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ABSTRACT: Gating,  a  fundamental  feature  of  biological
nanochannels,  enables  the  intelligent  regulation  of  ion  and
molecule  transport  in  response  to  specific  requirements.
Inspired  by  nature,  numerous  artificial  gating  systems  have
been  researched  through  the  functionalization  of  solid-state
nanochannels.  However,  these  gating  systems  typically  allow
only  two  transitions:  “open”  and  “closed”,  which  makes  it
challenging  to  achieve  multi-state  transport.  Herein,  we
construct  dynamic  liquid  film  nanochannels  (DLFNs)  by
inserting an oil  droplet  into  a  capillary  with  gradient  wettability
that is filled with ionic solutions. The liquid film, formed between
the oil and the capillary, functions as a nanochannel for ion and
molecule transport, with its height dynamically adjusted through
the  capillary's  gradient  wettability.  At  a  deeper  level,  the
variations  in  liquid  film  thickness  are  driven  by  the  interfacial
water  structure,  which  is  mediated  by  hydrogen  bonding  interactions.  Furthermore,  unlike  traditional  solid-state
nanochannels,  which  involve  two  phases  (liquid/solid),  the  properties  of  DLFNs  are  influenced  by  three  phases
(oil/water/solid), resulting in distinct performance characteristics, such as reconfigurability, low cost, and ease of fabrication.
This  work  provides  an  avenue  for  designing  dynamic  nanofluids  and  may  spark  promising  applications  of  DLFNs  with
multiscale gating properties in drug delivery, microreactors, sieving, biosensing, and other related fields.
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1    Introduction
Nanochannel multiscale gating systems show broad applications in
micro- and  nano-fluidics  [1],  controlled  drug  delivery  [2],
microreactors  [3],  separations  [4],  sensing  [5−7],  and  other  areas.
For instance, controlling the pore size of nanochannels can regulate
the transport rate of drug molecules, enabling precise drug delivery
[2].  In  addition,  it  can  be  used  to  modulate  the  transport  rate  of

reactant  molecules,  thereby  controlling  the  reaction  rate  and
generating  specific  products  [3].  Gating  is  also  widely  used  for
separating particles [8], ions [9], and molecules [10, 11] of different
sizes,  with  widespread  applications  in  water  treatment,  separation
processes, and purification.

Currently,  surface  charge  [12−14],  wettability  [15−18],  and  size
[19−21] of nanochannels have been reported as the main factors for
regulating gating. However, due to the limited efficiency of surface
modification  in  solid-state  nanochannels,  gating  transitions
typically  occur  between  two  distinct  states: “open” and “closed”.
Additionally, the fabrication of solid-sate nanochannels is complex
and costly, which restricts their broad development. Consequently,
achieving  precise  multiscale  control  over  the  dynamic  gating
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process  in  a  simple  and  economical  way  remains  challenging.
Liquid film nanochannels, an alternative form of nanofluids, can be
constructed within glass capillaries [22−24], which offer advantages
such as adjustable nanochannel height, simple fabrication, and low
cost.  Furthermore,  glass  capillaries  with millimeter-scale  pore  sizes
offer  large  modification  capacity,  enabling  efficient  and  complex
modifications,  such  as  gradient  wettability,  thereby  conferring
richer  functionality  to  the  nanochannels.  Herein,  we  fabricate
dynamic  liquid  film  nanochannels  (DLFNs)  by  injecting  an  oil
droplet  (hexadecane,  unless  otherwise  specified)  into  a  glass
capillary  filled  with  an  ionic  solution  (Fig.  1).  The  liquid  film
formed between the  oil  and the  capillary  serves  as  a  nanochannel,
with  its  thickness  dynamically  adjusted  by  positioning  the  oil
droplet  within  gradient  wettability  regions  of  the  capillary  (Fig.
1(a)).  Specifically,  when  the  oil  droplet  is  positioned  in  the
superhydrophilic region, a thicker liquid film forms between the oil
and the capillary, resulting in an open state. As the oil droplet being
moved to  the  hydrophobic  region,  the  thickness  of  the  liquid  film
decreases  to  zero,  resulting  in  a  closed  state.  Furthermore,  DLFNs
can be used to achieve multiscale gating for regulating ion transport
over a broad range (Fig. 1(b)). Therefore, by constructing capillaries
with gradient  wettability  and positioning the  oil  droplet  at  various
wettability  regions,  DLFNs  can  be  created,  enabling  multiscale
gating  for  the  controlled  transport  of  ions  and  molecules.  This
system  holds  potential  applications  in  controlled  drug  delivery,
chemical reaction rate regulation, separation, purification, and other
related fields. 

