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Abstract

Precise regulation of micropipette outlet flow is critical for fluorescence imaging in vivo mi-
cromanipulations. In such procedures, a micropipette with a micro-sized opening is driven
by gas pressure to deliver internal solution into the in vivo environment. The outlet flow
rate needs to be precisely regulated to ensure a uniform and stable fluorescence distribution.
However, conventional manual pressure injection methods face inherent limitations, in-
cluding insufficient precision and poor reproducibility. Existing commercial microinjection
systems lack a quantitative relationship between pressure and flow rate. And existing
calibration methods in the field of microfluidics suffer from a limited flow-rate measure-
ment resolution, constraining the establishment of a precise pressure-flow quantitative
relationship. To address these challenges, we developed a closed-loop pressure regulation
system with 1 Pa-level control resolution and established a quantitative calibration of the
pressure—flow relationship using a droplet-based method. The calibration revealed a linear
relationship with a mean pressure-flow gain of 4.846 x 10~7m3.s~1.Pa~1 (R? > 0.99). Vali-
dation results demonstrated that the system achieved the target outlet flow rate with a flow
control error less than 10 fL/s. Finally, the application results in brain-slice environment
confirmed its capability to maintain stable fluorescence imaging, with fluorescence intensity
fluctuations around 1.3%. These results demonstrated that the proposed approach provides
stable, precise, and reproducible flow regulation under physiologically relevant conditions,
thereby offering a valuable tool for in vivo micromanipulation and detection.

Keywords: micropipette flow regulation; flow-rate calibration; fluorescence imaging;
in vivo manipulation; fluorescent dye injection

1. Introduction

Precise regulation of outlet flow of a micropipette is essential for in vivo micromanip-
ulations and detections, including in vivo microinjection [1-3], fluorescence imaging [4,5],
and cellular content extraction [6]. Taking in vivo fluorescence imaging as an example, it is
achieved by micropipette to inject cell-invasive fluorescent dyes to light the surrounding
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extracellular space and shadow the cells [3]. In the above process, outlet flow rate of the
fluorescent solution should be matched with the diffusion dynamics of the dye in the tissue
microenvironment; only when injection and diffusion are balanced can a stable fluorescence
distribution be established [7]. Fluctuations in flow can lead to unstable background signals,
or imaging artifacts, which in turn compromise the accuracy of cell localization. Similar
requirements exist in other in vivo micromanipulations. In both cellular drug injection
and cellular content extraction, an unstable outlet flow of operation micropipette may
lead to unpredictable sampling volumes, thereby reducing reproducibility and potentially
damaging cells [8]. Across these applications, ensuring a stable and reproducible outlet
flow rate of operation micropipette is therefore critical not only for experimental precision
but also for biological safety.

In these flow rate control applications, gas is commonly employed as the driving
force, since liquid-driven systems require more complex structural designs and carry a
higher risk of contamination which is detrimental to in vivo environment [9]. However,
the compressibility of gas introduces significant challenges for accurate flow regulation, as
variations in applied pressure do not translate linearly into stable outlet flow. In addition,
there are tissue decries in complex in vivo environment, affecting solution stably flow out
from the micropipette opening. Thus, it is a challenging task to achieve precise and stable
injection flow in living environment.

A common micropipette flow regulation approach is to manually adjust the injection
pressure inside the micropipette. In this case, the operator must continuously observe
the injected outcome and adjust the pressure in real time, which is time-consuming and
labor-intensive. Furthermore, manual operation suffers from poor repeatability and lim-
ited precision [10-13]. To overcome these limitations, various commercial microinjection
systems have been developed [14-17]. Most commercial devices allow the operator to set
or monitor injection pressure. Nevertheless, they typically operate in an open-loop manner,
where the applied pressure is constant, not involving actively regulating. As a result, the
outlet flow often becomes unstable and uncontrollable, especially under dynamic condi-
tions or when the micropipette tip encounters partial blockage. More advanced systems
have attempted closed-loop regulation of injection pressure for specific applications such
as patch clamp recordings [18]. They established the pressure regulating system, which
employed the PID algorithm to achieve the pressure control. Although these approaches
represent significant progress, they generally lack a quantitative characterization of the
relationship between injection pressure and outlet flow rate. Without such calibration,
achieving reliable and reproducible flow control remains a major challenge.

To construct such a relationship, both pressure and flow rate must be measured
simultaneously. However, to achieve precise outlet flow rate control, it is essential to
measure the flow rate at the femtoliter-per-second (fL/s) scale, which remains highly
challenging. In previous studies [19], the outlet flow rate of a nanopipette was determined
from the displacement of a gas-liquid meniscus, achieving precision on the order of tens
of picoliters per second (pL/s). Gravimetric methods, which estimate flow rate from
the time-dependent change in mass, have also been explored [20], but typically provide
only milliliter-per-minute (mL/min) resolution. Overall, despite substantial progress,
existing calibration approaches still lack the resolution and temporal sensitivity required to
quantitatively and predictively link injection pressure with flow rate at the femtoliter scale.
Furthermore, the numerical simulations [21] can study the relationship between injection
pressure and outlet flow rate, experimental calibration under real, complex environments
remains indispensable for ensuring accurate flow control in biological applications.

