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Abstract

Driving chemical transformations in dynamic thin films represents a rapidly thriving and
diversifying research area. Dynamic thin films provide a number of benefits including large
surface areas, high shearing rates, rapid heat and mass transfer, micromixing, and fluidic pressure
waves. Combinations of these effects provide an avant-garde style of conducting chemical
reactions with surprising and unusual outcomes. The vortex fluidic device (VFD) has proved its
capabilities in accelerating and increasing the efficiencies of numerous organic, materials and
biochemical reactions. This MiniReview surveys transformations that have benefited from VFD-
mediated processing, and identifies concepts driving the effectiveness of vortex-based dynamic
thin films.

Graphical Abstract

Many organic, materials and biochemical transformations benefit from vibrational responses
within thin films. Over the last few years an international collaboration has explored these effects
on several scientific disciplines. This MiniReview encapsulates these outcomes and critically
examines how vortexing thin films drives creative approaches to chemical processes.

Correspondence to: Gregory A. Weiss; Colin L. Raston.
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1. Introduction

Performing chemical reactions within the confines of dynamic thin films can offer a range of
benefits over conventional processing in a round bottom flask. Within dynamic thin films,
high heat and mass transfer, shear stress and micromixingl!] can lead to the improved
syntheses of polymers,[2] chemicals(i¢: 31 and materials.[4]

Dynamic thin films are generated by the continuous addition of fluid to a rapidly rotating
surface. Once the fluid has been injected, centrifugal forces drive formation of a thin film
that stretches across the surface of the reactor (Video 1, 2 and Figure 1D). Seminal research
in this area focused around the spinning disk reactor (SDR)[!al and rotating tube processor
(RTP) to generate dynamic thin films for academic and industrial chemical processes.

[1c, 2a,3-4, 4¢, 5] Although beneficial, this discipline remained mostly localized to process
intensification; it is possible that the large volumes of sample required (>50 mL) and high
capital costs deterred researchers from exploring this area. In addressing this, a vortex fluidic
device (VFD) was designed to subject both small sample sizes (1 mL or less) and continuous
flow operations to the benefits of dynamic thin films. The VFD has now emerged as a cost
effective research tool.

Much like the SDR and RTP, the VFD mediates reactions in dynamic thin films that result
from the rapid rotation (2-10 krpm) of an ang/ed sample tube (Figure 1, Video 3). The VFD
operates in either a confined, or a continuous flow operation. The confined mode of
operation rotates a sample tube (optionally sealed) holding a finite volume of liquid. In the
continuous flow mode, reagents are continually introduced into the rotating sample tube via
jet feeds. As fluid enters the system, the droplet impacts the hemisphere of the rotating tube
to form a thin film (35 — 76 pm thick, Figure 1D).[®] The initial interplay between the fluid
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and the reactor surface generates high levels of micromixing and shear stress (14 — 31 Pa for
n-butanol)[®]. After formation of the thin film, the fluid proceeds up the inner surface of the
reactor as more fluid is added, with the resulting film = 200 um thick.[%] While the fluid
climbs the inner surface of the reactor, reagents are continually exposed to shear stress from
the Stewartson/Ekman layers and native vibrational affects. These physical properties can
provide a unique environment for controlling chemical reactivity (Video 3, Figure 1A).

The last four years of experimentation has demonstrated that the VFD has several benefits
over the SDR and RTP. These include: (/) increased residence times for continuous flow
applications, (/) a confined mode of operation for exploring small sample volumes for
biochemical and materials applications, and (/77 vibrations native to the VFD can drive
unusual reaction outcomes.