2    Experimental sections
 

2.1    Materials
Potassium  chloride  (KCl),  hydrogen  peroxide  (H2O2,  30  wt.%),
hydrochloric acid (HCl, 37 wt.%) and ethanol were purchased from
Sinopharm Chemical Reagent Co., Ltd. Sodium hydroxide (NaOH)
was  purchased  from  Sigma-Aldrich.  Hexadecane  was  purchased
from Macklin. Acetic acid, fluorescein sodium, n-octanoic acid, n-
octanol  and  toluene  were  purchased  from  Aladdin.  The  modified
silanes:  3-Mercaptopropyltriethoxysilane  ((CH3CH2O)3SiC3H6SH),

3-(triethoxysilyl)propylsuccinic  anhydride,  3-aminopropyl-
triethoxysilane  ((CH3CH2O)3SiC3H6NH2,  abbreviated  as -NH2),  3-
methacryloxypropyltrimethoxysilane  ((CH3O)3Si(CH2)3OCOC3H5,
abbreviated  as -CO),  and  1H,1H,2H,2H-perfluorooctyl
trimethoxysilane  (CF3(CF2)5CH2CH2Si(CH3O)3,  abbreviated  as -
CF)  were  purchased  from  Aladdin.  All  purchased  reagents  were
used  as  received  without  any  further  purification.  Glass  capillaries
were  purchased  from  the  Instrument  Factory  of  West  China
Medical University with inner diameters of 0.9–1.1 mm. 

2.2    Fabrication of the liquid film nanochannel
The  ionic  solution  was  first  injected  into  a  glass  capillary  using  a
syringe, followed by the injection of 1 μL of oil with a microsyringe,
thereby  constructing  a  liquid  film  nanochannel.  It  is  important  to
note  that  no  air  bubbles  were  introduced  during  the  injection
process.  To  create  dynamic  liquid  film  nanochannels,  we  used  a
syringe to inject the electrolyte into the capillary, which pushed the
oil  droplet  to  the  desired  location.  During  the  experiment,  we
ensured  that  the  capillary  remained  horizontal  to  prevent
displacement of the oil droplet by gravity. Additionally, the position
of  the  oil  droplet  was  marked  prior  to  the  test,  and  the  droplet
remained  virtually  stationary  at  the  marked  position  after  the
experiment. 

2.3    Modifications  of  functional  molecules  on  glass
surfaces
Surface  wettability  can  be  regulated  by  chemically  grafting
functional  molecules.  Firstly,  glass  plates  were  soaked  in  0.1  M
NaOH  solution  for  2  h,  rinsed  with  deionized  water.  Then,  they
were soaked in 0.1 M HCl aqueous solution for 5 min and rinsed
with deionized water to obtain superhydrophilic substrates (–OH).
To obtain substrates with sulfonic acid groups (–SO3H) [25], a 4%
(v/v)  solution  of  3-mercaptopropyltriethoxysilane  in  ethanol  was
used  to  treat  the  superhydrophilic  substrates  (–OH)  for  12  h  to
obtain  sulfydryl  surfaces  (–SH).  After  that,  these  substrates  (–SH)
were washed with ethanol and blown dry with nitrogen. Later, these
substrates  were  treated  with  H2O2/CH3COOH  (v/v  =  1:1)  for
another  12  h  to  modify  sulfonic  acid  groups  (–SO3H).  To  obtain

 

