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ABSTRACT
Microfluidic modulation spectroscopy (MMS) is a novel automated 
infrared spectroscopic technique with high sensitivity and repeatability. 
Here, the authors present a series of experimental studies 
showcasing the performance of MMS in the secondary structure 
characterization of biopharmaceutical products and compare the 
MMS results with the conventional Fourier transform infrared data.

DIPANWITA BATABYAL, LIBO WANG, JEFFREY ZONDERMAN, AND MATS WIKSTRÖM

T he successful development of 
biopharmaceuticals involves 
the study of their higher order 
structure, a critical quality attrib-

ute, to ensure a therapeutically active mole-
cule in appropriate formulation conditions 
(1–3). Robust structural characterization of 
the biopharmaceutical products is impor-
tant throughout the development process. 
For instance, comparability studies are per-
formed to ensure that a manufacturing pro-
cess change during clinical and commercial 
development does not have an adverse effect 
on quality, safety, and efficacy (4–6).

Infrared (IR) spectroscopy is a powerful 
method for characterizing the secondary 
structure of proteins (7–14). However, the 
lack of automation of conventional Fourier 
transform IR (FTIR), along with relatively 
high sample concentration requirements, 
are major limitations with this technology. 
Far ultraviolet circular dichroism spectros-
copy (far-UV CD) is an important alterna-
tive for the characterization of secondary 
structure, but it also has major drawbacks. 
Measurement is necessarily carried out at 
low concentrations, typically at 0.5 mg/mL 
but down as low as 0.1 mg/mL, which can 
undermine the relevance of the resulting data. 
The presence of certain excipients in the for-
mulation buffer can also significantly inter-
fere with the measurements. Furthermore, 
far-UV CD and conventional FTIR have 
been shown to lack sensitivity in the charac-

terization of biopharmaceuticals proteins (e.g., 
immunoglobulin G1 [IgG1] and IgG2) (15).

Microf luidic modulation spectroscopy 
(MMS) represents a novel automated tech-
nique that directly addresses the current lim-
itations with both conventional FTIR and 
far-UV CD by shaping IR spectroscopy into 
a far more effective analytical tool in biop-
harmaceutical product characterization (16).  
This article presents a series of experimental 
studies showcasing the performance of MMS 
applied to challenges in the characterization 
of the secondary structure of biopharmaceu-
tical products including comparisons with 
conventional FTIR data. 

MATERIALS AND METHODS
Conventional FTIR and MMS were used 
to determine the secondary structure of two 
biopharmaceutical samples: a monoclo-
nal antibody (mAb) and a bispecific T cell 
engager (BiTE, a registered trademark of 
Amgen) (17) molecule (Amgen, Thousand 
Oaks, US). The BiTE molecule represents 
a fusion protein, created by linking the vari-
able light and heavy chain corresponding to 
two antibodies. Polysorbate (PS) 80 was pur-
chased from Fluka (Cat#: 59924-100G-F 
Lot: BCBC1232).

Conventional FTIR measurements were 
carried out using a Bruker Vertex 70 spec-
trometer equipped with an Aquaspec trans-
mission cell that requires manual injection 
of the sample and reference buffer at room 
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temperature. The reference spectra for 
buffer blank were subtracted from the 
protein spectra according to previously 
established criteria (18). Spectral sim-
ilarity was quantitatively determined 
using the Thermo OMNIC software 
quality control (QC) compare function. 

MMS measurements were con-
ducted at ambient temperature using 
an AQS3pro system (RedShiftBio, 
Burlington MA, US) with multi-sample 
automation. A microfluidic transmission 
cell of approximately 24 µm pathlength 
was used. Streams of protein samples and 
reference buffers were introduced into the 
flow cell alternatively at a back pressure 
of 5 psi and a modulation rate of 1 Hz. 
Simultaneous modulation of the sample 
and an appropriate buffer enabled a real-
time subtraction of the buffer background 
and allowed the differential absorbance 
measurement. Thirty-one discrete wav-
enumbers across the amide I band from 
1590 cm-1 to 1714 cm-1 were scanned, and 
the differential absorbance spectra of 
samples were collected. Triplicate meas-
urements were carried out for each sam-

ple. The data were analyzed using the 
software AQS3 delta analytics package 
to produce the final spectra and analysis 
results. For each experiment, interpo-
late differential absorbance spectra, abso-
lute absorbance spectra, and the second 
derivative spectra were obtained, and the 
similarity score was calculated using the 
area of overlap in the amide I band region 
(1700 cm-1–1600 cm-1).