Although vibrational effects in reactions have been documented, the vibrations present in the
VFD are distinctly different. The VFD functions through the rapid rotation of a glass sample
tube. At these very high rotational speeds, potentially, even the slightest misalignment or
bearing unevenness could introduce vibrations in the system. When the sample tube
experiences such vibrations, it is termed a primary mechanical response. As there is fluid on
the inner surface of the sample tube during rotation, a secondary fluid dynamical response is
imparted into the fluid creating dynamic pressure waves in the thin film (Figure 1C).[6. 7b. 8]
Importantly, removing the bearings holding the sample tube and other major sources of
vibration in the system eliminates the generation of beneficial Faraday waves. Furthermore,
vibrational contributions to transformations occur at specific rotational speeds, not over a
broad range as predicted for a non-mechanical effect. These vibrations are now well
documented, and have been the focus of several research projects.[® 70. 91 |n exploring the
benefits of VFD conditions on chemical reactions, we here review VFD-mediated
acceleration of (/) synthetic, (/i) materials and (///) biochemical transformations.

2. Organic Transformations

Accelerating the Diels-Alder reaction of cyclopentadiene through VFD processing provided
a model system to explore the large number of VVFD-operating parameters (Figure 2A).[10]
The sample tube inclination angle and rotational speed were the most important variables
identified. The tilt angle of the sample tube is crucial for the generation of vibrations in the
thin film. Control experiments demonstrated that a 45° tilt angle provided the necessary
vibrations to accelerate chemical transformations. Changing the tilt angle of the reactor, or
removing device-specific variations eliminates VFD-mediated enhancement. Furthermore,
although a 90° tilt angle was optimal for rate acceleration, a 45° tilt angle, shown to be
second best, was chosen for continuous flow operation. Rotational speed is always the most
crucial variable in all reported transformations, and for this specific Diels-Alder reaction,
rotational speeds of >2 krpm resulted in an increase in yield compared to the non-VFD
control. This increase seemed directly proportional to the rotational speed; however, a 3
krpm rotational speed generated unusually higher levels of conversion. Initially this was
reasoned to be due to variable levels of shear stress, a hypothesis repeated in some initial
papers.[10-11] However, higher rotational speeds, which can be expected to increase shear
stress, often decreases reaction yields.[®: 70. 98,121 Thus, shear stress is unlikely to solely
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drive the observed increase in reaction yields and rates. Continued investigation has
generated fundamental understanding of the unique attributes of reactions processed in a
VFED. First, transformations performed in the VFD are often reliant on specific rotational
speeds to induce beneficial vibrations for enhanced chemical yields. Second, the tilt angle of
the device is crucial; deviation away from optimal angles can decrease chemical yields.
Lastly, the diameter of the sample tube can affect the reaction outcome. Taking into account
these observations, optimization of new reactions requires systematic exploration of these
variables; the bottleneck for enhanced chemical yield often lies in variation of the rotational
speed.

Next, more demanding Diels-Alder reactions between anthracene derivatives and A-
phenylmaleimide that only yielded 15% conversion in a round bottom flask after five hours
were studied.[13] These transformations typically require long reaction times, heat,[14] and
bases for good conversion.[X®] Conducting reactions under identical conditions in the VFD at
a 5 krpm rotational speed generated quantitative yields (Figure 2A). Again, the rotational
speed of the sample tube defined the ability of the VFD to obtain high levels of conversion.
Variation of 1 krpm either side of the optimum rotational speed decreased reaction yields by
~10-15%. Notably, a ~5 krpm rotational speed has generated optimal conversion for VFD
transformations in other unrelated materials, organic, and biochemical systems.[72 16] This
observation suggests a resonance effect inherent to the VFD due to the strict criteria for a
specific rotational speed. If there was a linear effect of the rotational speed on yield, it could
be related to shear stress, however, the sharpness of the response in this rapidly rotating
system is indicative of a mechanical response. To highlight this point further, eliminating
major vibrations in the system (through removal of the bearings) removed the conditions
required for enhanced yields.[7P]

