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Abstract 
 

Vigorous research efforts have advanced the state-of-the-art nanosensors with ultrahigh 

sensitivity for bioanalysis. However, a dilemmatic challenge remains. It is extremely 

difficult to obtain dually sensitive and high-speed nanosensors for the detection of low-

concentration molecules in aqueous samples. Herein, we report how the controlled 

mechanical rotation (or rotary motorization) of designed opto-plasmonic microsensors can 

substantially and robustly accelerate the enrichement and detection speed of 

deoxyribonucleic acid (DNA) with retained high sensitivity. At least 4-fold augment of 

capture speed of DNA molecules is obtained from a microsensor rotating at 1200 rpm. 

Theoretical analysis and modeling shed light on the underlying working mechanism, 

governed by the molecule-motor-flow interaction, as well as its application range and 

limitation. This work provides a new device scheme that alleviates the dilemmatic 

challenge in biomolecule sensing, and also the understanding of the complex interactions 

of molecule and moving microobject in suspension. The results can assist the rational 

design of efficient microrobotic systems for the capture, translocation, sensing, and release 

of biocargos. 

 

 

  



     

 

Introduction 

    Although substantial efforts have advanced nanosensors with single-molecule sensitivity,(1-5) 
the high sensitivity owing to the small sensing area of a nanosensor comes at the expense of 
adversely long detection time for low-concentration analyte molecules. A decade of research 
shows that regardless of the employed sensing mechanism (optical, mechanical, or electrical), the 
best nanosensors that have been made can take hours to detect molecules of 1 pM– 1 fM.(6-10)  
This pressing issue has substantially hindered the potential of nanosensors for practical 
applications. Theoretical calculations show that when analyte solutions are dilute, a depletion layer 
is formed quickly around a nanosensor, across which analyte molecules transport to the sensor 
surface by a slow diffusion process driven by the concentration gradient. This in turn further 
increases the size of the depletion region. As a result, the speed of molecule transport and 
attachment to a nanosensor is not only low but also continuously reduces with time. An upper-
bound estimation shows that the minimum detection time of a single molecule event in 1 fM 
analyte solution is at least one hour for a commonly used 1 µm sized sensor.(11) The required 
detection time increases rapidly when the sensor dimensions are further reduced to nanometer 
scales.(12) It is intrinsically difficult to make nanosensors that are both ultrasensitive and high-
speed for detecting molecules of low concentration.  
 

The rapid development of artificial micro/nanomachines (or micro/nanomotors) made of 

synthesized micro/nanoscale building blocks has unveiled rich fundamental science(13, 14) and a 

wealth of unprecedented applications,(15-17) owing to their unique attribute of locomotion. A 

variety of micro/nanomachines have been made for biomedical applications that are powered by 

energy sources ranging from chemical reactions to magnetic, electric, and acoustic fields.(18-27) 

Notably, the enhancement of biodetection speed has been observed from motorized 

micro/nanosensors (28-31), such as linearly translocating fluorescent microparticle and microtube 

sensors. Offering the convenience in actuation, however, the constantly changed position of a 

translocating sensor presents challenges in monitoring the dynamic signals of molecules for a long 

duration. While a durable detection is important for the sensing of low-concentration molecules. 

A linearly moving sensor also often requires a large operation footprint of a feature dimension of 

a hundred micrometer, which entails a relatively large sampling volume. To overcome the barrier 

of low-concentration biosensing, it is pivotal to explore an innovative sensing scheme that can 

enhance detection speed without compromising its high sensitivity and offer long time and position 

deterministic detection. Particularly, the fixed sensing position with a small footprint, e.g., the size 

of a sensor itself, is imperative for minute sample analysis and compact device integration. Besides 

the demand for a feasible device scheme, it is essential to understand the underlying working 

principle, its controlling factors, and application range. 

Here we report the design, fabrication, and application of a rotary micromotor-sensor system for 

robust augment of capture and detection speed of biomolecules, i.e., salmon sperm DNA, with 

Surface Enhanced Raman Scattering (SERS) spectroscopy. The sensitive, durable, and position-

stable rotating sensors continuously monitor the dynamic capture process of DNA molecules in 

situ and in quasi-real-time. The rotation notably accelerates the capture efficiency of the DNA 

molecules by at least 4 folds at 1200 rpm, and boosts the detection speed of low-concentration 

DNAs (80 nM) by 3 times at 630 rpm. Theoretical analysis and modeling unveil the working 

mechanism, governed by the complex molecule-motor-flow interaction, and suggest its application 

range. 



     

 

Figure. 1. Design and fabrication of Micromotor-sensors. (A-B) Schematic of a rotating 

biosilica opto-plasmonic microsensor in a well with DNA molecules. (C-D) Scanning electron 

microscopy (SEM) images of the diatom frustules with periodic nanopores, and (E) the dense 

surface-distributed Ag nanoparticles. 

Results  

A bioenabled opto-plasmonic enhanced micromotor-sensor is designed consisting of a diatom 

frustule as the sensor body, uniformly distributed plasmonic Ag nanoparticles on the surface for 

SERS biodetection, and a thin magnetic film deposited on the side for magnetic actuation [Fig. 