Figure 1    Design of DLFNs. (a) Schematic diagram of DLFNs constructed based on an oil–water–solid three-phase system. The height of the liquid film nanochannel can
be dynamically regulated by the gradient wettability of the glass capillary. (b) Schematic diagram of multiscale gating in liquid film nanochannels. When the oil droplet is
positioned  in  the  superhydrophilic  region,  a  thicker  liquid  film  forms  between  the  oil  and  the  capillary,  resulting  in  an  open  state.  As  the  oil  droplet  moves  to  the
hydrophobic region, the thickness of the liquid film decreases to zero, resulting in a closed state.
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substrates  with  carboxyl  groups  (–COOH)  [12, 26],
superhydrophilic  substrates  were  soaked  in  an  ethanol  solution
containing  1  vol.%  3-(triethoxysilyl)propylsuccinic  anhydride  and
5  vol.%  water  for  12  h  at  room  temperature,  rinsed  with  ethanol
and  blown  dry  with  nitrogen.  To  obtain  substrates  with  amino
groups  (–NH2),  superhydrophilic  substrates  were  immersed  in  an
ethanol  solution  containing  2  vol.%  3-aminopropyltriethoxysilane
for  12 h  at  room temperature,  rinsed with ethanol  and blown dry
with  nitrogen.  Hydrophobic  substrates  (–CO  and –CF)  [27]  were
obtained  by  silanizing  superhydrophilic  substrates  with  3-
methacryloxypropyltrimethoxysilane  and  1H,1H,2H,2H-
perfluorooctyltrimethoxysilane  evaporation  in  a  decompression
environment (~ 0.2 atm) at 120 °C for 4 h. 

2.4    Ionic current recordings
The  glass  capillary  was  mounted  between  two
polytetrafluoroethylene  (PTFE)  chambers  filled  with  KCl  solution.
Ag/AgCl electrodes were used to apply a transmembrane potential
across  the  liquid  film  nanochannels.  Scanning  current–voltage
(I–V) experiments were carried out with transmembrane potentials
varying from –1.0 to +1.0 V during a 21 s period using a Keithley
6487 Picoammeter (Keithley Instruments, Cleveland, OH, USA). 

2.5    Measurement of zeta potentials
The  zeta  potentials  of  glass  surfaces  were  measured  using  a
SurPASS 3 electrokinetic analyzer (Anton Paar) with an adjustable
gap  cell.  For  each  surface,  two  1  cm  ×  2  cm  glass  pieces  were
attached in the cell with a 100 μm gap height parallel to each other.
The zeta potentials at the oil–water interface were measured using a
zeta  potential  analyzer  (NanoZS,  Malvern,  UK).  Mixtures
containing 2 vol.% hexadecane in ion solution were sonicated in an
ultrasonic  homogenizer  (JY92-IIN,  Scientz,  China)  at  90%  power
for  1  min  to  form  emulsions.  Subsequently,  these  mixtures  were
diluted with ion solution to 0.1 vol.%. 

2.6    Characterization
Contact  angles  were  measured  using  a  contact  angle  system
(OCA20,  DataPhysics  Instruments,  Germany)  at  room
temperature. The droplet volume was approximately 2 μL. For each
sample,  five  measurements  were  conducted  at  different  positions.
The  adhesive  force  was  measured  using  a  high-sensitivity
microelectromechanical  balance  system  (DCAT11,  DataPhysics
Instruments,  Germany).  The  surface  roughness  was  measured
using an atomic force microscope (Dimension FastscanBio, Bruker,
USA). Microscope images were captured on an optical microscope
(Vision  Engineering  Co.)  coupled  with  a  CCD  camera  (DP80,
Olympus,  Japan).  Fluorescent  spectra  were  obtained  by  using  a
fluorescence  spectrometer  (RF-5301PC,  Shimadzu,  Japan).
Attenuated total reflection infrared (ATR-IR) spectra were obtained
by a Fourier transform infrared (FTIR) spectrometer (INVENIO-S,
Germany). The wavenumber range was from 4000 to 2800 cm−1, the
resolution was 4 cm−1 with 24 scans. 

3    Results and discussion
To explore the influence of wettability on liquid film nanochannels,
we  modified  the  capillary  walls  with  different  groups  to  regulate
their  wettability  (Fig.  2).  It  has  been  demonstrated  that  glass  can
achieve  superhydrophilicity  when  treated  with  alkali  [28].  This
occurs  because  blank  glass  mainly  contains  oxygen  bridges
(Si–O–Si),  while  alkali-treated  glass  is  rich  in  hydroxyl  groups