RESULTS
Case 1: testing instrument sensitivity
This section discusses testing instru-
ment sensitivity at different protein con-
centrations and with different modalities.

To compare the relative sensitivity of 
MMS and conventional FTIR, mAb 
samples were analyzed using the two 
methods at concentrations of 0.5 mg/
mL and 10 mg/mL in acetate buffer. 
At 10-mg/mL concentration, the data 
from MMS matched well with the 
conventional FTIR. Both techniques 
showed high repeatability quantified by 
high spectral similarity scores (> 99% 
for both, see Figure 1). The spectral 

similarity in the conventional FTIR 
was calculated using the QC compare 
function from the OMNIC software. 
The spectral similarity from MMS data 
was calculated by comparing the area of 
overlap of each sample replicate to the 
mean area of overlap of all three repli-
cates. In general, there was very good 
agreement in similarity scores between 
the two methods. The MMS data were 
further analyzed using the QC com-
pare function from OMNIC, and the 
results showed consistency between the 
similarity scores obtained by the two 
approaches.

At lower concentrations of the mAb 
(0.5 mg/mL), acceptable quality data (> 
95% similarity score between the repli-
cates) were not obtained by conventional 
FTIR, whereas the MMS data showed 
high repeatability at low concentrations, 
indicated by the high similarity scores 
(> 98%) between the three replicate runs. 
The similarity score in MMS is calcu-
lated by comparing the area of overlap 
(AO) of the replicates using mean AO of 
the three replicates as reference.
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Figure 1. Conventional Fourier transform infrared (FTIR) and microfluidic modulation spectroscopy (MMS) measurements 
for a monoclonal antibody are highly comparable at a concentration of 10mg/mL. Unlike conventional FTIR, MMS can also 
measure with high sensitivity at a concentration of 0.5 mg/mL.  Acceptable quality data (similarity score >95%) is not possible 
at 0.5 mg/mL using conventional FTIR.

Similarity score of samples from MMS

*Similarity score is calculated by comparing the area of overlap (AO) and the mean of the 
three runs at 10 mg/mL is used as reference. 

10 mg/mL, using Bruker Vertex 70

0.5 mg/mL, using RedShiftBio

10 mg/mL, using RedShiftBio
RedShiftBio MMS And Traditional FTIR Data Are Highly Comparable

RedShiftBio MMS can be used at low concentration with high sensitivity (similarity scores for >98% )

Second derivative spectra
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A BiTE molecule sample was ana-
lyzed at 1.0 mg/mL to further assess the 
sensitivity of MMS at concentrations 
lower than those accessible with conven-
tional FTIR, with a different modal-
ity. As shown in Figure 2 (left panel), 
the absolute absorbance spectra gener-
ated through triplicate measurements 
are almost indistinguishable, indicating 
high repeatability of the MMS meas-
urements. The second derivative spectra 
of the three replicates (Figure 2, right 
panel) overlay very well, indicating the 
high consistency between measurements 
further quantified by comparing the sim-
ilarity score. Overall the second deriva-
tive spectrum exhibits a strong β-sheet 
peak at around 1639 cm-1 together with 
a β-sheet peak at 1689 cm-1. The sim-
ilarity score of three replicates for the 
BiTE molecule are all > 99% (Table I), 
indicating high repeatability between 

the runs. The contributions from the 
different secondary structure elements 
(referred to as the higher order struc-
ture analysis, or HOS analysis) were fur-
ther determined using Gaussian peak 
assignment from known correlations 
with absorption at specific wavenumbers 
within the amide I band (19). As shown 
in Table II the BiTE molecule antibody 
consists predominantly of β-sheets (58.67 
± 0.80%) along with some contributions 
from β-turns (31.38 ± 0.48%).

Case 2: buffer excipient
This section assesses the impact of the 
buffer excipient on secondary structure.

To investigate the impact of buffer 
composition and different excipients, 
an MMS test of a mAb sample (5 mg/
mL) was carried out and analyzed in 
three different buffers—Buffer A, B, 
and C—with the same base compo-

sition but with different amounts of 
polysorbate (PS) 80 (0.01%, 0.05%, and 
0.1% w/v, respectively).