1(A-B)]. Diatoms are one of the most common and widespread types of photosynthetic microalgae, 

living abundantly in marine ecosystems. Frustules are the cell walls of diatoms made of silica with 

ordered arrays of nanopores [Fig. 1(C-D)]. These naturally existing and widely available 

biomaterials exhibit high mechanical strength and chemical stability, which suggest feasible 

applications as micro/nanomechanical devices.(32) The periodic nanopores coupled with the 

plasmonic Ag nanoparticles further support photonic-crystal-plasmonic resonance that 

substantially increases SERS for ultrasensitive molecule detection. (33, 34)  

The detail of the fabrication of the above designed microsensor is discussed in the section of 

Materials and Methods. Briefly, to fabricate well-reproducible and high-quality micromotor-

sensors, we disperse, sonicate, filter, and calcinate commercially-available diatomaceous earth 

powder to produce refined diatom frustules.(32) These processes remove both organic and 

inorganic impurities and broken pieces of frustules and deliver purified cylindrical diatom frustules 

with diameters of 8- 16 μm and lengths of 20 to 35 μm [Fig. 1(C)]. Next, A bilayer nickel (Ni)/gold 

(Au) thin film is deposited on one side of the diatom frustules with electron-beam evaporation for 

magnetic manipulation. In the end, high-density arrays of plasmonic Ag nanoparticles are 

synthesized uniformly on the surface of the diatom frustules for SERS detection [Fig. 1(E)].(35, 

36) The average diameter is 23.38±3.30 nm and the junction ranges from 0.5 nm to 5 nm 

(Supporting Information Fig. S1).  



     

 

Figure 2. Surface enhanced Raman spectroscopy of the micromotor-sensor and rotation-

assisted assembly of micromotor-sensors in microfluidic wells. (A) SERS spectra of DNA 

molecules of 80 nM to 4 µM. (B) Comparison of SERS spectra of DNA molecules (4 µM) on a 

microsensor (in blue) and on an Ag-nanoparticle coated flat glass substrate (in green). (C) Raman 



     

 

mapping of DNA molecules (4 µM, 724 cm-1) on a microsensor (2-hour incubation) shows signals 

with good uniformity. (D) Simulations of electric-field distribution around a pair of Ag 

nanoparticles placed on a diatom frustule (top) and flat glass (bottom). Insets: schematics of the 

respective structures with a pair of Ag nanoparticles. Incident laser is polarized horizontally. (E) 

I. A micromotor-sensor rotating and assembling into a microwell (Snapshots: every second in the 

first 5 seconds and then every 0.05 seconds). II. A micromotor-sensor stably rotates in a 

microfluidic channel (snapshots: every 0.025 seconds). III. A micromotor-sensor rotating at 300 

rpm detoured around an occupied microwell (snapshots: every second, scale bar 30 μm).  

Next, we studied the Raman sensitivity of the microsensors by testing Salmon sperm DNA 

molecules. Among various important biomolecules, DNA molecules are chosen due to their 

significant roles in medical diagnosis, treatment, and forensic investigation.(37, 38) As shown in 

Fig. 2(A), after incubation in DNA solutions of 80 nM to 4 μM for 2 hours, we can detect signals 

of DNA molecules with a concentration as low as ~80 nM with an averaged signal-to-noise ratio 

of 5 at 724 cm-1 and 1319 cm-1 (both from the vibration of nucleobase adenine).(39) The Raman 

intensity monotonically increases with the DNA concentration with a largely uniform 

enhancement along the length of the microsensors [Fig. 2(A)]. It was determined that the 

enhancement factor is up to ~ 109 to 1010 on the surface of Ag-nanoparticle-dispersed substrate 
fabricated with the same method and morphology.(35, 40) Moreover, compared to Ag 

nanoparticles grown on a flat glass substrate at the same condition, the Raman intensity shows 

additional improvement on the plasmonic diatom-frustule motor as high as 3.66 ± 0.31 times across 

all the major DNA peaks [Fig. 2(B)], i.e. 724 cm-1 (adenine), 957 cm-1 (deoxyribose moiety), 1235 

cm-1 (thymine and cytosine), 1319 cm-1 (adenine) and 1391 cm-1 (guanine).(39, 41) The 

improvement in sensitivity can be attributed to the resonance of localized surface plasmon with 

the photonic-crystal nanopores on the surface of the diatom frustules.(34) As shown in the 

numerical simulation in Fig.2(D), at least 1.98 time increase in the electric-field intensity is found 

for a pair of Ag nanoparticles placed next to a nanopore compared to that on a flat glass substrate 

(Materials and Methods). This value can be higher as Ag nanoparticles distribute on a 3D surface. 

Furthermore, since the plasmonic Ag nanoparticles offer orders-of-magnitude Raman 

enhancement, while such enhancement only presents in the vicinity of the Ag nanoparticles and 

their narrow junctions, the so-called hotspots, we can safely consider that only the DNA molecules 

on the surface of the micromotor sensors are detected. The DNAs in the background suspension 

without the plasmonic enhancement essentially have no contribution to the collected Raman 

signals [Fig. 2(C)]. Therefore, we can readily monitor the dynamic capture process of the DNA 

molecules by the solid surface in-situ and in quasi-real-time owing to the near-field effect of SERS 

(SI note 1).  

