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We report the different attenuated shear vibrations of hydrophilic quartz crystal microbalance (QCM) by
attached small viscous liquids and this technique enabled us to measure the viscosity of various 5 pL
solutions. Covering entire area of QCM surface by a liquid was important for stable damping time
measurement and accordingly we induced silica/polyelectrolyte hydrophilic coating on QCM with using
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1. Introduction

Measurement of viscosity is essential for analyzing soft matter
and useful for detecting slight changes in various materials. For
example, blood viscosity and coagulation time have been
researched for patients with embolism in order to select suit-
able oral anticoagulants.” Rheology of DNA,*>* RNA® and anti-
body® have been studied for estimating mechanical property of
molecules. Physical characteristics including viscosity of ion
liquid” or ink®’ also have been investigated for developing
cleaner industrial process.

Conventionally rotational or falling ball viscometer
measured viscosity with much quantity of liquid (milliliter
order); however, large material consumption was not preferred
in the above cases and measuring by small quantity of liquid
has been strongly required. Recently enthusiastic researches
made it possible to measure viscosity with micro or nano liter
liquid by viscometers with using liquid flow'*** or liquid
droplet."* In the case of liquid flow type viscometer, velocity of
liquid which flew inside channel was utilized.*®** Some of micro
channels used only nano liter and it was suitable for expensive
or precious liquid; however, precisely controlled wettability was
required to get stable flow.">** In the case of liquid droplet type
viscometer, vibration of droplet was utilized.** Piezoresistive
cantilevers measured viscosity of 2.4 upL water—glycerol
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relationship between damping time and viscosity of polyvinyl
polyvinylpyrrolidone (PVP) or glycerol agueous solutions. We also applied this technique for estimating

alcohol (PVA),

mixtures."” Optical image of liquid vibration was studied by
high-speed imaging;*'*'” however, these methods required high
quality sensors and optical apparatuses.

Quartz crystal microbalance with energy dissipation
(QCM-D)*** was also focused on as an universal analytical tool.
This technique monitored the attenuated amplitude after
shutting off the power and suppressed shear vibration by high
viscous liquid was observed through damping time measure-
ment. In this principle liquid/solid interface was important and
eagerly investigated. As liquid side researches of QCM-D,
various viscous solutions of biomaterials such as DNA,*> RNA?
lipid solutions®**” and industrial oil*® or artificial polymer
solutions such as poly (ethylene glycol),*?* glycerol® and
copolymer® were investigated. By in-depth profiling, viscosity
near interface where free molecules undergo some property
changes was carefully researched® and a depletion layer in
polymer solutions was also investigated.®*

On the other hands, as solid side researches of QCM-D,
physical or chemical modification of QCM surface was
examined to enhance viscosity sensing. As examples of surface
structure modification, smooth-texture combined resonator
was fabricated to separately measure the viscosity and density of
10 pL glycerol liquid®* and the effect of surface roughness,*
nanowire-modification®” or lipid bilayers*® were eagerly studied.
As examples of wettability control, there were hydrophobic®**
or hydrophilic***** approaches. In the case of hydrophobic
modification, compared with the bare QCM, reduced energy
loss and frequency shift were observed by slip of liquid.*
Superhydrophobic patterned surface fabricated with lithog-
raphy was also utilized for the measurements of density-
viscosity products of water-glycerol mixture solution.**
Conversely hydrophilic gold coated QCM monitored adsorption
of asphaltenes and resins from crude oil.** The concentration of
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Fig.1 Setup of QCM-D. QCM was connected to the oscillation circuit
and the damping behavior was observed by the oscilloscope after
shutting off the power. The attenuated shear vibration which related
with viscosity of attached materials on QCM was monitored through
the damping time measurement.

hydrophobic materials in industrial oil was investigated
through silica or alumina coated QCM-D with 0.5 mL.*
Viscoelastic property of cationic starch was also investigated
with utilizing anionic property of silica which was coated on
QCM by means of vapor deposition.”® Through polyethylene
coated hydrophilic QCM coagulation of blood was successfully
measured; however, it required piranha solution as a first step
and 200 pL of blood was used.*®