As shown in Figure 3, the abso-
lute absorbance spectra and the second 
derivative spectra of the three replicates 
are very closely matched, suggesting 
that different amounts of PS 80 have 
no effect on the secondary structure of 
the mAb. Similarity scores of the three 
replicates in all three buffers are > 99% 
(Table III), indicating high repeata-
bility. In Table IV, the HOS analysis 
shows that the secondary structure of the 
mAb consists predominantly of β-sheets 
(approximately 61.5%), with β-turns at 
approximately 29%. When compared 
to the BiTE molecule HOS analysis 
(Table II), there is a relative higher pro-
portion of β-sheet content and a lower 
proportion of β-turns in the secondary 
structure analysis of the mAb samples.

Figure 2. Microfluidic modulation spectroscopy data for the BiTE sample show excellent repeatability at low protein 
concentration (1mg/mL). Panel on the left shows overlaid absolute spectra, panel on the right shows overlaid second 
derivative spectra.

Table II. Higher order structure (HOS) contents (%) of the BiTE molecule sample determined by microfluidic 
modulation spectroscopy.       

Sample conc. 
(mg/mL)

HOS% (mean±SD) of replicates

Beta Turn Unordered Alpha

1.0 58.67 ± 0.80 31.38 ± 0.48 7.64 ± 0.78 2.32 ± 0.36

Table I. Similarity scores of the BiTE sample measured by microfluidic modulation spectroscopy. SD is 
standard deviation.     

Sample conc. (mg/mL) Similarity (%) of replicates Mean±SD

     1.0* 99.01 99.20 98.97 99.06±0.12

*Similarity score is calculated by comparing the area of overlap (AO), and the mean AO of the three replicates is used as the reference.



Peer-Review Research

www.biopharminternational.com May 2020 BioPharm International 45

Case 3: higher 
protein concentrations
This section discusses test consistency, 
precision, and accuracy of MMS at 
higher protein concentrations.

In this experiment, the same mAb 
sample that was used in the case 2 
study was analyzed by MMS at con-
centrations of 50 mg/mL and 100 mg/
mL in the base buffer without any PS 
80. Tests were performed on differ-
ent days, and the resulting data were 
compared to check for consistency and 
precision of MMS measurements.

The similarity scores are shown in 
Table V and were calculated using 
mean AO of a 50 mg/mL sample as 

reference. Overall, > 99% similarity 
was observed at all protein concentra-
tions (ranging from 5 mg/mL to 100 
mg/mL) indicating high repeatabil-
ity of the MMS measurements. The 
high consistency of measurement is 
retained even though measurements 
are made over multiple days. The 
data fur ther conf irmed that nei-
ther the protein concentration nor 
the buffer excipient PS 80 impacts 
the secondary structure of the mAb. 
Further HOS analysis giv ing the 
secondary structure component also 
ref lects the high consistency that was 
observed in the similarity score data 
(data not shown).

DISCUSSION

The criticality of HOS makes measure-
ment essential throughout biopharma-
ceutical development. Robust formulation 
and process development relies on mea-
suring the impact of concentration—of 
different buffers and of processing condi-
tions as a drug candidate proceeds toward 
commercialization—with the different 
types of therapeutic molecules that are 
increasingly part of the new drug pipeline. 
All analytical techniques have strengths 
and limitations when assessed against this 
informational need. For example, unlike 
conventional FTIR or near-UV CD, 
MMS is not a general-purpose platform 
at this time. MMS has been optimized 

Figure 3. Microfluidic modulation spectroscopy data of monoclonal antibody samples with different amounts of 
polysorbate 80 (PS 80) in buffer. Buffer A: 0.01% (w/v) PS 80, Buffer B: 0.05 % (w/v) PS 80 and Buffer C: 0.1 % (w/v) 
polysorbate 80. The left panel shows the overlaid absolute spectra and the right panel shows the overlaid second 
derivative spectra.

Table III. Similarity scores of the monoclonal antibody sample in different buffers measured by microfluidic 
modulation spectroscopy. SD is standard deviation.