(Si–OH),  resulting  in  superhydrophilicity  [29−32].  Using  this
principle, we soaked flat glass plates in a 0.1 M NaOH solution for
various  durations  and  measured  the  water  contact  angles  on  the
glass. The results show that as the treatment duration increases, the
water  contact  angles  on  glass  gradually  decrease,  stabilizing  at
around  6°  after  60  min  (Fig.  2(a)).  To  investigate  the  effect  of
wettability  on  liquid  film nanochannels,  we  soaked  capillaries  in  a
0.1 M NaOH solution for varying durations.  The schematic of the
experimental  setup  for  recording  ion  conductance  is  presented  in
Fig.  S1  in  the  Electronic  Supplementary  Material  (ESM).  The
capillary is mounted between two PTFE containers filled with KCl
solution, and Ag/AgCl electrodes are inserted into the KCl solution
to  apply  a  transmembrane  voltage  (unless  specially  described,  the
concentration  of  KCl  solution  is 0.1  M).  The  results  indicate  that
longer  soaking  durations  lead  to  a  gradual  increase  in  the  ion
conductance of the liquid film nanochannels, stabilizing at around 4
× 10−7 S after 60 min (Fig. 2(b) and Fig. S2 in the ESM). The stability
of ion transport through the liquid film nanochannel constructed in
superhydrophilic  capillary  was  evaluated  using  a  0.1  M  KCl
solution.  Alternating  the  external  bias  between  +0.1  and −0.1  V
showed  that  both  the  negative  and  positive  currents  exhibited
minimal  fluctuation  in  each  cycle,  indicating  stable  ion  transport
behavior under the applied voltage (Fig. S3 in the ESM). As can be
seen, the change in ion conductance aligns with wettability, which is
influenced  by  surface  roughness  and  composition  [33, 34].  We
scanned  the  glass  surface  roughness  using  an  atomic  force
microscope (AFM) and observed that the roughness changed only
slightly with prolonged NaOH treatment durations, indicating that
the glass surfaces are very flat (Fig. S4 in the ESM). Moreover, zeta
potentials  at  solid–liquid  interface  show  that  longer  soaking
durations  results  in  a  gradual  increase  in  negative  potential,
stabilizing at around –50 mV after 60 min (Fig. S5 in the ESM). It is
well  known  that  the  negative  potential  arises  from  dissociation  of
silanol  groups  [35].  Therefore,  the  increase  in  glass  hydrophilicity
results from the increased density of –OH groups.

Furthermore,  the  height  of  liquid  film  nanochannels  was
estimated according to Eqs. (1)–(3) [12, 22]

GDLFN =
2πrh
L

κ (1)

where r, h, L are the radius of the capillary, the height of the DLFN,
and  the  length  of  the  oil  droplet,  respectively.  Conductivity κ is
comprised of bulk solution conductivity κb and surface conductivity
κs,  the  latter  arising  from  two  different  interfaces—oil/water  and
water/solid.  The  surface  conductivity  can  be  expressed  in  the
following form [36, 37]

κs =
μ(σ1 +σ2)

h

(
1+

e
2πlBμη

)
(2)

where μ, lB, η, σ1,  and σ2 are  the  ionic  mobility,  Bjerrum  length,
liquid  viscosity,  and  charge  density  of  oil/water  and  water/solid
interfaces respectively.

Substituting Eq. (2) in Eq. (1), we obtain

h=

[
G*

DLFN

2πr −μ(σ1 +σ2)

(
1+

e
2πlBμη

)]
κb

(3)

G*
DLFN = GDLFN × L

To eliminate the influence of variations in oil droplet length, we
normalize the conductance of the film nanochannel per unit length,
as .  The  formulas  for  the  mobility  (μ)  and
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conductivity  (σ)  are  provided  in  Note  S1  in  the  ESM,  where  the
physical  constants  can  also  be  found.  The  zeta  potential  at  the
oil–water interface is approximately –17.8 mV, with hexadecane as
the oil and a 0.1 M KCl solution.

As  shown  in Fig.  2(c),  the  estimated  height  of  the  liquid  film
nanochannels  increases  with  longer  NaOH  treatment  durations,
stabilizing at around 100 nm after 60 min. In addition, snapshots of
oil droplets in capillary show that the angles between the oil and the
capillary decrease with extended NaOH treatment durations, which
also  indicate  an  increase  in  film  thickness  (Fig.  S6  in  the  ESM)
[12, 22].  In  summary,  it  can  be  inferred  that  longer  NaOH
treatment durations lead to a higher density of –OH groups on the
glass  surface,  which  enhances  hydrophilicity  and  consequently
results in thicker liquid film and improved ion conductance.