In the microfluidic systems, recent works have achieved microliter-per-minute
(uL/min) and (nL/min) resolution [22-25]. Such platforms achieve excellent reproducibil-
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ity and have contributed significantly to precise manipulation of micro-scale fluids in
chip-based experiments. While most of these studies are designed for in vitro, enclosed-
channel environments, where flow is confined within microchannels under well-controlled
boundary conditions. They are not suitable for direct insertion into brain tissue or for
dynamic flow control in in vivo environments.

In this study, we presented a novel closed-loop system for precise regulation of mi-
cropipette outlet flow. We first developed a multi-channel pressure regulation unit with
three independent channels, offering fine (1 Pa resolution) outputs for both positive and
negative pressure ranging from —100 hPa to 100 hPa and atmospheric pressure, thereby
accommodating a wide range of experimental requirements. To enable accurate dynamic
pressure control, we first established the pressure—voltage relationship of the electronic
pressure controllers (EPCs). Based on this model, we implemented a control strategy
combining anti-integral saturation feedforward PID regulation with Kalman filtering of
pressure sensor data. This approach allowed precise adjustment of the EPC input voltage
and achieved stable and accurate injection pressure. Furthermore, we experimentally
calibrated the quantitative pressure—flow relationship, bridging the gap between pressure
control and reproducible flow regulation. For calibration, the micropipette tip was im-
mersed into silicone oil and the injected solution formed droplets, whose volume growth
was recorded under a microscope. The outlet flow rate was then calculated as the time
derivative of droplet volume. Static calibration experiments revealed a linear pressure—flow
relationship within the working range, with a mean gain of 4.846 x 10~ 7m3.s~1.Pa~!
(RZ > 0.99).

Combining this calibration result with the injection model, we conducted validation
experiments by injecting fluorescent dye into silicone oil under controlled pressure con-
ditions. Target flow rates were set based on the calibrated pressure—flow gain, and the
measured flow rates were compared with these targets. As a result, the system achieved
outlet flow regulation with a flow control error less than 10 fL/s, demonstrating that the
proposed approach successfully bridges the gap between pressure control and reproducible
flow regulation. Finally, application to fluorescent dye lighting in brain slices confirmed
that the system enabled stable fluorescence imaging, maintaining fluorescence intensity
fluctuations around 1.3%. Together, these results highlight that the proposed system pro-
vides stable, precise, and reproducible outlet flow regulation, thereby addressing a critical
challenge in in vivo micromanipulation.

2. Materials and Methods
2.1. System Setup

In this study, system calibration and validation were conducted using the experimental
setup shown in Figure 1. An upright microscope (Eclipse FN1, Nikon, Tokyo, Japan) is
used to measure the micropipette outlet flow rate by recording the droplet volume change
(details in Section 2.4). Motorized XYZ stages are integrated with the microscope, enabling
precise positioning of the microscopic field of view within a 2 x 2 x 2 cm® working
space. A CCD (IR-2000, DAGE-MTI, Michigan City, IN, USA) camera is mounted on the
microscope and transfers the vision information to the computer, capturing images at up to
60 frames per second. Two micromanipulators are located on both sides of the microscope.
The left micromanipulator (MP285, Sutter, Novato, CA, USA, workspace: 2 x 2 x 2 cm3,
maximum speed: 1 mm/s) is used for mounting an injection micropipette. The right
micromanipulator (S-PS-7000C, Scientifica Ltd, Uckfield, UK, workspace: 2 x 2 x 2 cm3,
maximum speed: 4 mm/s) is used to hold an auxiliary micropipette, which assists the
injection micropipette in breaking through the liquid tension and injecting into the silicone
oil (details in Section 2.4).
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Figure 1. Experimental system setup used for calibration and validation. The system integrates an
upright microscope, CCD imaging, motorized XYZ stage, and dual micromanipulators to enable
precise measurement of micropipette outlet flow rate.

Furthermore, we developed a pressure regulating system, as illustrated in Figure 2a.
The system uses high-pressure nitrogen (~0.6 MPa) from a gas cylinder as the supply source.
Nitrogen is selected because it is inert, non-polluting, and safe for laboratory applications.
The regulator provides three independent output channels: positive pressure, negative
pressure, and atmospheric pressure.

Atmospheric pressure
Positive Electronic
Pressure Controller l
Solenoid
Valve
Vacuum Negative Electronic
Generator Pressure Controller
I
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— Gas Way

~———— Circuit Way lCndustrial .

Figure 2. Pressure regulator for micropipette flow control. (a) Photograph of the assembled de-
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vice. (b) Schematic diagram of the internal configuration, illustrating the connections among the
compressed gas source, valve, pressure sensor and outlet port.

