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Ultramicro-volume syringes are fabricated by integrating micro-
nanostructure arrays in microchannels for dispensing quantitative
sub-picoliter liquids. The minimum of available liquid volume is in
increments as low as 0.5 pL with 96% accuracy. Specifically,
controllable synthesis of nanocrystals could be produced in a lab-
on-chip platform which integrated with the syringes.

Precise manipulation of liquid volume (less than picoliter) is greatly
needed in the fields of point-of-care diagnostic technologies,? drug
synthesis,>> cell cultures,®® and even directly drug injection to
cells.>12 Commercial manipulation methods for liquid volume
include the preparation of Echo systems!3-14 and scanning probes,>
16 but it is still challenging to take into account both the
integratability and continuity of dispensing process. In general, the
diameter of a 10-pL droplet is near 10 um, which is matching with
microfluidic devices, and the enclosed microchip could prevent the
evaporation of liquids.-22 Conventional droplet microfluidics show
advantages in controlling the size of multiphase droplets in a high-
throughput way, but the use of surfactant is necessary for most
droplet microfluidics devices, which is inconvenient to extract
separate quantitative droplet and execute follow-up processing.?3-2>
A recently developed fluidic force microscopy have the potential to
inject and extract measurable liquids to single cell for molecular
analyses, while expensive assistant equipment may limit the
promotion to general laboratory.26-27

Owing to lower operating cost and great manipulation ability for
fluids, microvalves offer opportunities in regulating the volume of
liquids.?82° Capillary valve constructed microchip can reduce the
order of magnitude of the liquid volume to sub-nanoliter level,3-31
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however, it is hard to further decrease the volume due to the
blocking of the PDMS slabs for tens of micrometer microchannels.
Furthermore, as for a device which is used for dispensing
quantitative liquids, accuracy and repeatability are the crucial
characterization parameters, deformable elastic materials and its
undefined triple-phase contact line (TCL) for liquids may contribute
to measuring errors. Recent advances of rigid Laplace microvalve
have demonstrated its accurate manipulation ability for liquid
volume.3233 However, most of the devices can only obtain a fixed
liquid volume, and are not easy to be integrated into other devices.
As a result, successive sub-picoliter liquids are not easy to capture,
and actual utilization of the liquid to real applications remains
challenging.

In this communication, pressure-controlled ultramicro-volume
syringes (UVSs) are employed to successively dispense quantitative
sub-picoliter liquids. Microstripe array which embedded with
numerous nanopillars (MSNP) is adopted as the substrate of UVS.
As illustrated in Scheme 1, we designed a trapezoid-shaped
microfluidic channel, which are separated into a series of chambers
with pre-set volume by gradient-length MSNP arrays. The volume of
captured liquids and the measuring range of the UVS could be
modified by changing the applied pressure of inlets and the
dimensions of the microchannel. To prevent the deformation of
microchannel and reduce the volume of available liquid, glass-Si
constructed UVS (G-UVS) has been fabricated, and obtainable
minimum volume of liquid could reach 0.5 pL with 96% accuracy.
The UVS also shows great applicability for fluids with wide surface
tension (ST) ranges. To demonstrate the practical application of the
syringe, a microchip which consists of three UVSs was designed, and
gradient-size Au nanoparticles and anisotropic Au nanorods have
been successfully synthesized. The UVS provides novel insights into
resource-limited diagnosis, synthetic reactions of lab-on-chip
applications, measurable cell cultures and quantitative drug
transport, which may also contribute to the research of direct
injection of drug for single cell.

Results and disscussion

Capture of quantitative liquids by the UVS
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A hydrophobic MSNP could act as a burst microvalve in
microchannels (Figure S1), the energy barrier which prevents fluid
flowing is originated from the Laplace pressure (AP), which is

described as®*:
cos B¢ cosfs  cosby

AP=P1—P0=—O'(ZT+H_h+H_h) (1)