To detect biomolecules in a position-deterministic and robust manner for long-duration dynamic 

analysis, the as-obtained micromotor-sensors are integrated into individual microwells (or 

microchannels) via a self-assembly process assisted by magnetic rotation. Here, a tunable rotating 

magnetic field is applied from the top of the microsensors dispersed on the microfluidic device 

with arrays of microwells as shown in Fig. 1(A). A magnetic stirrer, commonly used in chemistry 

and biology labs, provides the magnetic field. The magnetic field is applied above the micromotor-

sensors to allow the generation of magnetic force on a micromotor-sensor in the upward direction 

with the magnitude proportional to the magnetic-field-gradient, which balances the gravitational 

force and effectively reduces the hindering force from the substrate. This setup ensures stable and 



     

 

durable rotational actuation of the micromotor-sensors. It is particularly useful for the capture and 

detection of various biomolecules in practice when the suspension is often complex and ionic that 

aggravates the interactions of a suspending microsensor with the wall.  

It is found that with an applied magnetic field (B), all dispersed micromotor-sensors rotate at a 

synchronous speed that can be tuned up to 1200 rpm (Supporting Information Fig. S2). The driving 

magnetic torque is given by 𝝉𝒎 = 𝒎 × 𝑩, where 𝒎 is the magnetic moment of a micromotor-

sensor. During the rotation, the microsensors slowly move on the Polydimethylsiloxane (PDMS) 

film and assemble into individual microwells (30 μm in diameter and 10 μm in height) [Fig. 2(E) 

and Movie S1]. Importantly, the assembly is accomplished in a one-on-one fashion: when one 

micromotor-sensor encounters a microwell that is already occupied by a rotating microsensor on 

its moving path, it detours around and moves forward (Movie S1). The one-on-one assembly can 

be robustly obtained owing to the fluidic repulsion between two close-by rotating motor 

sensors,(42) which is critical for long-time and reliable molecule capture and SERS detection.  

 
Figure 3. Dynamics of the mechanical rotation accelerated capture process of DNA molecules 

revealed by SERS. (A) Dynamics of the DNA capture process on a microsensor with various 

rotation speeds. (B) Log-log plot of the characteristic DNA capture time (in second) versus rotation 

speed (ω in rpm) of microsensors. The linear fitting from 60 rpm to 1200 rpm shows a slope of -

0.41.  

With all the above efforts on the design, fabrication, sensing characterization, and the one-on-one 

assembly of individual rotary sensor-in-well devices, we are able to study the impact of controlled 

mechanical rotation to the capture and detection efficiency of DNA molecules. Albeit remarkable 

efforts on the optimization of the binding buffers (43-45) and substrates (46-48),  , the efficiency 

of the DNA capture remains poor, particularly for solutions of low molecular concentrations.(49) 

It can take tens of minutes to several hours to reach a capture saturation.(50, 51)   

Now, we monotonically increase the rotation speed of the individually assembled micromotor-

sensors up to 1200 rpm and detect the Raman signals from the body of the microsensor 

simultaneously. The DNA capture process is continuously monitored every 10 seconds for 30 

minutes from a rotating sensor. The Raman intensity of DNA molecules always increases 

monotonically until it reaches a plateau on the microsensors as shown in Fig. 3(A). We found that 



     

 

the mechanical rotation clearly accelerates the DNA capture and enrichment process. For instance, 

the required time to reach 95% of the capture equilibrium of DNA is reduced from ~ 28 minutes 

on a static microsensor, to ~ 7 minutes on a rotating microsensor at 1200 rpm, which is a 4-fold 

improvement [Fig. 3(A)]. Even at a speed of 300 rpm, the capturing process only requires 1/3 of 

the capture time of that with a static microsensor. We further obtain the characteristic time (𝜏) at 

different rotation speed (𝜔) by fitting the time-dependent Raman Intensity of DNA [Fig. 3(A)] 

with an exponential function given by 𝐼 = 𝐼0 [1 − exp (−
𝑡

𝜏
)], and then plot the log-log dependent 

of 𝜏 versus 𝜔 [Fig. 3(B)]. It is found that the characteristic time 𝜏 monotonically decreases with 

the rotation speed 𝜔 from 60 rpm to 1200 rpm, with a power-law dependence of 𝜏~𝜔−0.41±0.01.  

The above series of experiments clearly evidence that the capture speed of DNA molecules can be 

remarkably enhanced with mechanical rotation as revealed by the dynamic capture process with 

Raman spectroscopy. To understand the mechanistic role of mechanical rotation in the 

enhancement of molecule capture, we carried out theoretical analysis and modeling. The results 

are implemented to provide a physics picture for this DNA molecule-motor-fluid system to be 

discussed as follows. 