In this study we focused on the viscosity sensing with a small
quantity of liquid droplet (<10 pL) through simple QCM-D system
(Fig. 1) and applied it for not only artificial organic solutions but
also biomaterials. For easy preparation and accurate sensing we
fabricated thin hydrophilic silica/polyelectrolyte coating on QCM
with environmental friendly Layer by Layer (LbL) self assembly
method.**** A small liquid droplet spread on this hydrophilic
coating and entire coverage led to stable dissipation behavior
measurement. Here we examined viscosity of 5 pL polyvinyl
alcohol (PVA), polyvinylpyrrolidone (PVP), glycerol aqueous
solutions on hydrophilic QCM and compared with 30 pL
solutions on bare QCM then the relationship between damping
time and viscosity was investigated. Moreover, we also examined
biomaterials such as human or pig blood coagulation behavior
through this hydrophilic QCM-D.

2. Experimental

2.1. Materials

The following materials were used without purification. For LbL
method, poly(ethylene imine) (PEL, M,, = 70 000, Wako Pure
Chemical Industries, Ltd.) as a positively charged material and
aqueous dispersion of SiO, nanoparticles (OS, Nissan Chemical
Industries, Ltd.) as a negatively charged material were prepared.
The concentrations of PEI and SiO, were adjusted to 0.01 M and
0.2 wt% respectively, with ultra-pure water (>18 MQ cm). The
respective pH values were 10.2 and 5.4. For viscous solutions we
obtained glycerol, PVA (polymerization degree about 1500) and
PVP (K value = 90) from Wako Pure Chemical Industries, Ltd.
The concentration and viscosity of glycerol were 20, 30, 40, 50, 60
wt% and 1.8, 2.5, 3.7, 6.0, 10.8 cP respectively. Those of PVA were
5,7.5, 10, 12.5, 15 and 29, 100, 487, 1499, 2800 cP respectively.
Those of PVP were 5, 10, 15, 20, 25 and 50, 112, 540, 2150,
8060 cP respectively (ESI Fig. S17). For blood coagulation tests,
human blood of author was taken by puncture needle (Terumo
corporation) and pig blood with anticoagulant (Tokyo Shibaura
Organ Co. Ltd) was used and stored for 2 months at 5 °C.
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2.2. Hydrophilic coating by LbL process

Cation and anion solutions were stirred for 24 hours and used
within several days. As a substrate QCM (10 MHz reference
frequency, Ag coated, ® = 1 cm) was ultrasonically washed in
ethanol for 5 min and twice in ultra-pure water for 5 min. A thin
film was fabricated using a wet process by alternately depositing
the substrate in cationic solution for 90 s, pure water for 30 s x
3 times, anionic solutions for 90 s and pure water for 30 s x 3
times (ESI Fig. S21). When we deposited material B over mate-
rial A, we defined it as (A/B) and this was 1 bilayers. If the
sequence was repeated “n” times, we defined it as (A/B)n. In this
study we fabricated from 2 to 10 bilayers on QCM.

2.3. Viscosity measurement

Viscosity of each aqueous solution was measured by conven-
tional rotational viscometer (ViscoTester 6", Thermo Haake)
and estimated by QCM-D. Simple QCM-D system was as bellow:
bare or hydrophilic QCM were connected to an oscillation
circuit and the frequency was monitored in one channel of
a digital storage oscilloscope (GWINSTEK, GDS-1152A-U). We
dropped viscous solutions on QCM surface from 5 to 30 pL at
20 °C then shutting off the power and monitored the damping
time (See Fig. 1). Conventionally the decay time constant t was
used in QCM-D and it was defined as a period when the voltage
equaled to the amplitude divided by Napier's constant;
however, we focused on only the damping time in this case
because it was measured easily and the difference of viscosity
was observed.