where P, and P, are the pressures inside and outside the liquid, W
are the widths of the microchannels, H is the height of the
microchannels, h is the height of the MSNPs, o is the surface
tension of fluids, #sand @) are the advancing contact angles (ACAs)
of fluids on the PDMS and MSNP surfaces, respectively. According
to Equation (1), we figured out that the flow behaviour of fluids in
microchannel could be manipulated by adjusting the dimensions of
the MSNP. Following this principle, the UVS is fabricated by
integrating a programmable silicon (Si) MSNP array with different
lengths in a trapezoidal poly(dimethylsiloxane) (PDMS)
microchannel. Through designing and calculating the relation
position of the MSNPs, we divided the trapezoidal microchannel
into 10 equal-volume chambers (Figure S2). The dimensions of the
substrate structures and microchannels were controlled by
adjusting the etching time of the fabrication process (Table S1,
Figure S3 and Figure S4). The Si-MSNP array was modified by
Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (PFS), and &y and &5
are 125.4+0.9° and 126.0+0.7°, respectively (Figure S5).
Experimentally measured (P,,.x) and theoretical (P) burst pressures
increase with the shortening of the length of the exposed MSNPs in
microchannels (Figure 1m). We believe that the difference of
pressure value between P, and P is resulted from the pressure
drop of water in the fluidic tube and the increased force area when
water flows through new MSNPs. Therefore, we can stop the fluid
front at desired MSNP by changing the applied pressure of the
liquid inlet. For instance, when the applied pressures of liquid inlets
were 89.0, 94.0. 97.0 and 104.0 mbar, water fronts stopped at the
2nd, 4th, 6th and 9th MSNP, respectively (Figure 1a-d). A gas inlet is
designed to cut off the fluid column in the trapezoidal
microchannel, and quantitative water liquid would be captured. As
shown in Figure le-h, we changed the applied pressure of liquid
and gas inlets to 0.0 and 100.0 mbar, respectively, measurable
liqguids were obtained. Feedback of the liquid volume is important
information for a well-behaved syringe, and the volume can be
calculated according to the floor space and the height of the liquid.
However, the real curve shapes of TCL of the liquid ends are
inconvenient to be observed and calculated, hence we fabricated
narrow metering microchannel in the end of the UVS to reduce the
measurement error. As shown in Figure 1i-l, we can continuously
gain quantitative water liquids with different volumes (from 1.00 to
10.00 nL) by changing the applied pressure of the inlets with 98%
accuracy (Figure 1n). The detailed process is shown in Video S1
Supporting Information.

Performance of the UVS

Larger and stable value of P, could improve the accuracy rate of
the dispensing process, hence the factors that influence the value
of the P, were discussed. First, MSNPs with different roughness
were fabricated, and the microvalve functions were measured
(Table 1 and Figure S6). We found that the nanopillar structure
could significantly improve the value and stability of P, and the

2| J. Name., 2012, 00, 1-3

increase degree is proportional to the surface roughness..while
excessive etching time of the nanopillar surf@ed Wollldderédse’ thé
By and the manipulation ability for fluids. Then, MSNPs with same
width but different heights and same height but different widths
were fabricated. As shown in Table 1, P,,q and P slightly get higher
along with the increase of the MSNP height. We noted that higher
MSNP possesses better stability for manipulating fluid in
microchannels, hence we chose 1500 nm as the MSNP height in the
following experiments. The results in Table 1 demonstrate that the
MSNP width has no effect on the P, and P. To reduce the volume
error of the chambers, MSNP width of 10.0 um was applied to
fabricate the subsequent UVS.

The throughput of the UVS is an important parameter for the
applicability of the device. The dispensing period includes two
stages: water front stops at the edge of MSNP and gas cuts off
liquid column. The duration of the first stage is related to the
applied pressure of liquids, and high applied pressure increases the
flow rate of fluids and decreases the flowing time (Figure S7a,b). As
for the second stage, high gas pressure obviously corresponding to
short dispensing duration (Figure S7c), while high cut-off speed of
liquid column decreases the stability and increases the measuring
error of the dispensing process (Figure S7d). The optimal applied
pressures could be weighed between the accuracy and dispensing
duration according to the requirements of its combined
applications. The throughput of single UVS is undistinguished when
compared to commercial Echo systems,'314 which could be make
up by connecting the pressure pump to multiple UVSs.