 

Theoretical Analysis and Modeling  

Reaction-Diffusion-Convection Kinetics: The understanding of transport and reaction of diluted 

analyte molecules with their receptors is critical for the understanding of the working mechanism 

and limits of the modern micro/nanobiosensors. Great efforts have been spent on investigating 

the kinetics of such reaction-diffusion-convection systems from both the experimental and 

theoretical perspectives.(11, 12, 52) Three important interactive processes can be identified that 

govern the molecule capture kinetics by a solid surface, i.e., the convection of analyte molecules 

driven by the flow, the diffusion of the analytes towards the solid surface, and the reaction on the 

solid surface [Fig. 4(A)]. When hard limits occur, it is usually one of the three processes 

becoming the rate-determining step. Thus, determining the rate-limiting process is essential for 

lowering the barrier towards a better performance.  

 

When the fluidic flow is introduced into the system, the convection term of mass transport must 

be added into the transport equation in addition to the Fick’s second law given by Equation (1): 
∂c

∂t
= D∇2𝑐 − 𝐯 ⋅ ∇c,    (1) 

where c, D, and v are the concentration of molecules, diffusion constant, and flow velocity, 

respectively. Convection is generally more effective in mass transport compared to that of the 

passive diffusion for most molecules.   

 

To quantitatively solve the above complex convective-diffusion problem at low Reynolds 

numbers and to understand the behavior of our experimental system, our strategy is to divide the 

modeling into two sub-problems. First, we utilize numerical simulation to compute the 

convection-diffusion dynamics to study the diffusion boundary layer thickness as a function of 

the external flow rate. Here, we inherit the concept of Nernst Diffusion Layer with slight 

modification. Nernst assumed a layer with thickness 𝛿𝐷 in which only the diffusion occurs in a 

moving liquid. This layer is static and in the immediate vicinity of the solid surface. Beyond this 

layer, the molecule concentration is constant, the same as the bulk due to external convection. 

The clear physics picture provided by Nernst’s theory, however, does not allow quantitative 

computation due to the unnatural definition of the boundary. In order to quantitatively determine 



     

 

the boundary layer thickness with numerical simulation, we define the outer edge of the diffusion 

boundary layer wherever the concentration of the analyte equals to 90% of the bulk 

concentration. Then, we study a 1D reaction-diffusion kinetic problem within the static diffusion 

boundary layer, without the convection term. In our treatment, the convection plays the role in 

influencing the diffusion boundary layer thickness; within the diffusion boundary layer, the 

molecule transport dynamics is solely governed by the diffusion and reaction processes. We 

believe this strategy, differing from other works, can offer a clear physics pictures of the role that 

each factor plays in the system for the understanding of the underlying working mechanism of 

the experimentally observed mechanical motion enhanced detection of DNA molecules. 

 

 
Figure 4. (A) Diagram of the DNA capture process involving reaction on a solid surface, 

diffusion and convection. (B) The profile of laminar flows passing across a circular cylinder 

(cross-section view) at a low Reynolds number of 1 × 10−4. (C) Flow rate along the cut line 1 

with various external flow rates (U0). 

 

Diffusion-Convection Kinetics: in the first step, we simplify the 3D model of a self-spinning 

microsensor to a 2D problem of laminar flow passing across a circular cylinder of 10 μm in 

diameter as shown in Fig. 4(B). The flow rate is varied from 10-5 m/s to 10 m/s, which 

corresponds to a Reynolds number from 10-4 to 100. The flow rate profile is mapped along the 

cut line 1 as shown in Fig. 4(C). On the surface, due to the none-slipping boundary condition, the 

flow rate is always zero. With the increase of the distance from the cylinder, the flow rate 



     

 

monotonically increases to 90% of the external flow rate U0, the location of which is defined as 

the outer edge of the hydrodynamic boundary layer with a thickness of δH. For systems with a 

Reynolds number Re >10-2, the dimensionless flow profile changes significantly, the increase of 

the external flow rate U0 results in the decrease of 𝛿𝐻, and at high Reynolds numbers, the 

dependence of 𝛿𝐻 on 𝑈0 approximates to δH~𝑈0
−0.5 as predicted by the Prandtl’s boundary layer 

theory.(53) On the other side, at a low Reynolds number,  i.e., a system with Re ≤ 10−3, the 

normalized flow profiles remain largely the same, indicating that the hydrodynamic boundary 

layer thickness 𝛿𝐻 is independent of the external flow rate at an extremely low Reynolds number, 

which is a characteristic of Stokes flow. 

 

Although the flow profiles after normalization by the external flow rate 𝑈0 are almost identical 

for various flow rates when 𝑈0 < 1 × 10−3 m/s, the convection term in Eq. (1), which is 

directly proportional to the flow rate, can be enhanced. Here, we further simulate the convective 

diffusion of DNA, carried by external flow rate ranging from 1.00 × 10−5 m/s to 2.51 ×
10−3 m/s passing around the same cylinder with a fast reaction boundary condition 𝑐 = 0 at the 

cylinder surface, and assume that the incoming flow carries the same concentration 𝑐0. The 

concentration profile is probed when the system is fully developed [Fig. 5(A-C)]. In particularly, 

we monitor the concentration profile along the cut lines 1, 2 [Fig. 5(A)] under different external 

flow rates as shown in Fig. 5(D-E). The concentration profile is significantly altered by the flow. 