For positive pressure output, an electronic pressure controller (900-005101-002, Parker,
Cleveland, OH, USA) is employed, with its output regulated by adjusting the input control
voltage. For negative pressure output, the gas supply is first passed through a vacuum
generator (AVR038H, AIR-VAC, Seymour, CT, USA) and subsequently into a negative EPC
(990-005201-002, Paker, Mineral Wells, TX, USA). By adjusting the input voltage of the
negative EPC, the outlet negative pressure could be precisely adjusted. A solenoid valve
(LHDAO0533115H, The Lee Company, Westbrook, CT, USA) is employed to direct either
positive, negative, or atmospheric pressure to the outlet. In addition, to ensure the input
pressure remains within EPCs operational range, a pressure relief valve assembly (41795K31
and 41795K33, McMaster-Carr Supply Company, Elmhurst, IL, USA) is employed to
precisely regulate the supplied nitrogen pressure.
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A graphical user interface (GUI) was developed using Qt to integrate the closed-loop
pressure control algorithm, EPC, solenoid valves, pressure sensor, and manipulator con-
troller, as shown in Figure 3. This interface enables the operator to adjust injection pressure,
monitor real-time pressure values, and control micropipette motion. The GUI consists
of three modules: a functional panel, an image display panel, and a data presentation
panel. The functional panel contains control buttons for regulating injection pressure,
manipulating micropipette movement, and adjusting the microscopic field of view. The
image display panel provides a live view of the microscopic field. The data presentation
panel plots real-time traces of injection pressure over time.
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Figure 3. Graphical user interface of the system, consisting of a functional control panel, image
display panel, and data presentation panel.

At this stage, the pressure regulator operated in open-loop mode, meaning the output
pressure could not yet be stabilized or corrected against disturbances. To enable closed-loop
regulation, we analyzed and modeled the relationship between the input voltage of the
EPCs and the corresponding output pressures (Section 2.2), which provided the basis for
implementing feedback control (details in Section 2.3).

2.2. Analysis and Modeling of EPC Pressure-Voltage Relationship

Generally, the relationship between the output pressure and the control voltage of
an electronic pressure controller (EPC) is approximately linear within the main working
range. However, nonlinearity occurs in the boundary regions, including the initial low-
voltage range and the saturation region at high pressures. To ensure the accuracy of the
system model, the pressure—voltage characteristic was recalibrated before each startup of
the pressure controller. Specifically, the input voltage of both positive and negative EPCs is
swept from 0 V to 5 V with a resolution of 0.001 V, and corresponding steady-state output
pressures are recorded using a pressure sensor. The resulting pressure-voltage profiles are
shown in Figure 4.

The positive and negative EPCs exhibit distinct pressure—-voltage characteristics (see
Figure 4). Based on their response to input voltage, the relationships can be classified
into two types according to whether saturation occurs in the output: saturated (Ps) and
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unsaturated (Pys). The negative EPC follows the saturated type, with its pressure-voltage
relationship described by Equation (1):

0 Umin S U < uSn
PU) = agebs(U=Un) U, < U < Uy )
° Csu+d5 Usl S u < Usnz

esefsU=U2) 4 Py Ugp < U < Uppax

where Uy, is the boundary point control voltage between 0 and the nonlinear region, U; is
the boundary point between the nonlinear and linear regions, Us,,» is the boundary between
the linear region and the saturation region, as, bs, cs, ds, es and f; are the parameters to be
identified. Upin and Umax are the minimum and maximum values of the control voltage.

0 .
(a) ) : r(b) 5 T - .
1 @®  [xperimental data : ®  Ixperimental data p
204 ! Fitted curve r Fitted curve
20 4 1
1] 1 :
40 4 I i |
g : P oo
= | =
=~ n 1 =~
© =604 I :' L
> n 1 =3
% n 1 | §
S _epdn 1 L
~ 804y, 1 r A~ 50
n 1
1] 1 :
—-1004 n 1 r
n 1
n
n
10 L — o
mingUslst 1 Ui pUss 3 4 5 UinoUsnUst 1 2 3 4 5
Voltage (V) Voltage (V)

Figure 4. Pressure-voltage characteristics of the electronic pressure controllers (EPCs). (a) Negative
EPC, showing a saturation region when the input voltage exceeds the threshold Us;. (b) Positive EPC,
which exhibits an approximately linear relationship when the input voltage exceeds Uy without a
clear saturation zone.

As for positive EPC, the voltage-pressure relationship exhibiting non-saturation char-
acteristics is given by Equation (2):

0 Upin < U < Uy,
Pus(U) = { e U=t 1, <U < U, )
c, U +d, U, < U < Upax

where Uy, is the boundary point control voltage between 0 and the nonlinear region, U,; is
the boundary point between the nonlinear and linear regions, and a,, by, ¢, and d,, are the
parameters to be identified.

After determining the dead zone, nonlinear region, and linear region boundaries,
separate fittings are performed to identify the unknown parameters. These identified
parameters were then used to construct the control-oriented model, providing the basis for
subsequent closed-loop pressure regulation.