3. Results and discussion

3.1. Coverage area

Liquid coverage area on QCM was important because the
vibration behavior was changed by the position of liquids.*> A
small liquid droplet was difficult to cover entire area and it
needed to confirm the relationship between coverage ratio and
damping time for accurate viscous sensing. Fig. 2(a) showed
coverage areas of QCM by water droplets. 5 uL and 20 pL
droplets were difficult to cover entire area of QCM because bare
QCM surface was not hydrophilic. By increased amounts, 45 pL
droplets covered the QCM surface perfectly. Fig. 2(b) was
damping behavior after shutting off the power. The damping
time of QCM with 5 pL was longer and the amplitude was
higher. On the other hands, that of QCM with 45 pL was shorter
and lower. It was considered that the difference was caused by
the interfacial cancellation between a liquid droplet and QCM.
The shear vibration of QCM was suppressed by attached liquid
droplets and this image was shown in Fig. 2(c). The relationship
between damping time and coverage area were measured from
0 to 45 pL as shown in Fig. 2(d). Damping time (a.u.) of vertical
axis was each damping time divided by the damping time
without water droplet. Stable damping behavior was observed in
the case of over 30 pL droplets. We considered that the major
reason of the different damping time was not attached mass but
coverage area. Because a water droplet of 45 uL was heavier than
that of 30 puL but the damping times were almost the same.

This journal is © The Royal Society of Chemistry 2016
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Fig.2 Coverage area of QCM by a water droplet. (a) Top view of QCM
covered by a water droplet. (b) Damping times measured by QCM-D.
(c) Shear vibration was cancelled by a water droplet. (d) By increasing
water amount the damping time was gradually decreased. Damping
times of QCM with water droplets were divided by that of without
liquid for calculating damping time (a.u.). Stable value of damping time
(a.u.) was observed in the case of over 30 uL water droplet.

From these results we focused on how to cover all area of QCM
and decided to utilize hydrophilic layer in this research.

3.2. Viscosity

As a viscosity measurement we prepared PVA, PVP and glycerol
aqueous solutions. We chose these materials because they had
different viscosity changes. PVA and PVP had relatively high
viscosity change due to the entanglement of polymer and
glycerol had relatively low viscosity change in this experiment.
In Fig. 3, QCM-D measurement of PVA, PVP and glycerol were
shown. We dropped these solutions on the bare QCM and
observed damping behavior. By changing concentrations and
materials, there were decreased amplitudes and damping
times. When we focused on one material, viscosity was able to
be estimated by the damping time. Because there was the
relationship between viscosity, concentration and damping
time (ESI Fig. S1 and S5f). On the other hands, when we
compared materials, some solutions had same damping time
but they had not same viscosity. For example, the damping time
(a.u.) of PVA (aq) 10 wt% and glycerol (aq) 40 wt% were about 0.7

-100 -50 0 50 100
Time(ms)

PVA 5wt%
S 60 -
Snl PVA 10wt% PVA 15wt%
o
i3
5-60
2o~ i IR

PVP 10wt% PVP 15wt%

PVP 20wt%

Glycerol 20wt% Glicerol 40wt%

Glycerol 60wt%

Fig.3 QCM-D measurement of PVA, PVP, glycerol aqueous solutions.
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and their viscosity were 487 cP and 3.7 cP respectively. From
these discussions we considered that the absolute damping
time was not directly related to viscosity and the relationship
between damping time and viscosity was determined by the
solved materials.

Although we needed to consider the case of same damping
time by different materials, the viscosity which related with
concentration was able to be estimated by regularly decreased
damping times.

The schematic images of different shear vibration of QCM by
attached viscous solutions were shown in Fig. 4. Short decay
time which means the high viscosity was observed in the case of
high concentration or polymer solution and we considered that
the reason of short damping time was organic materials
canceled the shear vibration of QCM. Because it was considered
that the contained material was not solved uniformly by higher
densities (PVA: 1.19 gcm ™3, PVP: 1.2 g cm~* and glycerol: 1.26 g
ecm?) compared with water (1.0 g cm™>) and there was much
material at the interface of liquid and QCM. Moreover, in the
case of polymer solution, viscosity was increased by the entan-
glement of polymer even low concentration. We considered that
the difficulty of universal viscosity measurement thorough this
system was caused by the different attached behavior of mate-
rials and that is why we needed to care about the solved mate-
rials for viscosity measurement.