With the increase of the external flow rate U0, the concentration gradient increases, and the 

thickness of the diffusion boundary layer (𝛿𝐷) decreases accordingly. This result indicates that 

even in a low Reynolds number region, the enhancement of convection in mass transport by flow 

is still effective and practically useful. We summarize the result of both the hydrodynamic 

boundary layer thickness (𝛿𝐻) and diffusion boundary layer thickness (𝛿𝐷) as a function of the 

external flow rate in Fig. 5(F). The fitting of diffusion boundary layer 𝛿𝐷 as a function of the 

external flow rate 𝑈0 determines a dependence of 𝛿𝐷~𝑈0
−0.349±0.015 at the front side, and 

𝛿𝐷~𝑈0
−0.341±0.022 on the top and bottom of the cylinder. The slight difference among different 

locations on the cylinder allows us to adopt an average value to represent the dependence as 

δD~𝑈0
−0.344±0.020 for the further analysis.  



     

 

 
Figure 5. Simulation result of the convective diffusion at low Reynolds numbers. (A-C) the 

concentration profile of laminar external flow with various flow rates U0 carrying DNA 

molecules passing around a reactive cylinder surface with zero concentration. (D) The 

normalized concentration along cut line 1 under different external flows and (E) along cut line 2. 

(F) The thickness of hydrodynamic (in blue) layer and diffusion boundary layer (in red) versus 

flow rate. 

 

Reaction-Diffusion Kinetics: in the above, we model the convection-diffusion dynamics with a 

simplified fast reaction boundary condition to extract the impact of external flows to the 

thickness of the hydrodynamic and diffusion layers. The obtained power dependence on flow 

rate is valid not only for fast reaction conditions but also for the conditions when the surface 

reaction does not consume all transported molecules. Next, we start the investigation of a 1-D 

molecule reaction-diffusion system without convection (the effect of convection has been 

considered by the dependence of 𝛿𝐷 on 𝑈0). The system consists of a reactive solid surface, i.e., 



     

 

the silica surface of the micromotor sensor, which captures DNA molecules via adsorption, as 

well as a diffusion boundary layer with thickness of δD, across which the concentration of DNA 

can vary with time (t) and position (x). We use the following Fick’s second law: 
𝜕𝑐

𝜕𝑡
= D∇2𝑐     (2) 

where c and D are the volumetric concentration and diffusivity of the DNA molecules, 

respectively. To solve this equation, two boundary conditions are required at the edges of the 

domain of interest. The first boundary condition at the outer edge of the diffusion boundary layer 

is given by: 𝑐 = 𝑐0, at 𝑥 = 𝛿𝐷. The second boundary condition involves the surface reaction at 

the silica/solution interface. Given the mass conservation, the flux of the analytes going towards 

the surface has to be equal to the instantaneous adsorption rate of analytes at the surface, which 

can be written as:
∂n

∂t
− D

∂c

∂x
= 0, at 𝑥 = 0. Here we assume that Fick’s first law is valid at low 

concentration and define a surface adsorption density as 𝑛, which is the number of absorbed 

DNA molecules per unit area by the silica surface. Here, the surface adsorption kinetic can be 

described by the Langmuir isotherm as follows: 
∂n

∂t
= 𝑘𝑎(𝑛𝑚𝑎𝑥 − 𝑛)𝑐𝑠 − 𝑘𝑑𝑛 ,    (3) 

where 𝑘𝑎, 𝑛𝑚𝑎𝑥, 𝑐𝑠 , and  𝑘𝑑  are the adsorption coefficient, maximum surface adsorption 

density, surface concentration of analyte molecules in the solution immediately next to the solid 

surface, and desorption coefficient, respectively (SI note 2, Fig. S3).  

 

To get insights of the reaction-diffusion kinetics, we further non-dimensionalize the equations 

(2-3) (SI note 3), and numerically solve the 1D reaction-diffusion problem with the finite 

differential time domain (FDTD) method (Details in SI note 4). The results determine that the 

molecule transport kinetics depends on the Damköhler number of the system, which is defined 

by the ratio of the reaction and diffusion rates given by 𝐷𝑎 =
𝛿𝐷𝑛𝑚𝑎𝑥𝑘𝑎

𝐷
 (SI note 3). When the 

system reaches an equilibrium, the surface concentration 𝑐𝑠 becomes 𝑐0, and the surface density 

is given by 𝑛𝑒𝑞 =
𝑘𝑎𝑛𝑚𝑎𝑥𝑐0

𝑘𝑎𝑐0+𝑘𝑑
. Let 𝑐̃ =

𝑘𝑎𝑐0

𝑘𝑑
,  𝑛𝑒𝑞 can then be written as 𝑛𝑒𝑞 =

𝑐̃

1+𝑐̃
𝑛𝑚𝑎𝑥 . In the 

simulation, the range of the Damköhler number is selected from 0.001 𝑡𝑜 1000 that covers the 

surface-adsorption-reaction limited process when it is ultrasmall, i.e., 𝐷𝑎 ≪ 1, and the diffusion 

limited process when it is large, i.e.,  𝐷𝑎 ≫ 1.  