2.3. Closed-Loop Pressure Regulator Controller Design

In order to achieve precise outlet pressure control, a closed-loop control is designed
with a deviation e defined as
e = Pd -Pp (3)

where P; is the desired outlet pressure and P is the current pressure value.
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The standard continuous time PID control law u,,;; is

t d
{ Uspid = Kpse + Kisfo E(T)dT + Ky il(tt)

t d 4)
Uuspia = Kpuse + Kiys [o e(T)dT + Kdu5$

where Kps, K;s and Ky, represent the proportional, integral, and derivative coefficients of
the EPC with saturated characteristics, respectively. Kpys, Kiys and Ky, represent the pro-
portional, integral, and derivative coefficients of the EPC with unsaturated characteristics,
respectively.

To improve the dynamic response of the system, a feedforward control strategy was
implemented. Specifically, the theoretical control inputs U,sss and Usyf, corresponding
to the saturated and unsaturated modes, respectively, were computed from the inverse
model of the EPC to achieve the desired output pressure P;. For the unsaturated mode, the
feedforward input is given as

Unn P;=0
Uysgr = { Un+ i (5) 0 < Py < Py (5)
Bt Py > Py

Cu

where Pul = [Zueb“(uulfuun)‘

The saturated mode Uy is as follows:

Ugy Fy=0
U, + b%lﬂ(%) 0< Py <Py
Uspr = H P < Pq < Psno ©
Uspo + +in(B50) P < Py < P
Upax Py > Pss
where P, = auebu(uul—uun)
Popy = csUspz + ds 7

Py = esefs(uss - uan)

The final system control rate u can be defined as
Y= uuspid + uusff_actuul Py >0 (8)
uspid + usff_actuul Py <0

where Uysfr actuar and U s _geruar is the actual output control voltage of feedforward con-
troller, which can be expressed by

U sl = llusff |P7Pd| > ¢€ )
usffactua uusff_last_stable |P - Pd| <e

Usff actuat = {u PP (10)
sff_last_stable |P - Pd’ <e
where Uysf_jast_stavie ad Usff_1ast_stable 1S the output control voltage after the last system
stabilization. ¢ is the critical threshold of feedforward control.
The system control block diagram is shown in Figure 5, comprising anti-integral
saturation feedforward PID control and Kalman filtering for processing barometric pressure
sensor data.
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Figure 5. System control block diagram.

2.4. Flow Measurement Using Droplet Volume Analysis

Due to the structural limitation, existing flowmeters [26,27] cannot be directly inte-
grated at the micropipette tip opening to measure the outlet flow rate. To address this
challenge, we propose a simple and practical measurement method based on monitoring
the growth of liquid droplets in silicone oil, which enables indirect yet accurate quantifi-
cation of the flow rate. It is noted that the silicone oil in this work was not intended to
simulate the biological environment, but forming a local liquid droplet allows accurate
visualization and quantitative measurement of the outlet flow rate by tracking the change
in droplet volume over time. The formed liquid droplet is utilized to simulate the real
extracellular fluid environment. In actual applications, the injected fluid is a fluorescent
dye dissolved in artificial cerebrospinal fluid (aCSF), whose viscosity is close to that of
the real extracellular environment. The calibration process in silicone oil does not change
the rheological properties of the injected liquid itself, since the environment surrounding
micropipette tip is still fluorescent solution. While the previous report [7] only provided
limited experimental details, the present study describes the measurement principle and
experimental implementation in detail.

In this study, silicone oil (Sigma-Aldrich, St. Louis, MO, USA) was used as the
calibration medium. Its physical properties at 25 °C are as follows: viscosity = 9.7 Pa-s,
density = 0.97 g-cm ™3, and surface tension = 20.6 mN-m~!.The silicone oil is placed into
a Petri dish with a diameter of 5 cm, illustrated in Figure 6a. The injection micropipette
is carefully positioned within silicone oil layer, leaving sufficient clearance from both the
Petri dish bottom and the oil-air interface to allow unobstructed droplet growth and to
avoid interfacial disturbances. We often select the work focal plane as the middle of the
silicone oil layer thickness. The growth of the injected droplet in silicone oil is continuously
recorded using the CCD camera and a supplementary video named Video S1: Droplet
Growth.mp4 is provided to illustrate the droplet growth process in real time. Time-lapse
image sequences are acquired at a frame rate of 2 fps. Image sequences of droplet growth
are first processed using the Hough circle transform to detect the droplet boundary. The
radius r of the droplet can be calculated, as shown in Figure 7. The microdroplet in the
silicone oil can be well approximately spherical due to the dominance of surface tension
over gravity [28]. Thus, the volume can be calculated as follows:

V= %mf‘ (11)

The outlet flow rate can be obtained as the temporal derivative of the droplet volume:

Q(t) = V(t) (12)
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Direct point-to-point differentiation was avoided due to its sensitivity to imaging noise.
Instead, least-squares fitting was applied to the volume-time data, and the slope of the fitted
curve was taken as the flow rate (detailed results are provided in Sections 3.2 and 3.3).