3.3. Hydrophilic coating on QCM

In order to reduce viscous liquids for measurement, we fabri-
cated silica/polyelectrolyte coating on QCM as a thin hydro-
philic layer by LbL method. Fig. 5(a) showed that the contact
angles were decreased from 85.4° by hydrophilic layer. This thin
hydrophilic layer was fabricated by water based environmental
friendly process within several minutes and adsorbed amount
was very small. When we coated 8 or 10 bilayers, the contact
angles were decreased well; however, it showed shorter decay
time than the case of bare QCM and it was difficult to ignore the
adsorbed amount as shown in Fig. 5(b). From our previous
study we investigated the relationship between the organic-
inorganic composited film with different inorganic material
ratio and the film hardness by QCM-D.** The damping time
which related to film hardness was determined by the ratio of
inorganic material and film structure. This difference was also
observed by abrasion tests. We considered the 8 or 10 bilayer
were different composited ratio or film structure compared with

(a)

Small shear vibration

Large shear vibration

Fig.4 Schematicimage of viscous solution on QCM. The images of (a)
low and (b) high concentration were shown. The damping times were
decreased due to the suppressed shear vibration by the increased
attached materials or polymer entanglements.
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the case of 6 bilayer. Although the amplitude was decreased
from 44 mV to 41 mV by adsorbed amount, 6 bilayers showed
almost the same damping time (73 ms) with the bare QCM and
the wettability was enough for covering entire area even by 10 pL
water. That is why we decided to utilize 6 bilayers as a hydro-
philic layer in this paper. Comparison of other hydrophilic
treatment and repeatability of damping time measurement with
LbL coating were also shown in ESI Fig. S3 and S4.f

Bare and hydrophilic QCM were used to measure the
viscosity of small quantity (<10 pL) of glycerol (aq). Fig. 6
showed the wettability of glycerol-water mixtures on bare or
hydrophilic LbL coated QCM. By using hydrophilic QCM the
quantity of viscous liquid to cover whole area of QCM was
decreased. In this case 5 pL was enough to cover the QCM
surface.

Fig. 7 showed the relationship between viscosity and
damping time (a.u.) of viscous liquids. We fabricated the
solutions with different concentrations and the absolute
viscosities were measured by conventional rotational viscom-
eter as shown in Fig. 7(a). Fig. 7(b)-(d) were the relationship
between absolute viscosity and relative damping time of
glycerol, PVA and PVP aqueous solutions. The vertical axis of
Fig. 7(b)-(d) were absolute viscosities which related to concen-
trations. The horizontal axis was relative damping time which
were obtained by calculation as bellow; each measured
damping time was divided by the damping time of bare and
hydrophilic QCM as shown in ESI Table S1.}

5ul on
5ul on bare QCM  30ul on bare QCM hydrophilic QCM

Fig. 6 Wettability of glycerol-water mixtures. Cross and top view of 5
pL or 30 pL 60 wt% of glycerol-water droplets on bare or hydrophilic
QCM. Red line showed the diameter of QCM and blue line showed that
of droplets.
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Fig. 7 Viscosity and damping time of glycerol, PVA and PVP-water
mixtures. (a) Absolute viscosity measured by conventional rotational
viscometer. (b) Glycerol, (c) PVA, and (d) PVP of 30 pL aqueous solu-
tions with bare QCM and those of 5 uL with hydrophilic QCM were
compared. In each case there was no difference and we were able to
save liquids by using hydrophilic layer.

In the case of bare QCM with glycerol-water mixtures as
shown in Fig. 7(b) there were same damping times even
different concentrations and it was difficult to estimate viscosity
by 5 pL solutions. Because a liquid droplet was not able to cover
whole area of QCM and the damping time depended on the
position of liquid on QCM. Entire area was covered by 30 pL
solutions and we were able to get linear relationship between
damping time (a.u.) and viscosity; however, it used much
amount of liquid. Viscosity and damping times of 30 uL glycerol
(aq) by bare QCM-D were 1.8, 2.5, 3.7, 6.0, 10.8 cP and 60.3, 55.0,
51.6, 40.0, 23.3 ms respectively. On the other hands, we utilized
only 5 uL mixtures for stable measurement by hydrophilic LbL
coated QCM-D and there was no difference with bare QCM-D.
Viscosity was same with above and the damping times were
58.3, 54.6, 51.0, 38.3, 20.0 ms respectively. Linear relationship
between damping time (a.u.) and viscosity was also observed
and we were able to decrease the amount from 30 pL to 5 pL for
viscosity measurement. From these results hydrophilic LbL
coating on QCM was useful for covering large area even by
a small liquid droplet and saving viscous materials.