 



     

 

 
Figure 6. Simulation of the reaction-diffusion kinetics at different Damköhler numbers and 

demonstration of rotation accelerated detection of low-concentration DNA molecules. (A-C) The 

evolution of surface adsorption density and surface concentration with (A) Da=1000, (B) 

Da=0.84, and (C) Da=0.001. (D) The characteristic time scales of the reaction-diffusion process 

obtained by fitting at different thicknesses of diffusion layers. (E) Raman spectra of low-

concentration DNA molecules (80nM) measured at fixed time intervals for an hour on (a) a static 

(in blue) and (b) on a rotating microsensor with speed of 630 rpm (in green). 

 

Three sets of representative systems with Da numbers of 10-3, 8.4×10-1 and 103 are evaluated to 

show the evolution of both the molecular surface adsorption density (𝑛) (in blue) and 

concentration of molecules next to the surface (𝑐𝑠) (in red). At Da=10-3, where the system is in 

the reaction-rate limited regime, the diffusion process quickly reaches equilibrium as shown by 



     

 

the steep step-like function in red in [Fig. 6(A)]. Due to the low reaction speed, the surface 

density of molecules versus time (n) follows an exponential function given by 𝑛(𝑡) = 𝑛𝑒𝑞[1 −

exp (−
𝑡

𝜏𝑅
)], where  𝜏𝑅 =

1

𝑘𝑑(1+𝑐̃)
 (SI note 2). At Da=103, the time-dependent dimensionless 

𝑛/𝑛𝑒𝑞 and 𝑐/𝑐𝑠 essentially overlap [Fig. 6(C)]. This is a result of the diffusion limited process, 

where the reaction goes through a quasi-static process controlled by the speed of the diffusion. 

Here, the molecular concentration gradient is the driving force of the diffusion flux that 𝑛/𝑛𝑒𝑞 is 

always close to but slightly lower than 𝑐/𝑐𝑠 in the same time scale. Finally, for a system with an 

intermediate Da number of 0.84, the reaction and diffusion rates are comparative, and the 

kinetics is governed by both diffusion and reaction [Fig. 6(B)].  

 

We further calculate the characteristic time of molecule transport (τ) at different Da numbers for 

a system, where 𝛿𝐷 is the only varying parameter that can be changed by an external flow speed. 

The value of τ is obtained via fitting the time-dependent molecular surface density (n) with 
𝑛

𝑛𝑒𝑞
=

1 − exp (−
𝑡

𝜏
) as shown in [Fig. 6(D)]. When the diffusion layer is thin that corresponds to a 

small Da number and a reaction limited process, the value of τ is essentially a constant (red 

tangent line in [Fig. 6(D)]). This agrees with our earlier discussion that the reaction time constant 

is given by 𝜏𝑅 =
1

𝑘𝑑(1+𝑐̃)
~𝛿𝐷

0, independent of 𝛿𝐷. With the increase of 𝛿𝐷, the process becomes 

diffusion dominated and 𝜏 scales with 𝛿𝐷
2
 as given by the time constant of diffusion τD =

𝛿𝐷
2

𝐷
 , 

shown by the purple tangent line and data points at the high Da-number region. In between the 

two extremes, 𝜏~𝛿𝐷
𝑝
, and the power coefficient p ranges from 0 to 2. From the above, it can be 

found that the molecular transport dynamics in a diffusion-reaction system highly depends on the 

thickness of the diffusion layer that can be modulated by external flows.  

 

Understanding of the experimental results with the modeling 

The above modeling can be readily applied to provide insights to our experimental results. As 

shown in Fig. 3, we observed remarkable acceleration of DNA capture by the rotating 

microsensors. The fitting shows that the characteristic time (𝜏) follows a power-law dependence 

of 𝜏~𝜔−0.41±0.01 on the rotation speed 𝜔. Since the highest rotation speed tested in the 

experiment is 1200 rpm, corresponding to a Reynolds number of approximately 0.01, all the 

experimental conditions are within the low Reynolds number region.  Therefore, for our system 

it is feasible to use the dependence of 𝛿𝐷~𝑈0
−0.34±0.03 as shown in Fig. 5(F). Also, because the 

external flow rate 𝑈0 is proportional to the rotation speed 𝜔, we can readily obtain 

𝛿𝐷~𝑈0
−0.34~𝜔−0.34. Now, combining the dependence of 𝛿𝐷~𝜔−0.34 from the numerical 

simulation and 𝜏~𝜔−0.41 from the experiments, we can readily determine the relation of 𝜏~𝛿𝐷
1.21, 

which corresponds to a Damköhler number of 20. This Da number indicates that the overall rate-

limiting step is the diffusion process in this DNA capture system. This result obtained by the 

analysis with the modeling also agrees with the temperature-dependent experimental results of 

the DNA adsorption [Fig. S4].  