Figure 6. Droplet generation and stabilization. (a) Experimental setup for droplet generation. (b) Un-
stable growth of the droplet climbing along the outer wall of the micropipette. (¢) Immobilization of
the droplet achieved by positioning two micropipettes in close proximity.

auxiliary micropipette

Figure 7. Time-lapse of droplet growth at an injection pressure of 60 hPa, recorded with an interval
of 20 frames. Red outlines represent droplet boundaries detected using the Hough circle detection
transform. (a) Initial frame. (b) Image at the 20th frame. (c) Image at the 40th frame.

One important consideration is the small opening size of the micropipette, typically
only a few micrometers, which leads to a significant surface tension barrier between the
liquid solution and the silicone oil [29]. As a result, a relatively large initial injection
pressure is required to initiate droplet formation. In practice, two common situations are
often encountered: (1) the applied initial pressure is insufficient, preventing the formation
of microdroplets; and (2) the initial pressure is excessive, producing oversized droplets
whose growth is difficult to control. To address this challenge, we employed an auxiliary
micropipette with a larger opening size (~3 um) to generate an initial droplet adjacent
to the injection micropipette tip, thereby immersing the tip into the droplet. The two
micropipettes were carefully positioned with their tips placed within 1 um of each other
and aligned in the same focal plane. Experiment results demonstrated that the auxiliary
micropipette not only facilitated overcoming the initial surface tension barrier but also
stabilized the subsequently formed microdroplet. This stabilization is critical because the
injection micropipette tip is both hydrophilic and cone-shaped, which tends to cause the
droplet to climb along the outer wall (Figure 6b), disturbing its continuous growth and
affecting flow rate measurements. By introducing the auxiliary micropipette, the forces
acting on the droplet were balanced (Figure 6¢), effectively immobilizing it and ensuring
reliable flow quantification.

2.5. Sample Preparation

The injection micropipette in this study is pulled by the specialized puller (P-97, Sutter
Instrument, Novato, CA, USA) from standard glass capillary (BF150-86-10, Sutter Instru-
ment, Novato, CA, USA) with outer diameter of 1.5 mm and inner diameter of 0.86 mm.
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The pull program used in this study is set as follows: heat = 540, pull = 0, velocity = 30, and
time = 250. It should be noted that the heat parameter must be individually calibrated for
each puller, as variations in filament characteristics and equipment condition can signifi-
cantly affect the actual heating efficiency. The values reported here therefore serve only as
a reference. In addition, these parameters are dimensionless, instrument-specific settings
rather than physical quantities with SI units. The size of its opening is ~1 um, measured
by scanning electron microscope (SEM). The auxiliary micropipette is fabricated from the
same type of glass capillary as the injection micropipette. In the puller program, the heat
parameter is set approximately 50 units higher than that used for the injection micropipette
in order to produce a longer and thinner tip, facilitating further fabrication for wider tip
opening. Then, the pipette is further processed by microforge trimming (MF-900, Narishige
Co., Ltd., Tokyo, Japan), to achieve a final opening diameter of 10~20 um.

The micropipette is backfilled with 20 puL fluorescent solution with concentration of
50 umol/L. Because the experimental validation of this study is mainly carried out in the
context of patch clamp recordings, the internal micropipette solution is prepared with a
composition similar to the cytoplasmic milieu, thereby ensuring physiological relevance
and compatibility with neuronal recordings. The internal solution contains (in mM): 150 K-
gluconate, 10 KCl, 10 HEPES, 0.25 EGTA, 5 Mg-ATP (pH 7.2, 280 mOsm). This formulation
allowed stable electrode—cell interactions during in situ electrophysiological measurements.
For applications outside the patch clamp context, however, the requirement is less stringent;
it is generally sufficient to use a simple conductive solution to ensure reliable ionic current
flow within the micropipette.

Although the ultimate goal of this study is to enable in vivo applications of precise mi-
cropipette flow control, the current validation experiments were conducted in acute mouse
brain slices. This choice was made due to experimental limitations and the need for a more
stable and reproducible preparation, while still maintaining key physiological properties of
in vivo environment. Acute brain slices were prepared from C57BL/6 mice (5-8 weeks).
Animals were deeply anesthetized with isoflurane and rapidly decapitated in accordance
with institutional animal care and use guidelines. The brain was quickly removed and
immersed in ice-cold, oxygenated cutting solution containing (in mM): 125 NaCl, 2.5 KCl,
1 MgCIZ, 2 CaClz, 1.25 NaH2PO4, 25 NaC03, 25 C6H1206 (pH 74, bubbled with 95% 02/50/0
COy). Coronal slices (300 pm thickness) containing the cortex were cut using a vibratome
(7000 smz-2, Campden Instruments Ltd, Loughborough, UK). Slices were then transferred
to a custom-designed holding chamber filled with oxygenated artificial cerebrospinal fluid
(ACSF) composed of the same composition as the cutting solution containing. The slices
were incubated at 37 °C for 30 min for recovery and subsequently maintained at room tem-
perature until use. During experiments, individual slices were transferred to a recording
chamber and continuously superfused with oxygenated ACSF at 32-34 °C.

All animal experiments were approved by the Experimental Animal Ethics Committee,
Nankai University and conducted in accordance with the Animal Management Rules of
the Ministry of Health of the People’s Republic of China.

