placed
on the analytical balance. Temperature and barometric pressure were recorded for each measurement. Subsequently, mg
of water was converted to ml with the following formula:
Vi ¼ Zðmi þ mean eÞ ð4Þ

Vi = individual volumes (ml).
mi = individual masses (mg).
mean e = evaporation loss (mg).
Z = Z-factor (ml/mg) see in published tables [31].
The mean, standard deviation (random error, precision), systematic error (accuracy in %), and coefficient of variation (CV

in %) of each group of volumes were obtained with Origin Pro 2021 software (OriginLab, MA, USA) (Table 4).
Mean and standard deviation were obtained with the well-known formulas included in the software. The systemic error

(accuracy) was calculated with the following equation:
es ¼ meanV � VSð Þ=VS � 100 ð5Þ

meanV = mean of each group of volumes.
Vs = selected volume.
The coefficient of variation was calculated with the equation:
CV = 100 * s / meanV ð6Þ

S = standard deviation.
Results and discussion

Accuracy. Accuracy is defined as the repeatability of the measurements and it is calculated by taking the standard devi-
ation. Table 4 shows the mean volume for each group of volumes, and judging by the standard deviation of each group, it can
be seen that the dispersion is small. The same was verified by plotting the ejected volume means with their standard devi-
ation as a function of the selected volume. The fit to a straight line is good, judging by r = 0.9989 (Fig. 10A, red line). Regard-
ing the variability coefficients (Table 4 and Fig. 10B), we can see that they are below 3.26%, which is quite acceptable for this
range of volumes. When comparing a 25 ll Hammilton micro-syringe with another brand (ILS, Germany) of the same vol-
ume, we see that its percentage of variability changes very little (data not shown). This variability leads us to suppose that
the microinjector is involved in the performance of the device, but the syringe brand used is also a strong component. How-
ever, they are volumes that brain tissue tolerates very well. Unfortunately, the experimental data on the commercial
microinjectors are not public, so we cannot compare them with the proposed design. Nevertheless, the theoretical precision
values calculated as the minimum volume per step of the motor with a 10 ll syringe. In the case of this design, it is 62 pl/
step, and in the case of WPI’s UMPE UltraMicroPumpmicroinjector [22], it has to take 20,000 steps to advance 63 mm, which
corresponds to 10 ll. Therefore, it has a precision of 0.5 nl/step [22]. The difference between the two lies in the threaded rod,
which in the case of the present design has a feed rate of 0.00039 mm/step, while that of the commercial design is
0.00315 mm/step.

Accuracy. Is related to the systematic error or also called offset of the mean. It tells us how far the mean is from the actual
value. Even though the accuracy for a volume of 9 ll was ± 1.9, a volume of ± 0.17 ll does not represent a problem for the
nervous tissue Table 4 and Fig. 10B. If we compare the expected values (green line) with the ejected ones (red line, Fig. 10A),
we see that the offset is minimal at small volumes and grows very little as the selected volume increases. Accuracy values
12



Fig. 10. Validation. A graph of ejected volume as a function of the selected volume. B graph of accuracy and variation coefficient.
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reported for commercial microinjectors are merely indicated as being below ± 0.5%; in the case of this design, it is below ± 1.
9%.

The results of the validation experiments have only limited significance for the accuracy in the nanoliter range. But in the
microliter range, this microinjector has enough precision for the work. In addition, as a result of 3D printing and electronics,
‘‘Open Access” is an order of magnitude cheaper than commercial systems. This microinjector can be mounted on the stereo-
taxic surgery apparatus or its platform, as shown in Fig. 11A and B.
Scientific application

Method: The experiments were conducted in accordance with the official Mexican standard for technical specializations
for laboratory animal production, care, and use (NOM-062-ZOO-1999), and under the supervision of the Internal Committee
for Animal Care Provisions and Use of Laboratory Animals (CUICAL) of the National Autonomous University of Mexico.
Fig. 11. Design. A microinjector mounted on the stereotaxic surgery apparatus. B microinjector mounted on its scissor jack outside the stereotaxic surgery
apparatus.
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Three BALBC male mice and one Cre-D1 30–35 day old male with an approximate weight of 20–23 g were used. The sub-
jects were kept in home boxes under controlled environmental conditions: 12–12 h light–dark cycle, temperature 21 ± 2 �C,
and humidity 70 ± 10%. Subjects had ad libitum access to food and water until the day of sacrifice. The mice were obtained
from the School of Medicine animal facility on the same day of the experiment.