Samples @ 5 mg/mL Similarity (%) of replicates Mean±SD

In Buffer A* 99.62 99.79 99.76 99.72 ± 0.09

In Buffer B 99.76 99.64 99.52 99.64 ± 0.12

In Buffer C 99.66 99.55 99.69 99.63 ± 0.07

*Similarity score is calculated by comparing the area of overlap (AO), and the mean AO of sample replicates in Buffer A is used as the reference. Buffers A, B, and C contain 
0.01%, 0.05%, and 0.1% (w/v) polysorbate 80, respectively, in the same base buffer.

Table IV. Higher order structure (HOS) contents (%) of the monoclonal antibody sample in different buffers 
determined by microfluidic modulation spectroscopy. SD is standard deviation.

Samples in
HOS% (Mean±SD) of replicates

Beta-sheets Beta-turn Unordered Alpha-helix

Buffer A 61.41±0.09 29.40 ± 0.11 6.90 ± 0.01 2.29 ± 0.03

Buffer B 61.67±0.15 29.22 ± 0.06 6.87 ± 0.10 2.24 ± 0.10

Buffer C 61.63±0.13 29.29 ± 0.07 6.80 ± 0.10 2.27 ± 0.15
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for all types of protein- and peptide-based 
secondary structural analysis, which is 
of interest in biopharmaceutical devel-
opment and manufacture, but not other 
structural features (i.e., tertiary) or mole-
cule types.

In contrast, the appl ication of 
multiple techniques to characterize 
HOS, a necessity when combining 
conventional FTIR and far-UV CD 
to cover the range of conditions of 
interest, is inherently problematic. 
Such an approach can introduce 
uncertainty, where there is overlap 
between techniques and discrepan-
cies in the results produced as well 
as complicating analytical workf lows. 
Any requirement for sample prepara-
tion can also undermine data integrity 
because proteins are labile, changing 
in response to their local environment. 
The adoption of techniques that can 
be applied directly, to a broad range 
of sample types, is therefore techni-
cally advantageous.

The results from this study clearly 
demonstrate the performance of 
MMS. A direct comparison with con-
ventional FTIR illustrates a number 
of ways in which MMS is a superior 
presentation of IR spectroscopy for 
this application, while the ability to 
measure with high sensitivity and pre-
cision at high concentrations and in 
the presence of different buffers high-
lights the potential of MMS relative to 
far-UV CD.

The data show that MMS allows 
the determination of secondary struc-
ture over a much wider concentration 
range than conventional FTIR, thus 
removing the requirement of either 
dilute or concentrated samples for 
measurement. In this study, MMS 
measurements were successfully made 
across a concentration range from 0.5 
mg/mL to approximately 100 mg/mL. 
In contrast, conventional FTIR meas-
urements require a minimum concen-
tration of approximately 10 mg/mL to 
acquire data of acceptable quality. 

The capability to measure at low con-
centrations means that MMS is not lim-
ited to studies of mAbs, but can also 
be applied to other protein therapeutic 
modalities, such as BiTE molecules, 
which are typically measured at prod-
uct concentrations below the minimum 
required for conventional FTIR. For 
low-concentration measurements, far-UV 
CD would typically be the technique 
of choice, but it can be unreliable for 
formulations containing chromophores 
other than those associated with the drug 
entity, necessitating filtration or dilution 
of the sample prior to the measurement. 
The data showing the repeatability of 
mAb measurements in solutions with 
different buffer concentrations are help-
ful in demonstrating the ability of MMS 
to address this limitation.

Finally, the results show that MMS 
data are highly repeatable with high pre-
cision, unlike conventional FTIR, which 

routinely exhibits instrument drift. This 
characteristic is due to the way in which 
MMS generates differential data via a 
process of continuous auto-referencing 
that eliminates the issue of background 
drift. High repeatability contributes 
directly to the ability of a technique 
to detect difference and indicates that 
MMS will exhibit greater sensitivity to 
changes in protein structure. 

CONCLUSION
MMS is a powerful new technique for 
the assessment of the secondary struc-
ture of proteins. The results presented 
here show how it enables accurate, highly 
repeatable characterization across a wider 
concentration range than conventional 
FTIR, and measures with high sensitivity 
with different buffers. These capabilities 
offer potential to streamline the routine 
analysis associated with biopharmaceuti-
cal development for various protein ther-
apeutic modalities, including mAbs and 
BiTE molecules.