To confirm the difference of materials, damping times of
PVA and PVP were also studied in Fig. 7(c) and (d). We
compared bare QCM with 30 pL solutions and hydrophilic
QCM with 5 pL mixtures. Viscosity and damping time of PVA
(aq) by bare QCM-D with 30 puL were 29, 100, 487, 1499, 2800
cP and 60.0, 56.7, 50.7, 41.7, 27.0 ms respectively. In the case
of hydrophilic QCM-D with 5 uL, viscosity was same with
above and the damping times were 62.0, 55.0, 50.3, 41.3,
24.0 ms respectively. Viscosity and damping time of PVP (aq)
by bare QCM-D with 30 uL were 50, 112, 540, 2150, 8060 cP
and 58.7, 54.0, 50.7, 43.7, 22.7 ms respectively. In the case of
hydrophilic QCM-D with 5 uL, viscosity was same with above
and the damping times were 63.0, 57.0, 50.0, 37.5, 25.0 ms
respectively.

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 Blood coagulation tests. (a) Human blood was coagulated
within 1 min and this change was monitored by gradually decreased
damping times. (b) Pig blood had long damping time even after several
months because of anticoagulants. (c) The difference of fresh blood
and coagulated blood was observed by hydrophilic QCM-D.

In each case there was no difference and we were able to save
viscous liquids by using hydrophilic layer. In the case of PVA
and PVP, viscosity was changed exponentially by the increased
concentration and the damping time also had exponential
changes by the increased concentration (ESI Fig. S51). That is
why there were the exponential relationship between the
damping time and viscosity. From the results of polymer
solutions 5 pL viscous liquid was enough for stable measure-
ment by utilizing hydrophilic QCM-D.

3.4. Blood coagulation test

This sensor was also applied for blood coagulation test. We
used human blood and pig blood with anticoagulant as shown
in Fig. 8. When we measured human blood by hydrophilic
QCM-D the damping time was rapidly decreased and there was
no signal over 40 s. It was considered that the decreased
damping time was related to the human blood coagulation
behavior and viscosity change was sensed. Because human
blood was coagulated and changed from liquid to solid within
short time. On the other hands, when we measured a 5 uL pig
blood the decreased damping time was not well observed until
using sample which was stored for dozens of days due to the
contained anticoagulant.

From these results we considered that coagulation behavior
of various bloods was also able to be sensed by the change of
damping times with a small liquid droplet and this hydrophilic
QCM-D was useful for not only artificial organic solutions but
also biomaterials. For further research we need to fabricate
more sensitive sensor to detect small differences of viscous
liquids and automation sensing system to observe rapid change
of a solution. The small viscosity differences lead to detect state
of solutions and these sensors will be utilized to save precious
and expensive materials in medical or industrial regions.

4. Conclusions

Viscosity of small quantity liquids such as 5 pL was successfully
sensed by hydrophilic QCM-D. We fabricated silica/PEI hydro-
philic coating on QCM by LbL method in order to utilize the
dissipation time of QCM which related with viscosity and cover
the entire QCM surface with a small liquid droplet for accurate
measurement. The water contact angle of QCM surface was

This journal is © The Royal Society of Chemistry 2016

View Article Online

RSC Advances

enhanced from 85.4° to 16.5° by the hydrophilic LbL coating
and a liquid spread to the whole area of hydrophilic QCM easily.
Moreover, this coating didn't hinder the dissipation behavior
and we got almost the same result with the bare QCM because
only amplitude was influenced by this hydrophilic thin coating
and damping time was not affected. By enhanced wettability we
were able to reduce the viscous liquid quantity from 30 pL to
5 uL compared with the bare QCM. As viscous solutions PVA,
PVP and glycerol aqueous solutions were measured by QCM-D
and there was liner or exponential relationship between
damping time and viscosity. It was also found that the blood
coagulation behavior and the difference of viscosity were
successfully investigated by hydrophilic QCM with a small
quantity of liquid droplet.
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