In  the  above,  wettability  is  regulated  by  adjusting  the –OH
density  on  the  glass  surface.  However,  the  wettability  range
achieved  by  this  method  is  limited,  with  water  contact  angles
ranging from ~ 6° to ~ 50°. To investigate a wider wettability range,
we  modified  different  functional  groups  on  the  glass  surface,
achieving water contact angles from ~ 6° to ~ 110° (Fig. 2(d)). The
modification process is shown in Fig. S7 in the ESM. Similarly, we
characterized  the  ion  conductance  of  liquid  film  nanochannels
formed  in  capillaries  modified  with  various  functional  groups
(Fig.  2(e) and  Fig.  S8  in  the  ESM).  The  results  show  that  as  the
hydrophobicity of capillary wall increases, the conductance of liquid
film  nanochannel  decreases.  Notably,  no  ion  conductance  was
observed in capillaries modified with –CO and –CF. Furthermore,
the height of the liquid film nanochannels was estimated using Eq.
(3),  and  the  zeta  potentials  at  solid–liquid  interface  were
characterized  using  SurPASS  3  (Fig.  S9  in  the  ESM).  The  results
indicate  that  as  the  hydrophobicity  increases,  the  liquid  film
thickness decreases, and no liquid film nanochannels are present in
capillaries  modified  with –CO  and –CF  (Fig.  2(f)).  Additionally,
snapshots of oil droplets in the capillaries show a transition in their
appearance from convex to concave, which also indicates a decrease
in film thickness (Fig. S10 in the ESM).

To explore the mechanism underlying the variation in liquid film

thickness,  we  measured  contact  angles  and  adhesion  force  of
underwater  hexadecane  on  flat  glass  treated  with  NaOH  solution
for various durations. As shown in Fig. 3(a), the underwater contact
angles  of  hexadecane  increase  with  longer  NaOH  treatment
durations,  while  its  underwater  adhesion  force  decreases  from
~ 50 to ~ 0 µN (Fig.  3(b) and Fig.  S11 in the ESM).  These results
indicate that the stability of the liquid film improves with extended
NaOH  treatment.  However,  on  hydrophilic  glass  treated  with
NaOH  solution  for  30,  40  and  60  min,  both  the  underwater
adhesion force (~ 0 μN) and contact angles (~ 150°) of hexadecane
remain  similar.  It  is  clear  that  macroscopic  oil  adhesion behaviors
cannot  reveal  the  variations  in  film  thickness  on  hydrophilic
surfaces. Therefore, we seek to reveal the underlying mechanism by
analyzing  the  surface  components  of  glass.  According  to  the
Owens–Wandt–Rabel–Kaelble  (OWRK)  method  [38, 39],  we
measured  the  surface  energy  of  flat  glass  treated  with  NaOH
solution  for  various  durations  and  categorized  it  into  two
components:  dispersive  (γd)  and  polar  (γp)  [27].  Furthermore,  we
define f as the ratio of the polar to dispersive components of surface
energy,  reflecting  the  proportion  of  surface  polarity. Figure  3(c)
shows  that  surface  energy  of  glass  surfaces  increases  with  longer
NaOH  treatment  durations,  and  the f value  also  trends  upward.
Combing surface energy and film thickness,  it  is  apparent that the
thickness of liquid film is regulated by the polar interaction between
water  and  glass  [40, 41].  Taking  superhydrophilic  glass  surfaces
(treated with NaOH solution for  60 min) and blank glass  surfaces
(treated  with  NaOH  solution  for  0  min)  as  examples:
superhydrophilic  glass  surfaces  are  dominated  by  polar –OH
components,  exhibiting  high  affinity  for  water  through  hydrogen
bonds, while the nonpolar hexadecane is repelled. Consequently,  a
thicker liquid film forms between hexadecane and superhydrophilic
glass.  However,  blank  glass  surfaces  contain  fewer  polar –OH
groups,  reducing  its  affinity  for  water  and  resulting  in  a  thinner
liquid film.