Stereotaxic Surgery. Mice were anesthetized with ketamine (100 mg/kg i.p.) and xylazine (10 mg/kg, i.p.) (ANESKET�) and
placed in a stereotaxic apparatus (Stoelting CoTM). Sedation was monitored with the patellar reflex, and subjects were kept at
a temperature of 35 �C using a thermoregulator. BALBC mice were microinjected with 0.6 ll of methyl violet (BIOPACK) and
Cre-D1 mice with 0.6 ll of a viral vector containing the plasmid pAAV.Syn.Flex.GCaMP6f.WPRE.SV40 (Addgene), which con-
tains the sensor for calcium GCaMP6f. The microinjections were in the coordinates for the nucleus accumbens from bregma:
Anteroposterior + 1.1 mm, medial–lateral +/- 0.5, and dorsoventral �4.2 according to the Allen Institute Mouse Brain Atlas
[16] (Fig. 12). The methyl violet microinjection time was 120 s, and it was allowed to diffuse in 120 s; for the viral vector, the
time was 480 s, and it was allowed to diffuse in 300 s. The microinjector described in this work mounted on its platform was
used. A 5 ll Hamilton micro-syringe was utilized, to which a hose with an internal caliber of 0.01 in and rigid walls were
adapted. This hose was connected to a 30G � 21 mm needle placed in the stereotaxic apparatus.

Obtaining tissue. After performing the surgeries, the mice were decapitated. The brain was removed and placed in a cold
Krebs solution (4 �C) containing (in mM): 123.9 NaCl, 2.6 KCl, 1.2 KH2PO4, 3.5 MgSO4-H2O, 26 NaHCO3, 6.5 C6H12O6 and 2.2
CaCl-H2O with a pH = 7.35, an osmolarity of 300 mOsm/L and balanced with carbogen (95% O2 and 5% CO2). The slices were
kept in Krebs solution at room temperature 20–25 �C and with constant bubbling of carbogen. Subsequently, using a vibra-
tome (Pelco 102, TedPella, INC), coronal slices of 300 lm thickness were obtained, which contained the nucleus accumbens
(Fig. 13C). For brains injected with methyl violet, the state of brain tissue was assessed under stereoscopic microscopy. For
the mouse injected with the viral vector, after one hour of stabilization of the tissue in Krebs solution at room temperature,
each slice was placed in the recording chamber (plexiglass) and perfused with Krebs solution at a rate of 4–5 ml/min at room
temperature, using a gravity perfusion system. An upright microscope (Nikon FN1 Eclipse) with a 16X water immersion
objective was used to visualize the cells. The tissue was stimulated with light pulses (488 nmwavelength) using an LED lamp
Fig. 12. Stereotaxic surgery. The animal is mounted on the apparatus and the lambda reference point is located, which is the point between the crossing of
the sagittal and coronal suture. From this point on, the atlas of stereotaxic surgery maps all the structures of the brain in the three XYZ planes.
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Fig. 13. Scientific Application of the microinjector. A The brain of the mouse during the slice. You can see the mark left by the injection of methyl violet
without tissue damage. B cell transfected with viral vector containing a protein that fluoresces in the presence of intracellular calcium. C location of the
mark left by methyl violet in the atlas of stereotaxic surgery. D Micrograph of the brain slice showing the methyl violet mark. No tissue damage noted. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(Lambda HpX L5, Sutter Instruments) connected by fiber optics to the microscope to observe changes in fluorescence. Expo-
sure time was 15–30 ms. A photograph was obtained using a CCD digital camera (Cold SNAP MYO, Photometrics) controlled
by custom software programmed in LabView (National Instruments).
Results

When cutting the brain slices, the mark left by the methyl violet dye and the path left by the needle was appreciated
(Fig. 13A). The injury left by the needle was minimal, considering its caliber. Below this path, the dye presence could be seen;
however, there was no tissue tearing due to displacement caused by the liquid. The injection speed allowed the liquid to
perfuse the tissue and not displace it. When reviewing the tissue under the stereoscopic microscope, we observed the same
result: a minimal injury left by the needle and the diffusion of the dye without damaging the tissue (Fig. 13D).

The microinjection of the viral vector containing a plasmid that codes for a protein that fluoresces in the presence of cal-
cium was successful. The viral vector introduced the plasmid into the cells of the nucleus accumbens, and it was not seen to
spread to other nearby structures. Most importantly, many live cells can be seen, 90% of them with the fluorescent protein
(Fig. 13B).

This microinjection device proved to be a 3D printed device that is an end-user device that has the same precision in vol-
ume and speed as specific commercial devices, that can be adjusted to microsyringes with total volumes from 0.5 ll to 1 ml,
and that can be placed directly on the stereotaxic surgery apparatus or used separately. The price is substantially lower than
that of the commercial systems.
Ethics statements

The experiments were carried out following the official Mexican standard of technical specializations for the production,
care, and use of laboratory animals (NOM-062-ZOO-1999) and under the Internal Committee for the Care and Use of Labo-
ratory Animals (CUICAL) of the National Autonomous University of Mexico. It complies with the U.K. Animals (Scientific Pro-
cedures) Act, 1986 and associated guidelines; EU Directive 2010/63/EU for animal experiments; or the National Institutes of
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