REFERENCES
 1. J. D’Antonio, et al., J. Pharm. Sci. 101 (6) 

2025–2033 (2012).
 2. Y. Jiang, et al., J. Pharm. Sci. 100 (11) 

4631–4641 (2011).
 3. C.H. Li, et al., J. Pharm. Sci. 100 (11) 

4642–4654 (2011).
 4. FDA, Guidance for Industry, Q5E 

Comparability of Biotechnological/
Biological Products Subject to Changes 
in the Manufacturing Process, (CDER, 
CBER, June 2005).

 5. B.M. Teska, et al., Anal. Biochem. 434, 
153–165 (2013).

Peer-Review Research

Table V. Similarity scores of a monoclonal antibody sample analyzed in different buffers and at different 
concentrations. PS 80 is polysorbate 80. SD is standard deviation.

Sample Conc. Buffers Similarity (%) of replicates Mean±SD

50 mg/mL*    Base Buffer 
(no PS 80) 99.45 99.75 99.60 99.60 ± 0.15

100 mg/mL     Base Buffer 
(no PS 80) 99.37 99.36 99.37 99.37 ± 0.01

5 mg/mL Buffer A 
(0.01% PS 80) 99.30 99.31 99.17 99.26 ± 0.08

5 mg/mL Buffer B 
(0.05% PS 80) 99.18 99.28 99.06 99.17 ± 0.11

5 mg/mL Buffer C 
(0.1% PS 80) 99.36 99.26 99.23 99.28 ± 0.07

*Similarity score is calculated by comparing the area of overlap (AO) and the mean AO of 50 mg/mL sample replicates, which were used as the reference. Buffers differ in 
the amount of PS 80 in the same base buffer.



www.biopharminternational.com May 2020 BioPharm International 47

 6. N.N. Ding, et al., Anal. Biochem. 464, 
60–62 (2014).

 7. W. Wang and C.J. Roberts, Aggregation 
of Therapeutic Proteins (Wiley, 2010).

 8. A. Elliott and E.J. Ambrose, Nature 165, 
921–922 (1950).

 9. H. Susi and D.M. Byler, Methods 
Enzymol. 130, 290–311 (1986).

 10. W. K. Surewicz and H.H. Mantsch, 
Biochim. Biophys. Acta 952, 115–130 
(1988).

 11. A. Dong, P. Huang, and W.S. Caughey, 
Biochemistry 29 (13) 3303–3308 (1990).

 12. S.J. Prestrelski, A.L. Williams Jr., and 
M.N. Liebman,      Proteins Structure 
Function and Bioinformatics 14 (4) 440–
450 (1992).

 13. W. K. Surewicz, H.H. Mantsch, and D. 
Chapman, Biochemistry 32 (2) 389–394 
(1993).

 14. J.L.R. Arrondo, et al., Prog. Biophys. Mol. 
Biol. 59 (1) 23–56 (1993).

 15. J. Wen, et al., J. Pharm. Sci. 109 (1) 247–
253 (2020).

 16. E. Ma, L. Wang, and B. Kendrick, 
Spectroscopy 33 (7) 46–52 (2018).

 17. P.A. Baeuerle and C. Reinhardt, Cancer 
Res 69 (12) 4941–4944 (2009).

 18. A. Dong and W.S. Caughey, Methods 
Enzymol. 232, 139–175 (1994).

 19. J. K. Koenig and D. L.Tabb, “Infrared 
Spectra of Globular Proteins in 
Aqueous Solution,” in Analytical 
Applications of FTIR to Molecular and 
Biological Systems, J.R. Durig, Ed. (D. 
Reidel Publishing Company, Dordrecht, 
Netherlands, 1980), pp 241–255. ◆

Peer-Review Research

Call for Peer-Review Papers 
BioPharm International accepts four types of peer-review papers that are 
considered: standard data-driven, novel research; topical literature or 
patent review; technical case studies/technical application notes; and 
science-based opinion papers.

Manuscripts for peer-review papers are accepted on an ongoing basis. 
Publication priority is given to papers in the order they are accepted 
for publication. Submitted papers are initially screened by the editors, 
then submitted for formal review by a member of the editorial advisory 
board, who will review the article for technical interest and content in a 
double-blind review process. Article acceptance is conditioned on the 
reviewer’s approval. Once accepted for publication, a paper typically is 
published within three to five months. Peer-review papers are published 
in the print and  digital editions of BioPharm International, and on www.
BioPharmInternational.com. Links to the online versions of peer-review 

papers also are featured in e-newsletters distributed to the publication’s audience. Manuscripts may be 
sent to Editorial Director Rita Peters at RPeters@mjhlifesciences.com.