Dynamic thin films have inherently good mass and heat transfer, whereas reactions in round
bottom flasks have relatively poor mixing and heat transfer (especially at larger scales).
These properties are often the lead cause for difficulties in reaction scale-up.[17] Processing
in thin films can overcome these issues as demonstrated with the synthesis of 2,4,6-
triarylpyridines (Figure 2B).[181.[10] Here, \VFD-mediated conditions favored Michael
addition over Schiff-base formation. This chemoselectivity contrasts the outcome in a round
bottom flask, where uneven heating prevails and the opposite result occurs.[19]

Tuned VFD-mediated reactions can also generate kinetic over thermodynamic products.
Kinetic control was possible in the synthesis of macrocyclic resorcin[4]arenes and
pyrogallo[4]arenes (Figure 2C).[20] Condensation using both the VVFD, and non-VFD
conditions produced the thermodynamically favored isomers, with the exception of the
condensation of vanillin and pyrogallol. In the latter reaction, the thermodynamic and kinetic
isomers were produced in a 3:4 ratio respectively. Through further optimization of VFD
conditions, a 7:3 ratio of kinetic: thermodynamic isomers was obtained in a 96% yield
(>95% purity by 1H NMR, Figure 2C). In contrast to VFD processing (minutes requiread),
converting a thermodynamic isomer into a Kinetic isomer typically requires five days at
reflux.
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Increased reaction yields and rates often result from VFD processing. Carbon-nitrogen bond
formation v/a SyAr mechanism is sluggish without a transition metal catalyst. VFD
processing increased the rate of this reaction, allowing the reaction to be conducted without
addition of a transition metal catalyst.[*1P] Coupling 2-chloropyrazine with a range of
amines generated analogues in high yield in the confined mode (12 h reaction times).
Obviating the need for expensive and waste-producing catalysts by accelerating reactions
could allow the development of more sustainable reaction chemistry.

While many reactions in this Review benefit from micromixing, mass transfer, and
vibrational effects, photoredox reactions benefit from the large surface area of the thin film.
The Beer-Lambert law highlights the need for efficient light penetration to drive efficient
photoredox transformations in solution. The high surface area provides optimal conditions
for photoredox acceleration; uniform coverage of green LED lights around the sample tube
generated yields up to 95%. Optimal conditions for continuous flow required a 4 krpm
rotational speed with a 50 pL. min~1 flow rate. Again, this transformation achieved good
yields at a multitude of rotational speeds, but, a rotational speed optimization found the
necessary vibration at 4 krpm to generate greater yields.[112]

As continuous flow chemistry continues to thrive, the ability of the VFD to facilitate this
area has been explored. Amides,[21] biodiesel,[12: 16] esters,[70] tri-alkylpyridines(1?: 18] and
photoredox products(!1a] have benefited from VVFD-based continuous flow. The high heat
transfer present in the VFD has been used to improve the yields of acylation reactions using
acyl chlorides. These exothermic reactions, if not controlled, lead to reagent degradation and
safety concerns. Processing in a VFD with high heat transfer avoids such concerns while
providing improved yields for the formation of 27 amides including the synthesis of ureas,
modified amino acids and pre-drug motifs (70 second residence time, Figure 2E). The short
residence times of these reactions lead to the discovery of a rapid deprotection of benzylated
amines at room temperature; this deprotection reaction usually requires a catalyst and
heating. The interchangeable nature of reagents in continuous flow by exchanging feed
inlets allows rapid testing of many substrates and reaction conditions.