The metering range of the UVS could be adjusted by altering the
height of the microchannel (Figure S8), and new correspondence
relationships between liquid volume and manipulation pressure
were established (Figure S9a,c,e). We also investigated the
dispensing error of each UVS, as in Figure S9b,d,f. The minimum of
the liquid volume that we can capture is 50 pL, and the accuracy is
greater than 96% (Figure $10). The PDMS slab would collapse and
block the UVS if we continue to reduce the dimensions of the
microchannel.

Capture of sub-picoliter and femtoliter liquids by the glass-Si
constructed UVS

Glass-Si constructed UVSs (G-UVS) were fabricated by standard
anodic bonding method to lower the minimum volume of available
liquid (Figure S11). There are two main factors that limit the
magnitude of the minimum volume. The first is the resolution ratio
of fabrication technology, which determines the dimension of
microchannels. The minimum gap that we could precisely fabricate
by etching technique is 1.5 um in three dimensions. Second,
successive dispensing of liquids with different volumes relies on
enough difference among the P,, of MSNPs. Though the
microchannel with lower dimension would increase the pressure
difference (Figure S12i, Figure S13a, Figure S14g), the increased P,
of the MSNPs weaken the stability of the dispensing process and
reduces the accuracy of the device, simultaneously. Therefore, the
length difference among the MSNPs should be increased as much as
possible. In addition, there should be certain spacing among the
MSNPs to reduce the error caused by the MSNPs volume. Based on
the factors, four kinds of G-UVSs with different quantities of
chambers were prepared (Table S1). The minimum volume of the G-

This journal is © The Royal Society of Chemistry 20xx
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UVS with ten chambers (10-G-UVS) could dispense is 6.0 pL (Figure
S12a-h), and the accuracy rate is larger than 97% (Figure S12j). The
5-G-UVS could capture 1.5 pL liquids with 96% accuracy (Figure 2

and Figure S13). As for the 3-G-UVS, the minimum is 0.5 pL with 96%

accuracy (Figure S14). Due to the lack of the limit of above-
mentioned pressure differences among the MSNPs, the available
volume of the 1-G-UVS is far lower compared to the above devices,
which is 25 fL with 97% accuracy (Figure S15a-d). The liquid volume
could be adjusted by changing the distance between the MSNPs
and the intersection of the microchannels (Figure 15e).

Dispensing wide surface tension ranges and multiphase liquids

To demonstrate the applicability of the UVS for multipurpose
microfluidics system, it is necessary to investigate its manipulation
ability for multiple kinds of liquids. PFS-blended PDMS
microchannels were used to enhance the hydrophobicity and
control performance of the devices in this section,3® and the 85 can
reach 130.5+0.7°. As shown in Figure 3a-d and Figure S16a-d,
guantitative ethanol aqueous solution (from 5% to 30%) could be
obtained by the UVS (Figure S17, Video S2 Supporting Information).
In addition, measurable multiphase liquids including rapeseed oil,
bovine blood, Bull serum albumin (BSA) and insulin solutions (Figure
3e-1), and the applicable dispensing pressure of the UVS could be
adjusted according to the ST of the liquid. When the ST of the
solution (40% alcohol) decreases to 28.2 mN/m (Figure S16g,f), the
manipulation ability for TCL on the MSNPs start to be unstable, and
the differences of P, among the MSNPs are too small to stop the
fluid front in desired position. There is even leakage in the gas inlet
when the ST of the fluid drops to 25.5 mN/m, indicating the UVS is
no longer suitable (Figure S16g,h).

Quantitative mixing of liquids in microchannels

Quantitative micromixing devices were fabricated by integrating
two UVSs together in a chip (Figure 4a). 10 times in increments of
1.0 nL fluorochrome liquids could be dispensed by the two UVSs,
then the liquid successively flowed into the serpentine mixing
microchannel and the detection chamber. Six gradient proportions
of the fluorochrome solutions were obtained (Figure 4b-n), which
means that the device could be utilized to simultaneously dispense
multiple kinds of gradient concentration solutions in microfluidics.