In  fact,  surface  polarity  affects  the  liquid  film  thickness  by
changing  the  structure  of  the  interfacial  water  molecules.  Studies
have  shown  that  the  liquid  film  thickness  is  closely  related  to  the

 

Figure 2    The effect of wettability on the height and ionic conductance of liquid film nanochannels. (a) Water contact angles on the flat glass treated with NaOH solution
for  varying  durations.  (b)  Ion  conductance  and  (c)  estimated  height  of  liquid  film  nanochannels  constructed  in  capillaries  treated  with  NaOH  solution  for  various
durations.  (d)  Water  contact  angles  on  flat  glass  modified  with  different  functional  groups.  (e)  Ion  conductance  and  (f)  estimated  height  of  liquid  film nanochannels
constructed in capillaries modified with different functional groups. All the ion solution is 0.1 M KCl.

Liang et al. Nano Research | Vol. 18, No. 3

Nano Research, 2025, 18, 94907256 94907256 (4 of 8)

https://www.sciopen.com/article/10.26599/NR.2025.94907256
https://www.sciopen.com/article/10.26599/NR.2025.94907256
https://www.sciopen.com/article/10.26599/NR.2025.94907256
https://www.sciopen.com/article/10.26599/NR.2025.94907256
https://www.sciopen.com/article/10.26599/NR.2025.94907256
https://www.sciopen.com/article/10.26599/NR.2025.94907256
https://www.sciopen.com/article/10.26599/NR.2025.94907256
https://www.sciopen.com/article/10.26599/NR.2025.94907256


orientation  and  hydrogen  bond  structure  of  interfacial  water
molecules  [42−44].  We  select  three  glass  surfaces  treated  with
NaOH  solution  for  0,  30,  60  min  to  represent  non-hydroxylated,
partially  hydroxylated  and  fully  hydroxylated  glass  surfaces  [45].
The –OH vibration frequency of interfacial water molecules at three
glass  surfaces  were  measured  using  ATR-IR  spectroscopy  [43].
Figure  3(d) and  the  insert  diagram  show  that  the  proportion  of
tetrahedrally coordinated water increases with higher –OH density,
indicating  an  enhanced  hydrogen  bonding  network.  To  highlight
the differences among the three systems and minimize the influence
of bulk water, we propose the difference spectra by subtracting the
spectrum  of  the  bulk  water  [46, 47].  As  shown  in Fig.  3(e),  the
spectral changes in the O–H region around 3200 cm−1 significantly
increase  in  intensity  over  time,  accompanied  by  a  decrease  at
around 3400 cm−1. It has been reported that –OH vibration around
3200  cm−1 corresponds  to  tetrahedrally  coordinated  water  that  is
involved in four hydrogen bonds, 3400 cm−1 represents water that is
partially involved in hydrogen bonds but not fully coordinated, and
3600 cm−1 indicates free water that does not participate in hydrogen
bonds  [48, 49].  Therefore,  it  is  clear  that  a  higher  density  of  polar
–OH  groups  enhance  the  hydrogen  bonding  network  of  water
molecules,  resulting  in  a  more  stabilized  liquid  film.  Three
simplified  models  are  proposed  to  explain  the  difference  in  liquid
film  thickness.  As  shown  in Fig.  3(f),  non-hydroxylated  glass
surfaces  are  predominantly  composed  by  Si–O–Si  components,
exhibiting  the  lowest  amount  of  strongly  bound  water  and  thin
liquid film. In contrast, partially hydroxylated glass surfaces contain

more –OH groups, leading to increased strongly bound water and a
thicker  liquid  film.  Fully  hydroxylated  glass  surfaces,  composed
primarily  of  polar –OH groups,  facilitate  the  retention  of  strongly
bound  water  on  the  surface,  resulting  in  thicker  liquid  film.
Therefore,  surface  polarity  and  interfacial  water  conformation
effectively  explain  the  differences  in  liquid  film  thickness  among
various  glass  surfaces  treated  with  NaOH  solution  for  various
durations.