Continuous flow in the VFD enables multi-step reactions. First, the fluid outlet from one
VFD can be fed into a second VFD and so on. Each VFD mediates a different
transformation to increase the level of molecular complexity as non-isolated synthetic
intermediates pass from one device to another. This concept was first demonstrated in the
VFD with the synthesis of the local anesthetic, lidocaine.[?1] Here, the amide is synthesized
in the first VFD before the solution is passed into a second VFD for /n situ solvent exchange
and SN2 substitution. The total residence time for the synthesis of lidocaine was only nine
minutes, generating 153 mg h~1 (>95% purity observed by 1H NMR analysis) of this active
pharmaceutical ingredient (API). /n situ solvent exchange in a continuous flow reactor is a
useful technique, especially at standard temperature and pressure. For example, water
evaporation occurs roughly ten-fold faster compared to non-VFD conditions. Separately,
such dehydration can increase rates for the synthesis of esters[® 70l and imines during
condensation reactions.[8] Secondly, drawing inspiration from Nature’s method for building
up molecular complexity, an assembly line style synthesis applies multiple synthetic
transformations along the length of a single sample tube. For the synthesis of lidocaine, the
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amine and acyl chloride were injected into the hemisphere of the sample tube, and acylation
occurred over the first 5 cm. Next, /7 situ solvent exchange for DMF and Sy2 substitution
occurs with diethylamine at 60 °C over the final 9.5 cm of the tube. This style of sequential
processing produced 27 mg h™1 of lidocaine after isolation through silica chromatography
and recrystallization (Figure 2D). Furthermore, this style of control in reactivity has also
been used to rapidly synthesize an a.-aminophosphonate in high yield (80%, >99% purity
with crystals suitable for X-ray analysis) in only a seven minute residence time with the use
of column chromatography for isolation of the single product (Figure 2D).[€]

3. Materials Transformations

The first materials transformation driven by the VFD was the disassembly of molecular
capsules in developing versatile drug delivery systems. Two p-phosphonic acid calix[5]arene
molecules held together by a seam of H-bonds disassemble under shear stress, with the
capsule then binding carboplatin in building a capsule for chemotherapy medicine (Figure
3A).[22] More recently, ~100 nm diameter self assembled vehicles based on O-alkyl
calix[4]arenes as phospholipid mimics has been developed for drug delivery, with the uptake
of carboplatin in the vehicles increasing from undetectable levels in a round bottom flask to
75% with VFD processing. These high-loaded vehicles have a 4.5-fold increase in
carboplatin loading efficiency on ovarian cancer cells relative to non-vehicle delivered
carboplatin. A control reaction with sonication provided only 17% uptake of carboplatin in
the vehicles, further providing evidence for vibrational driven uptake.[*1€] Just as VFD-
mediated organic transformations are affected by Faraday waves, they also appear to be
important in materials transformations. This section critically examines contributions by
vibrations, mass transfer, and shear stress on materials processing using a VFD thin film
microfluidic platform.

Graphene has unique properties for a range of applications in materials and condensed-
matter physics.[23] Methods developed for the generation of graphene include probe
sonication and chemical vapor deposition. However, these processes are energy intensive,
and can result in both chemical degradation and the introduction of defects. Graphite and its
iso-electronic and iso-structural analogue, hexagonal boron nitride (#-BN) can be exfoliated
into individual sheets within the VFD with little or no degradation (Figure 3B). Exfoliation
is rotational speed dependent, with graphene and /BN requiring 7 krpm and 8 krpm
rotational speed respectively.[11d] At rotational speeds 1 krpm away from this optimal speed,
little exfoliation occurs. This observation suggests this process is unlikely to rely solely on
shear stress and a vibrational response analogous to sonication could drive exfoliation in the
VFD.

VFD-processing can also drive the bending of single walled carbon nanotubes (SWCNT) to
form tightly packed toroids and other ring-like structures (Figure 3F).[L1¢] This
transformation critically requires a 1:1 solvent mixture of water and toluene. As
hypothesized, the interfacial tension between the two liquids could facilitate bending of the
SWCNTs. Variation of the sample tube diameter generated different diameter toroids,
demonstrating a dependency on the fluid dynamics of the system. A 10 mm external
diameter sample tube produced 100 to 200 nm diameter toroids, whilst a 20 mm external
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diameter sample tube produced 300 to 700 nm diameter toroids. Not surprisingly, only at a
7.5 krpm rotational speed this process is effective; further supporting the hypothesis that
vibrational contributions in the thin film are paramount for this unique VFD-mediated
processing. Interestingly, longer reaction times (one hour) resulted in the formation of
“figure eight structures’. A non-VFD process control reaction using probe sonication also
generated such structures, and given probe sonication uses intense vibrations, these results
are consistent with the VFD-mediated transformation being vibrational induced. Irradiating
colloidal suspensions of SWCNTSs in a 1:1 mixture of water and NMP with a pulsed laser
operating at 1064 nm, results in slicing of CNTSs, and similarly the slicing of DWCNTSs and
MWCNTs (Figure 3E).[°0] Slicing occurs at a 7.5 krpm rotational speed, with 7.55 and 7.45
krpm being ineffective. The specificity for this rotational speed strongly supports VFD-
mediated transformation that are not solely reliant on shear stress, with the bending likely to
be vibrational induced, and the high energy laser source rupturing the strained bonds,
mediating slicing of the CNTs.