Integrated microchip for preparing morphologically controllable
metal nanocrystals

Besides preparing quantitative gradient concentration solutions,
the UVS could be used to precisely control the reagent dosage in
trace-volume chemistry reactions, which provides new
opportunities in resource-limited settings, measurable cell cultures,
single-cell drug injection, and lab-on-chip applications.%-11 As an
example, an integrated microchip embedded with three UVSs was
fabricated (Figure 5a). Gradient-size gold nanoparticles were
prepared following the well-established literature method in the
device.3® First, 8.00 nL (desired volume, same below) gold(Il)
chloride solution was dispensed by UVS-1 to mix with 2.00 nL PVP
solution captured by UVS-2 in the first blend microchannel. Then
2.00, 4.00 and 6.00 nL ascorbic acid solutions were captured by the
UVS-3, respectively, and mixed with the above-mentioned solution
in the second blend microchannel (Figure S18). Figure 5b-d shows
the TEM images of the gradient Au nanoparticles, and the diameter

This journal is © The Royal Society of Chemistry 20xx
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of the Au nanoparticle increases along with the degrease of the
ascorbic acid solution volume (Figure D$119}0.1G89/ @gve07¢Ré
applicability of the strategy, the Au nanorods with anisotropic
shapes were synthesized using the seed-growth method (Figure
$20).37 As shown in Figure 5e-g, the aspect ratio of the Au nanorods
could be controlled by changing the addition amount of Ag* (Figure
$21).38 As for complicated microfluidic synthesis system and lab-on-
chip platforms, the relative position and quantity of the UVS could
be designed according to the demand of the synthetic method, and
the product of each reaction step in the microchip could be
immediately used for characterizing without secondary sample
preparation.

Conclusions

In conclusion, pressure-controlled UVS are prepared to dispense
quantitative sub-picoliter liquid in microfluidics. The liquid volume
could be changed by adjusting the applied pressure of the inlets and
the dimensions of the microchannels. To further improve the
microvalve stability of the UVS and maximally decrease the
dispensing error of the liquid, nanopillar embedded microstripe
array is fabricated and adopted as the substrate of the UVS.
Simultaneously, feedback microchannel for measuring the liquid
volume is integrated in the device, and the accuracy of the UVS
could reach 96%. Furthermore, G-UVS is proposed to reduce the
volume of available liquid, which could dispense ultramicro-volume
liquids in increments as low as 0.5 pL. Single femtoliter liquid was
also successfully dispensed with 97% accuracy in the G-UVS. The
UVS also exhibits strong ability for capturing quantitative wide ST
ranges and multiphase liquids, which demonstrates its applicability
for common microfluidics system. Practical synthesis system in bulk
reaction was conducted in a lab-on-chip platform with three UVSs,
and controllable synthesis of gradient-size and anisotropic metal
nanocrystals were produced by adjusting the volume of reaction
reagent. A collecting device is connected to the microchip, and the
product of the quantitative reaction by the UVS could be directly
collected and used for characterization. As for intricate lab-on-chip
synthesis system, the quantity, measuring range and relative
location of the UVS could be freely designed according to
requirements, and we anticipate that the principle of the UVS will
be beneficial in the fields ranging from the researches for lab-on-
chip platforms, analytical chemistry for medicine to quantitative cell
cultures, even drug injection for single cell and beyond.
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Figure 1. (a-d) Optical microscopy images of the dispensing process of water in the UVS. When the applied pressures of liquid inlets are
89.0, 94.0, 97.0 and 106.0 mbar, water front stop at the 2nd (a), 4th (b), 6th (c) and 9th (d) MSNP, respectively. The positions of white
arrows represent the ends of the liquids. The height of the microchannel is 10.0 um. The volume of each chamber is 1.00 nL theoretically.
(e-h) 0.0 mbar of liquid inlets and 100.0 mbar of gas inlets are applied to capture quantitative liquids in the UVS. The volumes of the water
liquids are 1.97 (i), 3.91 (j), 5.97 (k), 8.99 nL (l), respectively. The figures in the images represent the desired liquid volumes. (m)
Experimentally measured and theoretical bursting pressures as a function of the length of exposed MSNPs in the microchannels. (n)
Repeatability of the UVS. The measured water volume dispensed as a function of chamber quantity. Errors bars represent standard error.
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Roughness of

ACA of
Height Width nanopillar Prax
MSNP nanopillar P [mbar]
[nm] [um] surface [mbar]
surface [°]