It is known that the adsorption of DNA molecules on the silica surface is a process consisting of 

both kinetic association and disassociation, and the kinetic association in a binding buffer with a 

pH value lower than 7 is an exothermic process.(54) Therefore, the adsorption rate of DNA is 

expected to decrease with temperature. Oppositely, the diffusion process is facilitated by higher 

temperature. Clearly, these two temperature-dependent effects are countering to each other. As 



     

 

shown in Fig. S4, we found that the adsorption rate of DNA monotonically increases with 

temperature, which agrees with the situation suggested by the modeling that it is the diffusion of 

DNA molecules limiting the overall capture kinetics. Therefore, the role of mechanical rotation 

can be understood. The rotation and the resulted flow convection effectively reduce the diffusion 

layer thickness (𝛿𝐷), and in turn increase the DNA diffusion rate, which is the kinetic limiting 

step of the overall reaction. The rotation, as a result, can be utilized to substantially increase the 

capture efficiency of DNA molecules. The higher the rotation speed, the narrower the diffusion 

layer, and the greater the capture efficiency. Since the value of the demonstrated Damköhler 

number of around 20, still has room to improve, we expect the DNA capture speed can be even 

more enhanced with higher rotation speed. 

 

Finally, with the above understanding, we further demonstrate the first successful enhancement of 

detection efficiency of low-concentration DNA molecules by mechanically rotating a 

micro/nanosensor. Samples with a DNA concentration of 80 nM are tested on both static and 

rotating microsensors as shown in [Fig. 6(E)]. The speed of rotation is 630 rpm. Fig. 6 presents 

the obtained time-dependent Raman spectra of DNA molecules. The Raman peak at ~780 cm-1 

from silica remains constant during the detection showing the invariance of the sensitivity of the 

microsensors under the mechanical rotation. The Silica peak is used as a reference for comparison 

with DNA signals. On the static microsensor, the Raman signal of DNA at 724 cm-1 can be hardly 

observed in the first 3 minutes and becomes gradually clear at ~ 10 minutes. From the rotating 

microsensor, however, it takes only 3 minutes to exhibit the Raman signal of DNA molecules with 

an intensity similar to that obtained at around 10 minutes from the static microsensor. The 

improvement is ~ 3 folds in detection speed, confirming the feasibility in obtaining enhanced 

detection speed of low-concentration molecules with motorized micro/nanosensors. The result has 

been robustly observed in multiple repeats.  

 

Discussion and Summary 

In summary, we report an innovative and effective strategy to realize mechanical rotation enhanced 

capture and detection of low-concentration biomolecules. The opto-plasmonic microsensors made 

of diatom frustules provide silica surface chemistry for DNA capture, and periodic nanopore arrays 

coupled with dense plasmonic Ag hotspots for sensitive and quasi-real-time dynamic SERS 

sensing. The microsensors are transported and self-assembled in individual microfluidic wells or 

channels that enables the desired position-deterministic sensing of DNA molecules during high-

speed rotation. The mechanical rotation effectively accelerates the capture process for DNA 

molecules, i.e., 4 times at a speed of 1200 rpm. This strategy is particularly advantageous in its 

low requirement of sample volume, which can rapidly accumulate interesting molecules by self-

spinning induced localized flow. In comparison, for microfluidic-based passive biosensors, if 

enhancing by analyte flows, a large volume of samples generally should be prepared. Moreover, 

in this work, we understand the fundamental working mechanism of motorization enhanced 

sensing by analysis, modeling and simulation. We find that to enhance the performance of such 

micro/nanoscale biosensors, it is critical to estimate the dimensionless Damköhler number, which 

represents the ratio between the reaction and transport rates of molecules. For a high-Da-number 

system, e.g. passive diffusion of macromolecules, strategies should be devoted to the enhancement 

of mass transportation. The mechanical motorization is a feasible and effective approach. For a 

low-Da-number system, e.g. small molecules with convective diffusion, the reaction kinetics 



     

 

should be improved for higher efficiency. The modeling approach could also be useful in 

understanding the molecule-nanoobject interactions often observed in micro/nanorobotics 

operating in aqueous environments. It could be used to guide the design and optimization of 

micro/nanomotors, machines, and robots for molecular capture, sensing, and delivery, in which 

low Reynolds number hydrodynamics and reaction-diffusion kinetics play immense roles. Overall, 

the device design, characterization, application, as well as modeling and simulation presented in 

this work could inspire innovative device schemes for high-speed biochemical enrichment, sensing, 

reaction, and release that are relevant to biodetection, delivery, and micro/nanorobotics. 

 



     

 

Materials and Methods 

Fabrication of Bio-Opto-Plasmonic Microsensors: 

Preparation of diatom frustules: the diatomaceous earth powders are purchased from Natural 

Gardener (Austin, TX) at a price of 1 dollar per pound. The diatom frustules used in this work are 

processed and refined via dispersion, sonication (2 minutes), and filtration in D.I. water. Impurities 

and broken pieces of frustules are filtered out by filter papers (VWR® Grade 417 Filter Paper, size 

of particle retention: 40 µm). The diatom frustules are then calcinated in air at 500 ˚C for 2 hours 

to remove organic residues. 