Controlling polymorphs of crystals or minerals is important for both fundamental
understanding and applications such as in pharmaceutical synthesis. Calcium carbonate
polymorphs can be controlled through VFD-mediated processing.[24] The intense
micromixing of the VFD transforms vaterite into calcite, the thermodynamically more stable
polymorph. Under non-VFD-mediated conditions (refluxing in ethanol at 80 °C), the calcite
polymorph was converted into aragonite (64%) and vaterite (34%) polymorphs. Processing
at 4.5 krpm under the same conditions provided quantitative conversion to calcite. Rotational
speeds at either side of the optimal gave similar results as the non-VFD-mediated control,
which again provides strong evidence for vibration-driven transformations. As previously
shown, sonication can control formation of specific polymorphs, and the intensity of the
vibrations can determine the materials’ properties. Thus, subtle and controlled vibrations in
these thin films can provide similar effects (Figure 3E).[24b. 25]

Recently, uniform tubules of face-centred cubic (fcc) fullerene Cgp ca. 0.4 to 3 pm in length
with hollow diameters 100 to 400 nm were created.28 This was achieved by subjecting a 1:1
mixture of toluene and water in the absence of surfactants at a 7 krpm rotational speed at a
45° tilt angle. Operating at other rotational speeds and inclination angles resulting in a
mixture of nanostructures with no control over morphology. This example further highlights
the ability of a vibrational induced Faraday wave to control materials processes, with the
non-VFD control requiring surfactants and downstream processing to generate the solvent
free fcc phase.

Fabricating mesoporous silica and silica xerogels under VFD continuous flow conditions
allowed control over the physical and chemical properties of the material.[27] In the VFD,
gram-scale quantities of SBA-15 mesoporous silica were synthesized under ambient
conditions with a significantly reduced pre-calcination time (Figure 3C). As with the
formation of SWCNT toroids and slicing of CNT’s (vide supra), varying rotational speeds
can control the material’s physical properties. At higher rotational speeds, the thin film
drives intense micromixing of otherwise immiscible liquids, as well as evaporation of the
ethanolic byproduct during the condensation reaction, accelerating formation of mesoporous
silica and the gelation time of silica xerogels. Controlling ethanol removal can also control
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the pore size, as previously shown.[28] In conclusion, hydrothermal treatment for long time
periods (48 h) can be avoided with this VFD-mediated process.

4. Biochemical Transformations

As demonstrated for other chemical processes, biochemical transformations can also be
accelerated and controlled in the VFD. Biocatalysis, drug delivery and protein refolding
have elucidated mechanical aspects and fundamental knowledge about protein reactivity and
conformation, whilst providing practical solutions. Pharmaceutical, industrial and
agricultural applications rely heavily upon laborious conventional methods for protein
refolding. A VFD-mediated approach refolded four proteins including hen egg white
lysozyme (HEWL) and cAMP-dependant protein kinase A (PKA, Figure 4A).178l Refolding
times were reduced by a factor of 100 and impressively, refolding a larger, more complex
protein, caveolin-1, resulted in a 103 reduction in refolding time. Protein refolding benefits
from the shear stress in the fluid to isolate folding intermediates while preventing tangling.
Furthermore, vibrations created at specific rotational speeds are hypothesized to drive
hydrophobic collapse via pressure effects associated with Faraday waves. For example, the
optimal rotational speed for refolding HEWL was 5.00 krpm, variation away from this
rotational speed decreased levels of folded protein (Figure 4B).