3. Results
3.1. Pressure Control Results

For the model parameter fitting section of the EPC, a5 = —5.73, bs = 171.62, ¢; = —67.79,
ds =6.97, s =040, fs = —7.94, Py = 112.64, Uy, = 0.15, Uy = 0.19, Usyp = 1.60, Upin = 0,
Umax = 5.00, RMES (negative EPC) = 0.470 hPa, a,, = 0.74, b, =70.87, ¢,, = 28.68, d,, = —0.043,
Uy =025, U,;; = 0.39, RMES (positive EPC) = 0.217 hPa, demonstrating its excellent
fitting characteristics. In the control section, after extensive experimental adjustments,
kps = =2 x 1074, kg = =2 x 1074, kgs = =1 x 1072, kpys = 1 X 1074, kjs =5 x 1074,
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kgus =1 x 1072, To mitigate the impact of model identification errors on the feedforward
controller, we set ¢ = 1 hPa.

We set the desired pressure P; within the controllable pressure range of —100 hPa
to 100 hPa. The pressure adjustment time is 0.5 s, with a steady-state error below 1 Pa,
enabling pressure control at the Pa level as shown in Figure 8a. This demonstrates the
wide range of the pressure controller. In the research of the pressure controller, we verified
that it has the ability to regulate pressure with a resolution of 1 Pa level both in positive
pressure shown in Figure 8b and negative pressure shown in Figure 8c. We also conducted
a long-term (~13 min) pneumatic pressure stability test as shown in Figure 8d, and the
results indicated that the pneumatic pressure could be maintained within £0.7 Pa, with
Pa-level stable pneumatic pressure control.
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Figure 8. Pressure controller results. (a) Pressure sensor operates within the range of pressure
switching (—100 to 100 hPa). (b) Pa-level control resolution within the positive pressure range.
(c) Pa-level control resolution within the negative pressure range. (d) Long-term working stability
(error is less than 0.7 Pa).

3.2. Calibration of the Relationship Between Injection Pressure and Outlet Flow Rate

In this section, fluorescent solution was injected into silicone oil under various injection
pressure ranging from 20 hPa to 24 hPa with resolution of 1 hPa. The injected droplet
volume is recorded over time as shown in Figure 9a and corresponding outlet flow rate
is calculated as described in Section 2.4. Steady-state flow rates are extracted for each
pressure level. By fitting the paired data of injection pressure and outlet flow rate, a linear
relationship was obtained, as illustrated in Figure 9b. The fitting equation is given by

Q=a(P—Py) (13)

where P, denotes the hydrostatic pressure of the silicone oil. In the silicone oil, P, can be
expressed as
Py=— (14)

in which v is the interfacial tension between the fluorescent solution and silicone oil, and r
is the radius of the microdroplet. To eliminate this effect on the calibration of the pressure—
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flow relationship, we carefully maintained the same initial droplet radius with radius of
~35 um in all tests. The fitted slope was & = 4.846 pL-s—"-hPa~!, with a coefficient of
determination R? = 0.996, indicating a good agreement with the linear model.
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Figure 9. Calibration of the pressure—flow relationship. (a) Time-dependent growth of droplet volume
under different injection pressures, ranging from 20 hPa to 24 hPa. (b) Fitted linear relationship
between injection pressure and the outlet flow rate.

The linear relationship is consistent with the theoretical prediction of laminar flow
through a capillary at low Reynolds number. Under such conditions, viscous forces
dominate while inertial effects are negligible, resulting in a direct proportionality between
pressure drop and volumetric flow rate as described by Poiseuille’s law [30], given as

4 3
TAPRY 37 LR 15)

CQ="gr T+i:0 "7 &

where AP is the applied pressure drop, y is the dynamic viscosity of the injected solution,
L is the effective length of the liquid column, and R, and R;, are the inner radius of the
micropipette tip and liquid meniscus, respectively. Accordingly, the injected volume follows
V = Qt, showing a linear dependence on the injection time ¢, while Q increases linearly
with AP. Since the initial Laplace pressure P, was kept constant for all calibration tests, the
effective pressure drop (P — P,) varied linearly with the applied injection pressure P. As a
result, the observed linear dependence of flow rate on P is equivalent to a linear relationship
between the flow rate and the applied pressure, further confirming the consistency of the
experimental results with theoretical expectations.

The identified relationship provides a quantitative calibration between injection pres-
sure and micropipette outlet flow, which forms the basis for subsequent closed-loop flow
regulation experiments.

3.3. Precise Micropipette Flow Rate Control Results

Based on the calibrated relationship between injection pressure and outlet flow rate,
the proposed closed-loop pressure regulator was employed to achieve specified flow rate
control. In this section, we evaluated system performance by setting three target flow
rates: 5 pL/s, 15 pL/s, and 25 pL/s. The results obtained with the proposed system were
compared with those from manual operation using a pneumatic microinjector (IM-11-2,
NARISHIGE, Tokyo, Japan).