Moreover, glass surfaces modified by different functional groups
also  exhibit  a  similar  trend.  As  the  glass  surface  transitions  from
superhydrophilic  to  hydrophobic,  the  underwater  hexadecane
contact angles decrease (Fig. S12 in the ESM), and the underwater
adhesion force of hexadecane increases (Fig. S13 in the ESM). The
surface  energy  and  polarity  component  were  tested  using  the
OWRK  method  [38, 39]  and  the  results  indicate  that  the  surface
energy decreases as the glass surface changes from superhydrophilic
to  hydrophobic  (Fig.  S14  in  the  ESM).  Superhydrophilic  surfaces,
dominated  by  polar  components,  bind  water  through  hydrogen
bonds,  leading  to  a  thicker  liquid  film.  Conversely,  hydrophobic
surfaces,  dominated  by  dispersion  components,  preferentially
attract oil via hydrophobic interactions and repel water, resulting in
the absence of  a  liquid film. Additionally,  considering the effect  of
oil polarity on ion conductance, the results for other oils (n-octanol,
n-octanoic  acid,  and  toluene)  are  also  discussed.  In  the
superhydrophilic  capillary,  ionic  conductance  increases  slightly  as
oil  polarity  decreases,  due  to  hydrogen  bonding  interactions
between the polar groups of  the oil  and the Si–OH groups on the

 

Figure 3    Mechanistic insights into the influence of wettability on liquid film thickness. (a) Underwater hexadecane contact angles and (b) adhesion force on the flat glass
treated with NaOH solution for varying durations. (c) Surface energy of flat glass with polar and dispersive components. (d) ATR-IR spectra of bulk water and interfacial
water  at  glass  surface  treated  with  NaOH  solution  for  varying  durations.  (e)  Difference  spectra  obtained  by  subtracting  the  spectrum  of  the  bulk  water.  (f)  Diagram
illustrating the effect of interfacial water molecule arrangement at the surfaces of non-hydroxylated, partially hydroxylated and fully hydroxylated glass on the thickness of
liquid film.
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glass surface (Fig. S15 in the ESM). In contrast, in the hydrophobic
capillary  (modified  with –CF),  ionic  conductance  decreases  as  oil
polarity decreases (Fig. S16 in the ESM), attributed to hydrophobic
interactions between the nonpolar oil groups and the hydrophobic
surface [50].

Based on the results above, wettability can regulate the thickness
of  the  liquid  film,  thereby  affecting  ion  transport.  Therefore,
continuous  regulation  of  film  thickness  and  ion  transport  can  be
achieved  by  constructing  capillaries  with  gradient  wettability.  As
shown in Fig.  4(a),  a  capillary was positioned vertically in a 0.1 M
NaOH solution. It was immersed in zone 4 for 30 min, then in zone
3 for 20 min, followed by zone 2 for 10 min, while zone 1 was left
untreated.  Then,  four different wettability  regions were established
on  a  capillary.  By  positioning  the  oil  droplet  in  each  of  the  four
zones,  DLFNs  were  created  (Fig.  4(b)).  The  ion  current
measurements  demonstrate  that  the  DLFNs  can  regulate  ion
transport  across  four  orders  of  magnitude  while  exhibiting  good

cyclic  stability  (Fig.  4(c)).  Similarly,  we  generated  a  gradient
wettability along the glass surface. Due to the limited viewing angle
of  the  contact  angle  measurement  system,  we  combined  four
photographs to capture the contact angles along the substrate (Fig.
S17(a) in the ESM). Water contact angle measurements across the
four  wettability  regions  showed  reversible  changes  from  ~  50°  to
~ 6°, demonstrating good cycling stability (Fig. S17(b) in the ESM).
Finally, we measured the ion conductance of DLFNs at varying KCl
concentrations and observed a consistent trend (Figs.  S18 and S19
in the ESM).

The  DLFNs  can  be  used  for  on-demand  molecule  delivery.
Fluorescein sodium molecule is used as the model molecule, and its
structure  is  shown  in Fig.  5(a).  We  plotted  standard  curves  of
fluorescein  sodium  fluorescence  intensity  versus  its  corresponding
concentration  to  determine  the  molecular  concentration  on  the
transport side (Fig. S20 in the ESM). First, we tested the molecular
transport  ability  of  four  liquid  film  nanochannels,  respectively.

 

Figure 4    Construction of  DLFNs.  (a)  Schematic  diagram of  the  construction of  capillary  with gradient  wettability.  (b)  Schematic  diagram of  DLFNs with multi-scale
gating property. (c) Ion current cycling measurements of the DLFNs.
 