Since VFD-induced Faraday waves promote protein folding, we reasoned that the vibrations
native to the VFD could accelerate biocatalysis. As enzymes spatially rearrange during a
catalytic event (for closing and opening motions), Faraday waves could drive such motions
with changes in pressure. When VFD-Faraday waves were applied to four enzymes and their
substrates (esterase, alkaline phosphatase, p-glucosidase and deoxyribose-phosphate
aldolase (DERA)), enzymatic activity was accelerated in all cases relative to a control
reaction in an Eppendorf tube.[%8] DERA, for example, achieved a maximum of 26-fold
acceleration by VFD processing occurred relative to the non-processed reaction. We believe
that the acceleration effect is more pronounced for DERA due to the relatively low catalytic
rate of this enzyme; esterase and lipase on the other hand are relatively rapid. As all proteins
tested had requirements for specific rotational speed, this most likely reflects differences in
the structure and properties of each enzyme (Figure 4C). Furthermore, either side of the
optimal rotational speed decreased catalytic acceleration. This approach could allow a large
range of enzymes to be accelerated at standard temperature and pressure with little
optimization, and importantly, no genetic modification. Currently, high-pressure reactors can
drive enzymatic transformations,[31] it is thus conceivable to believe that a room temperature
and pressure approach could be beneficial.

Finally, bioconjugation and spatial segregation of enzymes onto the surface of the sample
tube has been achieved (Figure 4D).39. 321 Using fused His,-tags proteins for bioconjugation
with immobilized metal affinity chromatography (IMAC) resin allowed ten-minute
purification and creation of a “reactor ready” system in a single continuous flow process.
This proof of concept allowed six different proteins to be purified from complex cell lysate,
including tobacco epi-aristolochene synthase (TEAS), a difficult, yet valuable biocatalyst.
While rapid purification and bioconjugation affords a simple approach to continuous flow
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multi-step biocatalysis, spatial segregation into ordered zones opens up possibilities for
controlling multi-step enzymatic pathways in organic synthesis.

5. Summary and Outlook

In conclusion, the VFD has impacted several fields in a relatively short timeframe. Each
result from disparate experimental systems provides strong and previously unappreciated
evidence for vibration-based transformations. These results suggest that VFD-mediated
transformations have only begun to impact diverse processes and applications. We expect
that the VFD could accelerate a wide range of transformations through subjecting samples to
pressure waves. The acceleration in reactivity along, with access to otherwise difficult to
achieve products provides a strong basis for continued evolution of the technique for
greener, less laborious scientific and industrial techniques and applications.

Major research efforts are required for further advancing VFD technology, including a
detailed understanding of the complex fluid dynamics at play which vary along the tube.
This could be aided by theoretical studies, which includes predicting rotational speeds
required for specific synthetic, materials, and biochemical transformations, for rapid
streamlining reaction optimization. In addition, automation/robotic control of VFD
processing could further aid the optimization of processing, for both confined and
continuous flow modes of operation. Overall, for VFD processing to become popular,
automation/robotic control is important for fast tracking the exploration and the dissection of
the thin film microfluidic platform’s influence on chemical reactivity and selectivity. Thus
far, a number of proteins have been folded and accelerated, and a number of organic
transformations and materials fabrications (bottom up and top down) have been explored.
Finally, the availability of VFD technology needs to be addressed which could include 3D
printing of key components.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Faraday Waves In Motor