Figure 10 presents representative results, showing the temporal evolution of droplet
volumes and the fitted results under different target values. The closed-loop system
consistently regulated the outlet flow close to the specified targets (Figure 10a—c), whereas
manual operation exhibited larger deviations and poor reproducibility (Figure 10d—f).
Notably, the flow rate traces reveal that the proposed system maintained a smooth and
low-noise profile, while manual regulation produced pronounced fluctuations.
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Figure 10. Temporal evolution of droplet volume (represented by dots) and the corresponding
micropipette outlet flow rates obtained as slopes from least-squares fitting (red line), under different
target values. Data were recorded at a sampling rate of 2 Hz. Panels (a—c) show the results achieved
by the proposed closed-loop system, while panels (d—f) correspond to manual operation. Using
this method, the closed-loop regulator achieved mean flow rates of 5.002 pL/s, 15.006 pL/s, and
25.005 pL/s for the three target values. In contrast, manual operation resulted in less accurate and
more variable outcomes, with mean flow rates of 5.29 pL/s, 14.192 pL/s, and 26.201 pL/s, respectively.

Quantitatively, the outlet flow rate was obtained as the slope from least-squares fitting
of the volume change over time. Using this method, the closed-loop regulator achieved
mean flow rates of 5.002 pL/s, 15.006 pL/s, and 25.005 pL/s for the three targets, with
corresponding coefficients of determination of 0.996, 0.998, and 0.998, respectively. In
contrast, manual operation resulted in less accurate and more variable outcomes: 5.29 pL/s,
14.192 pL/s, and 26.201 pL/s, with lower R? values of 0.923, 0.950, and 0.975, respectively.

Importantly, the closed-loop system achieved a flow control error less than 10 fL/s,
highlighting its capability to achieve precise and reproducible regulation of micropipette
outlet flow rates at the sub-picoliter per second scale. This level of stability and resolu-
tion is critical for reliable fluid injection in in vivo micromanipulations. This comparison
highlights the advantages of the pressure regulator over manual operation, particularly in
terms of both response speed and control accuracy, thereby demonstrating its potential for
reliable and reproducible micropipette flow regulation in practical applications.

3.4. Closed-Loop Flow Rate Control for Fluorescence Imaging in Brain Slice

Two-photon fluorescence imaging enables visualization of cellular structures deep
within living tissues. In this technique, a focused near-infrared laser excites fluorescent
molecules only at the focal point through simultaneous absorption of two photons, thereby
minimizing photodamage and out-of-focus background. When the fluorescent dye is
injected into the extracellular space, it illuminates the surrounding microenvironment
while excluding the intracellular region. As a result, cells appear as dark silhouettes against
a bright fluorescent background, allowing clear visualization of their morphology and
spatial distribution in vivo. Stable fluorescence imaging is essential for achieving high-
quality cellular visualization in vivo, which fundamentally relies on maintaining stable
fluorescence injection.

To validate the effectiveness of the proposed outlet flow control system, fluorescence
injection experiments were conducted in brain-slices environments. In this experiment,
direct measurement of the flow rate was not feasible due to the microscale injection volume



Sensors 2025, 25, 6647

14 of 18

and the complex biological medium. Therefore, the fluorescence intensity surrounding
the micropipette tip was employed as an indirect indicator of the solution flow rate. This
is reasonable because the observed brightness arises from the dynamic balance between
injection-driven convection and molecular diffusion. When the outlet flow rate increases,
more fluorescent molecules are delivered per unit time, leading to a higher local concen-
tration near the micropipette tip and thus stronger fluorescence emission. Conversely, a
reduction in flow rate lowers the molecular supply and results in weaker fluorescence.
Therefore, variations in fluorescence intensity directly reflect changes in flow rate, providing
a reliable basis for evaluating the stability of flow control.

In the experiments, the region of interest (ROI) was defined as a circular area of 20 pm
in diameter surrounding the micropipette tip, as shown in Figure 11a. The intensity value
was defined as the ratio between the average intensity of the ROI and the brightest pixel
intensity in the image, with the setpoint selected at 0.6. Two performance metrics were
used: (1) settling time, defined as the interval between initiating the injection command
from the GUI and the time at which fluorescence intensity entered and remained within
the steady-state band around the setpoint; and (2) steady-state accuracy (SSA), defined as
the root-mean-square (RMS) deviations of the steady-state normalized intensity from the
setpoint, as given by follows:

1 N
SSA = | =Y (I — Let)* (16)
Ni:l

where [; is the normalized fluorescence intensity at the i-th sampling point in the steady-
state, I is the setpoint intensity, and N is the number of samples considered within the
steady-state interval.
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Figure 11. Fluorescent lighting results. (a) Two-photon fluorescence imaging of brain-slice tissue
during continuous injection of the fluorescent solution. The shadowed regions correspond to cell
bodies, which appear dark because the fluorescent dye remains in the extracellular space and does
not enter the cells. The red-circled area marks the region of interest (ROI) selected for fluorescence
intensity analysis. (b) Intensity regulation results comparison between the proposed system (blue line)
and manual operation (yellow line). A stable fluorescence trace indicates consistent flow regulation,
demonstrating the system’s stable control performance.