[Rg:nm]

Microstripes ~ 1500+18  10.0£0.09 0.142#0.114 112.442.1° 74.3%2.8 91.1#4.6

1 1500+18  10.0+0.09  1.658+0.198 118.4+0.5° 77.50.8  94.3+0.4
2 1500+18  10.0+0.09  4.092#0.253 120.4+1.2° 78.9+14  96.40.7
3 1500+18  10.0£0.09  8.859+0.376 121.4+1.0° 80.3*1.1  96.9+0.6
< 4 1500+18  10.0£0.09  12.246:0.738 125.4+0.9° 83.1#1.0  98.0+0.7
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Figure 2. (a) The measured water volume dispensed as a function of chamber quantity. Errors bars represent standard error. (b-i) Optical
microscopy images of the 5-G-UVS which could capture picoliter liquids. 278.0, 297.0, 315.0 and 449.0 mbar of the liquid inlet pressures
are applied to stop the water front on the 1st (b), 2nd (c), 3rd (d) and 5th (e) MSNP, respectively. 500.0 mbar of the gas inlets are applied to
capture 1.48 (f), 2.92 (g), 4.54 (h) and 7.51 pL (i) water liquids, respectively. The figures in the images represent the desired liquid volumes.
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Figure 3. (a-l) Optical microscopy images of the UVS for capturing wide ST ranges and multiple kinds of liquids. The height of the
microchannel is 10.0 um, and the desired liquid volume is 6.00 nL. (a,b) 5% alcohol, ST is 57.4 mN/m, the manipulation pressures of liquid
and gas inlets are 95.0 and 94.0 mbar, respectively. (c,d) 30% alcohol, ST is 37.1 mN/m, the manipulation pressures of liquid and gas inlets
are 55.0 and 80.0 mbar, respectively. (e,f) Rapeseed oil, ST is 31.6 mN/m, the manipulation pressures of liquid and gas inlets are 35.0 and
100.0 mbar, respectively. (g,h) Bovine blood, ST is 72.5 mN/m, the manipulation pressures of liquid and gas inlets are 99.0 and 150.0 mbar,
respectively. (i,j) BSA (25 mg/mL), ST is 52.5 mN/m, the manipulation pressure of liquid and gas inlets are 89.0 and 90.0 mbar, respectively.
(K,1) Insulin (100 mg/L in HCL, PH=2), ST is 72.1 mN/m, the manipulation pressure of liquid and gas inlets are 98.0 and 100.0 mbar,
respectively.
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Figure 4. (a) Schematic of the UVS for mixing quantitative liquids. The end of the serpentine mixing microchannel is connected to the
outlets of the two UVS and a detection chamber, and the diameter of the fluorescent detection chamber is 1000.0 um. The height of the
microchannel is 10.0 um. (b) The fluorescence intensity of the detection chamber under blue and green light excited fluorescent
microscopy. Errors bars represent standard error. The fluorescent microscopy images of the mixed dyes under blue (c-h) and green (i-n)
light excited fluorescent microscopy. The desired liquids volumes of the sodium fluorescein and rhodamine solutions are 10.0 and 0.0 nL
(b,i), 8.0 and 2.0 nL (c,j), 6.0 and 4.0 nL (d,k), 4.0 and 6.0 nL (f,I), 2.0 and 8.0 nL (g,m), 0.0 and 10.0 nL (h,n), respectively.
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Figure 5. (a) Schematic of the integrated UVS for producing gradient-size and anisotropic Au nanocrystals. (b-d) The TEM images of the
gradient-size Au nanoparticles. The liquid volumes of the gold(lll) chloride solution and PVP solution are identical in each experiment. The
liquid volumes of the ascorbic acid solution are 2.02 (b), 4.12 (c) and 6.00 (d) nL, respectively. (e-g) The TEM images of the Au nanorods
with anisotropic shapes. The liquid volumes of the ascorbic acid solution in the UVS-2 and the Au seed solution in the UVS-3 are identical in
each experiment. The liquid volumes of the premixed solutions (Au3*, Agl*l, and CTAB solution) are 3.07 (b), 4.92 (c) and 7.05 (d) nL,
respectively.
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