Sample Tube

Time

Figure 1.
The vortex fluidic device (VFD). A) A schematic of the VFD highlighting important

operational features. Fluids are injected down metal feed jets and into the hemisphere of the
sample tube via syringe pumps. The injected fluid impacts the sample tube and generates a
dynamic thin film that climbs the reactor as more fluid is added. B) A photograph of the
VFD. C) The Faraday waves present in the thin film that result from specific rotational
speeds. A larger photograph and additional images are available in the Supplementary
Information. D) High-speed photographs of reagent entry into a VFD.[6] The first image
highlights droplet entry into the reactor, the central image captures its subsequent impact,
and the final image shows the creation of the thin film. For further information on the fluid
dynamic considerations of the VFD, see previous publications.[6-7]
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Figure2.
Examples of VFD-mediated synthetic transformations. A) The [4+2] Diels-Alder reaction of

two cyclopentadiene molecules as well as the [4+2] Diels-Alder between anthracene and N-
phenylmaleimide; no conversion results from identical conditions in the non-VFD control.
[101 [13] B Processing under high mass and heat transfer in the VFD favors the Michael-
addition product; by contrast, in a non-VFD control, the Schiff base product is favored.[19]
C) The stereoselective synthesis of resorcin[4]arenes and pyrogallo[4]arenes in the VFD,
with the VFD favoring the kinetic isomer over the thermodynamic isomer.[20] D) Assembly
line synthesis of lidocaine through sequential, spatially segregated transformations and the
assembly line-inspired synthesis of an a-aminophosphonate utilizing /n situ solvent
exchange to drive a multi-step transformation. [211 [8] E) The synthesis of amides through the
coupling of acyl chlorides with amines. Products were isolated through silica column
chromatography with >95% purity observed by 'H NMR analysis.
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Figure 3.
VFD-mediated materials transformations. A) p-Phosphonate-calix[5]arene molecular

capsules undergo H-bonding disruption (disassembly) under the shear stress for loading
carboplatin post-VFD processing.[22] B) TEM images of exfoliated graphite and hexagonal
boron nitride.[!1d] C) Continuous flow processing of SBA-15 mesoporous silica where shear
stressed micelles are mixed with triethyl orthosilicate (TEOS) and the resulting material
filtered and calcinated, as with SEM images B and C.[26-27] D) VVFD-mediated
encapsulation of staphylocococus aureus and rhodococcus opacus graphene oxide sheets,
SEM A - Staphylocococus aureus before processing in the VFD, SEM B - Staphylocococus
aureus encapsulated in graphene oxide and SEM C - Rhodococcus opacus encapsulated in
graphene oxide.[29] E) Controlling the rotational speed of the sample tube allows access to
metastable forms of calcium carbonate such as proto-vaterite (SEM A), and sliced SWCNT
(SEM B).[9: 241 F) Toroids of self assembled SWCNT in a 1:1 water: toluene solvent
mixture, where the high shear stress bends the SWCNT around the hydrophaobic-hydrophilic
interface.[11¢]
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Figure 4.

An overview of VFD-mediated biochemical transformations. A) Hen egg white lysozyme
(HEWL) as a smaller protein with a molecular mass of 14.5 kDa and cAMP-dependant
protein kinase A (PKA) as a larger protein with a molecular mass of 40.2 kDa. Both proteins
were folded via VFD-mediated processing with a 100-fold decrease in refolding time.[2] B)
The dependency on the rotational speed of the sample tube on the capability of the VFD to
refold HEWL, with rotational speed of 5.00 krpm for a 10 mm external diameter tube being
effective. C) The acceleration landscapes for alkaline phosphatase and p-glucosidase
compared to the non-VFD control. The specific rotational speeds needed to accelerate each
enzyme hints towards a tertiary structure dependency on the correct rotational speed. For
error calculations and statistical analysis of the data, see the original publication.[®a] D) An
array of 28 stripes of mCherry and GFP protein on the inner surface of the VFD sample
tube. Stripes are created through rapid bioconjugation of proteins fused to His,-tags through
immobilized metal affinity chromatography (IMAC) resin bound to the inner surface of the
sample tube.[29]
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