To learn more about the peer-review submission process, click the Submission Guidelines link on 
www.BioPharmInternational.com. We look forward to hearing from you.

30     BioPharm International January 2020   www.biopharminternational.com

A. Usha Rajananthini,   
biotechurn@gmail.com, and 

Satabdi Rautray, rautray.
satabdi@gmail.com, are 
with the Department of 
Biotechnology, Mother 

Teresa Women’s University, 
Kodaikanal, Tamil Nadu, India. 

Correspondence should be 
addressed to both authors.

PEER-REVIEWED

Submitted: July 30, 2019. 
Accepted: Oct. 15, 2019.

K
at

er
yn

a_
K

o
n 

- 
St

o
ck

.a
d

o
b

e.
co

m

ABSTRACT
Gold nanoparticles (AuNPs) are important components for biomedical 
applications and are widely employed for diagnostics and therapeutics. 
Nanoparticles are mainly synthesized through chemical and physical 
methods, which are often costly and potentially harmful. Synthesis of 
nanoparticles using plants, however, is less toxic and more effective. 
Recently, researchers have been focusing on green synthesis of AuNPs. 
This study aims to use plant-leaf extract for the green synthesis of AuNPs 
and to evaluate their antibacterial and antioxidant activity. The results 
indicated that AuNPs can be synthesized using a simple method with 
extracts from Adiantum capillus veneris (ACV) and Pteris quadriureta 
(PQ) leaves. The characterization of the AuNPs was done by ultraviolet-
visible spectroscopy, powder X-ray diffraction, Fourier transform infrared 
spectroscopy, and energy dispersive X-ray spectroscopy. The nanoparticles 
of ACV and PQ were seen at the wave length of 573 nm and 520 nm, 
respectively. The nanoparticles of both ACV and PQ leaves extract showed 
antioxidant, antibacterial, and antifungal activities. ACV nanoparticles 
showed increased antioxidant and antimicrobial activity compared to 
PQ. Taken together, the results reveal that the AuNPs synthesized from 
leaves of ACV and PQ possesses antioxidant and antimicrobial activity.

SATABDI RAUTRAY AND A. USHA RAJANANTHINI

Nanotechnology is the most 
active area of research in the 
f ield of biotechnology (1). 
Nanobiotechnology applies 

the nanoscale principle to help understand 
and modify biosystems, including living 
and non-living, by using biological mate-
rials to make new strategies (2). Several 
methods are applied to synthesize nanopar-
ticles including chemical, physical, electro-
chemical, sonochemical, irradiation, and 
biological methods. Among these, biolog-
ical methods, by way of microorganisms 
(microbial nanosynthesis) and plants (phy-
tonanosynthesis), are the most preferable. 
The synthesis of nanoparticles using plant 
extract provides advancement over other 
methods because it is simple, one step, 
cost-effective, environmentally friendly, 
relatively easy to reproduce, less toxic, and 
more effective (3–6).

Nanoparticles show novel and improved 
properties based on particular characteristics, 
such as size, distribution, and morphology 
(7). Metal nanoparticles, especially gold nan-
oparticles (AuNPs), show tremendous ther-
apeutic potential against pathogens (8–10). 
The sizes of AuNPs vary from 1 nm to 8 
μm, and the shapes are spherical, octahedral, 
sub-octahedral, decahedral multiple twinned, 
icosahedral multiple twinned, irregular shape, 
nanotriangles and nanoprisms, tetrahedral, 
hexagonal platelets, and nanorods (11–12). 
Researchers in the fields of medicine, cosme-
tology, biology, clinical chemistry, and phar-
macology (13–17) have focused their attention 
on AuNP synthesis because of the particles’ 
distinctive properties, including physiochemi-
cal and biological (18–20). Gold nanoparticles 
are also used for the diagnosis and treatment 
of several diseases, such as diabetes, cancer, 
Parkinson’s, Alzheimer’s, HIV/AIDS, tuber-

Therapeutic Potential 
of Green, Synthesized 
Gold Nanoparticles
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