Figure 11b compares the regulation results between these two approaches: the pro-
posed pressure regulator and manual operation. The proposed system achieved the fast
response, with a settling time of less than 3 s, compared to more than 4 s for manual
operation. In addition, it provided the highest steady-state accuracy, with a fluorescence
intensity SSA of 1.3%, versus 4% for manual operation, demonstrating a stable injection
flow rate of fluorescent dye. At the same time, we recorded the micropipette resistance,
which indicates the degree of contamination at the micropipette tip. Results showed that the
clogging rate under dynamic injection control (30%, 3 micropipettes/10 micropipettes) was
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reduced by about half compared with that during manual operation (60%, 6 micropipettes/
10 micropipettes).

Taken together with Sections 3.2 and 3.3, these results confirm that the system not
only enables precise flow regulation under controlled conditions, but also maintains stable
performance in physiologically relevant environments.

4. Discussion

For the calibrated pressure—flow relationship, it should be emphasized that the hy-
drostatic pressure of the surrounding environment directly affects the actual micropipette
outlet flow rate. In Section 3.4, when experiments were performed in brain slices, the
local hydrostatic pressure was unknown, making the absolute outlet flow rate difficult to
determine. Nevertheless, the proposed system was able to regulate the injection process
such that the flow remained stable over time.

The proposed system demonstrated stable and precise flow-rate regulation, as evi-
denced by the fluorescence intensity fluctuation of only 1.3% during in brain slices environ-
ment validation. This low variation is reasonable and reflects the stable balance between
injection and diffusion of fluorescent molecules achieved under controlled conditions.
Specifically, the brain-slice environment used in the validation experiments is relatively
homogeneous, maintaining stable physical parameters such as temperature, pressure, and
extracellular viscosity. Under such quasi-stationary conditions, once the injection—diffusion
equilibrium is established, large temporal fluctuations in local fluorescence intensity are
unlikely to occur. However, in more heterogeneous biological tissues—such as vascular
or fibrous regions—local variations in permeability and viscosity may alter the diffusion
dynamics and result in higher fluorescence fluctuations. Therefore, while the current results
verify the system’s capability for stable flow regulation under homogeneous conditions,
future studies will further investigate its performance in complex in vivo environments
with spatial heterogeneity.

The observed linear relationship between applied pressure and outlet flow rate is
valid under laminar flow conditions and when the micropipette behaves as a rigid channel.
In this regime, viscous force remains constant, leading to a proportional pressure—flow
response as predicted by Poiseuille’s law. However, this linearity may deviate when the
pressure gradient is sufficiently large to cause wall deformation, or when the working
fluids or external media exhibit non-Newtonian behavior. In compliant or heterogeneous
environments, variations in local viscosity or interfacial tension could also induce nonlinear
pressure—flow characteristics. In our experiments, the use of a glass micropipette and
Newtonian solution ensured that such nonlinear effects were negligible, supporting the
validity of the linear approximation.

The potential influence of gas compressibility on control stability was also considered.
In principle, gas in a long pneumatic line can introduce a phase delay between the control
signal and the actual outlet pressure. However, in our system, this effect is negligible
because the baseline pressure (on the order of kPa) is sufficiently high to overcome the
capillary force at the micropipette tip (~1 um in diameter). Under this pre-compressed
condition, subsequent pressure adjustments of only tens of pascals cause minimal volume
variation, resulting in an insignificant phase delay. Nevertheless, for systems employing
larger pipette openings or lower baseline pressures, the compressibility effect could become
more pronounced and should be carefully accounted for in future designs.

5. Conclusions

In this study, we proposed and validated a closed-loop pressure regulation system for
precise control of micropipette outlet flow for fluorescence imaging in in vivo micromanipu-
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lations. The system integrates a multi-channel pressure regulation unit with 1 Pa resolution
and was modeled as a first-order plus dead-time process to capture the compressibility and
compliance of the injection structure. By employing a droplet-based calibration method,
we establish a quantitative and highly linear pressure—flow relationship, enabling accurate
mapping between injection pressure and outlet flow rate.

Compared with existing microinjection and microfluidic control systems, the proposed
approach demonstrates distinct advantages in both control accuracy and stability. Commer-
cial microinjection controllers (e.g., FemtoJet) lack quantitative pressure—flow calibration
and cannot precisely control injected volume, while syringe-based or microfluidic systems
typically achieve only microliter-per-minute resolution and are limited to in vitro applica-
tions. In contrast, the present system achieves femtoliter-per-second flow-rate prediction
with an error below 10 fL/s and maintains fluorescence intensity fluctuations as low as 1.3%
in brain-slice environment validation. Validation experiments confirmed that the regulator
can achieve target outlet flows with the control accuracy of 10 pL/s, while applications
in patch clamp operations demonstrated stable fluorescent dye solution injection with
fluorescence fluctuations around 1.3%, and less than 4% for manual operation.

These results confirm that the proposed system provides stable, precise, and re-
producible flow regulation under physiologically relevant conditions, offering a prac-
tical and scalable tool for in vivo microinjection, neural imaging, and other microscale
biofluidic operations.
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