Deposition of magnetic thin film: the magnetic thin film on diatom frustules consists of 20 nm Ni 

and 20 nm Au, which are deposited by electron-beam evaporation. Here the Au layer works as a 

passivation layer that prevents magnetic aggregation of the diatom frustules in suspension.  

Synthesis of plasmonic Ag nanoparticles: Ag nanoparticles are synthesized on the surfaces of 

diatom frustules by catalytic reduction of silver nitrate (AgNO3). Firstly, the diatom frustules are 

incubated and stirred in the mixture of AgNO3 (0.06 M, 500 µL) and ammonia (0.12 M, 250 µL) 

for sufficient adsorption of Ag ions. Then polyvinylpyrrolidone (PVP, 10 mL of 2.5×10-5 M in 

ethanol) is added to promote the reduction of AgNO3 and growth of Ag nanoparticles at 70 ˚C. 

After 7-hour reaction, dense Ag nanoparticles are uniformly synthesized on the surface of diatom 

frustules. Finally, after rinsing in ethanol and D.I. water (repeated processes of centrifugation and 

dispersion), the microsensors based on diatom frustules are stored in D.I. water. 

Numerical Simulation of Electromagnetic Fields on Plasmonic Nanoparticle Dimers by COMSOL: 

The Ag nanoparticles are modeled as hemispheres of 25 nm in diameter with junctions of 2 nm. 

The porous microstructure of diatom frustule is modeled as a photonic silica substrate with 2-

dimentional periodic nanopores of 300 nm in diameter with position periodicity of 1.2 μm in both 

X and Y directions. The Ag nanoparticle dimer is placed on the edge of the nanopore. For 

comparison, a pair of same Ag nanoparticle dimer is placed on flat silica substrate. Both are excited 

with an in-plane polarized 532-nm laser. 

Capture and Detection of DNA Molecules on Microsensors: 

Materials: salmon sperm DNA used for the demonstration is purchased from Invitrogen @ Thermo 

Fisher Scientific (Carlsbad, CA).  As stated by the manufacturer, the DNA is extracted by phenol-

chloroform and sheared to an average size of < 2000 bp. The composition of binding buffer is 50 

mM tris(hydroxymethyl)aminomethane (Tris), 0.25 mM acetic acid, and 400 mM potassium 

ions(K+), with pH adjusted to 4. Potassium hydroxide (KOH) or hydrochloric acid (HCl) is used 

to adjust the pH value. 

DNA capture: the DNA solutions (2× predetermined concentrations) are pipetted and rapidly 

mixed with the binding buffers (3× predetermined concentrations) and the suspensions of 

microsensors with a volume ratio of 3:2:1. For the capture dynamics characterized by Surface-

Enhanced Raman Spectroscopy (SERS), the DNA concentration in the mixture is 500 µg/mL, the 

total volume of solution after mixing is 18 µL, and the weight percentage of microsensors in 

suspension is ~ 10 µg/mL. At this concentration, there are only a few microsensors in the mixed 



     

 

solution. In this case, the DNA concentration in the bulk solution can be considered a constant 

during the capture process because very low amount of DNA is captured.  

For the capture dynamics characterized by Ultraviolet (UV) absorbance spectroscopy, the DNA 

concentration in the mixture is 500 µg/mL, the total volume of solution after mixing is 120 µL, 

and the weight percentage of microsensors in suspension is ~ 50 mg/mL. In this case, large amount 

of DNA molecules is captured so that the concentration change of DNA in the solution is detectable 

by the UV spectroscopy. The DNA capture dynamics at different temperatures are conducted in 

refrigerator (at 5 ˚C) or in thermostatic water bath (at 25 ˚C and 45 ˚C, respectively). The DNA 

solutions, binding buffers and the suspensions of microsensors are all pre-cooled or pre-heated at 

a designated temperature for 30 minutes before mixing. 

SERS characterization: the microsensors are incubated in DNA solutions with concentrations 

ranging from 80 nM to 4 μM for 2 hours before measurements. A 532-nm laser with a spot of ~25 

μm and power of 500 μW is used for SERS measurements. The exposure time for each test is 2 

seconds. In Raman mapping, a 532-nm laser with a spot size of 1 μm and power of 100 μW is used. 

The exposure time for each testing point is 1 second. 

Capture dynamics characterized by SERS: once the DNA solutions and binding buffers are 

pipetted and rapidly mixed with the suspension of microsensors, the concentrations of DNA 

molecules captured on the static or rotating microsensors are detected continuously. The laser has 

a spot size of ~ 25 μm so that the DNA molecules captured on the entire microsensors can be 

detected. The laser power is 500 μW. The exposure time for each testing point is 10 seconds.   

Capture dynamics characterized by UV spectroscopy: since the DNA capture dynamics at different 

temperatures are conducted in refrigerator or in thermostatic water bath, the process cannot be 

monitored by SERS in quasi-real-time. A DNA solution sample (1 μL) is taken at a premeditated 

time for every UV spectroscopy measurement. The DNA concentrations are determined by using 

NANODROP 1000 spectrophotometer (Thermo Fisher Scientific) and the final results are 

averages of 5 tests.  
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