Figure 5    Application of the DLFNs for controlled molecule transport. (a) The structure of the fluorescein sodium molecule. (b) Fitting curves of concentration change
over durations of fluorescein sodium passing through four kinds of liquid film nanochannels, which are constructed in capillaries treated with NaOH solution for 0, 10, 30
and 60 min, respectively. (c) Column graph of transport speed of fluorescein sodium passing through four kinds of liquid film nanochannels. (d) Schematic diagram of
fluorescein sodium molecule transport through DLFNs with a driving voltage of +1 V (anode in the permeate side). (e) The four kinds of liquid film nanochannels are
combined to obtain an on-demand molecule delivery curve over durations.
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Figure 5(b) shows the concentration change of fluorescein sodium
over  time,  with  transport  speeds  calculated  from  the  slope  of  the
fitting  curves  (Fig.  5(c)).  The  results  indicate  that  transport  speed
increases  with  longer  NaOH  treatment  durations.  Specifically,
without NaOH treatment, the capillary exhibits low hydrophilicity,
resulting in a thin liquid film and a low molecular transport rate. As
the  NaOH  treatment  duration  increases,  the  capillary's
hydrophilicity  improves,  leading  to  a  thicker  liquid  film  and  a
higher  molecular  transport  rate.  Finally,  we  combined  the  four
liquid  film  nanochannels  on  a  capillary  for  on-demand  molecule
deliver. As shown in Fig. 5(d), the capillary with gradient wettability
was  mounted  between  two  PTFE  reservoirs.  In  the  left  reservoir,
5 mL of  1 mM aqueous fluorescein sodium solution served as  the
feed solution, while the right reservoir contained 5 mL of deionized
water as the permeate solution. Ag/AgCl electrodes were placed in
both  reservoirs  (anode  in  the  permeate  side),  and  a  constant
potential  of  +1  V  via  a  Keithley  6487  picoammeter  was  applied
across  the  liquid  film  nanochannel  to  facilitate  the  transfer  of
fluorescein  sodium  molecules.  Furthermore,  both  reservoirs  were
gently  stirred  with  magnetic  agitation  to  eliminate  concentration
gradients. Figure  5(e) shows  the  concentration  curve  of  molecules
over  time,  obtained  from  the  DLFNs  formed  by  placing  the  oil
droplet  in  four  distinct  zones.  The  results  indicate  that  molecular
transport can be dynamically regulated at different transport rates. 

4    Conclusion
In  summary,  we  propose  a  simple  and  economic  method  for
constructing  DLFNs  that  enable  the  controlled  transport  of  ions
and  molecules  within  an  oil–water–solid  three-phase  system.  The
liquid film thickness can be dynamically regulated over 2–3 orders
of  magnitude  by  positioning  the  oil  droplet  within  the  varying
wettability  regions  of  the  capillary.  Experimental  results  indicate
that  the  liquid  film thickness  is  influenced  by  the  interfacial  water
structure,  which  is  mediated  through  hydrogen  bonding
interactions.  Specifically,  increased surface  hydrophilicity  enhances
hydrogen bonding interactions between the glass surface and water,
leading  to  a  higher  proportion  of  tetracoordinated  water  and
thicker liquid film. Unlike solid-state nanochannels, which typically
have  two  gate  states: “open” and “closed”,  the  DLFNs  exhibit
multiscale gating. Ionic conductance can be extensively tuned over
four  orders  of  magnitude,  and  molecular  transport  can  be
dynamically  regulated  at  varying  transport  speeds.  Our  study
introduces  a  convenient  and  cost-effective  approach  for
constructing  multiscale  gating  nanofluids,  which  hold  potential
applications in drug delivery, microreactors, sensing, and beyond. 

Electronic  Supplementary  Material: Supplementary  material
(supporting Figs. S1–S20: including experimental setup, I–V curves,
AFM  images,  microscope  images,  zeta  potentials,  chemical
modification  process,  adhesion  measurements,  surface  energy,  ion
conductance,  bulk  conductivity,  and  calibration  curve  of
fluorescence  intensity;  supporting  Notes:  calculation  of  film
thickness)  is  available  in  the  online  version  of  this  article  at
https://doi.org/10.26599/NR.2025.94907256. 
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