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The vexi g error of excess varia ce i  measureme ts of 
 a oparticle size distributio s degrades accuracy i  
applicatio s ra gi g from quality co trol of  a o-

particle products to hazard assessme t of  a oplastic by-
products. The particular importa ce of lipid  a oparticles for 
vacci e a d medici e delivery motivates this Letter to the 
Editor, which co cer s a publicatio 1 i  ACS Nan  a d also 
prese ts origi al research. I  ref 1, the be chmark measure-
me ts of a  a oparticle sta dard ma ifest large errors of the 
size distributio  that co tradict the claim of validatio . I  
subseque t applicatio s of the method to measure lipid 
 a oparticles, pote tial errors could bias the correlatio  of 
fuoresce ce i te sity as a  optical proxy for molecular loadi g 
a d give misleadi g i sights from power-law models of 
i te sity−size tre ds. Looki g forward, measureme t error 
models may address this issue. 
A brief review provides helpful co text. Heteroge eous sizes 

a d properties of colloidal  a oparticles are challe gi g to 
measure. Measureme ts of  a oparticle e sembles ofte  
ca  ot resolve size a d property distributio s, providi g o ly 
estimates of mea s―ordi arily arithmetic mea s but 
occasio ally harmo ic mea s―a d varia ces. For example, 
photo  correlatio  spectroscopy or dy amic light scatteri g,2 

which is i  commo  use a d abuse for measuri g these values,3 

as well as fuoresce ce correlatio  spectroscopy,4 which 
co te ds with focal volume artifacts,5 rearra ge the Stokes− 
Ei stei −Sutherla d6,7 equatio  to i fer hydrody amic 
diameter from e semble difusivity. E semble measureme ts 
ca  output some i formatio  about the molecular loadi g of 
lipid  a oparticles if size distributio s are available as 
additio al i puts,8 but measureme ts of si gle  a oparticles 
ca  be more i formative a d less depe de t o  model 
assumptio s. Na oparticle tracki g a alysis,9 which is the basis 
of the measureme t method i  ref 1, i fers the hydrody amic 
diameters of si gle  a oparticles from optical microscopy of 
difusive trajectories, a d also yields estimates of optical 
properties such as fuoresce ce i te sity for correlatio . 
However, short trajectories through the focal volume of a  
optical microscope limit sizi g resolutio , motivati g Bayesia  
statistical a alyses to improve accuracy10 a d fuidic devices to 

co f e  a oparticles, prolo g tracki g, a d improve sizi g 
resolutio .11 

Measurement Function. A co seque ce of fuidic 
co f eme t is a reductio  of  a oparticle difusivity through 
hydrody amic i teractio s, requiri g a correctio  for this 
systematic efect. I  the simplest case of a co f i g slit, the 
resulti g measureme t fu ctio  is 

= · ·d
k T C

D3h
B

(1) 

where dh is the hydrody amic diameter of a si gle  a o-
particle, kB is the Boltzma   co sta t, T is the absolute 
temperature of the dispersio  fuid, η is the ki ematic viscosity 
of the dispersio  fuid, C is a hydrody amic correctio , a d D||
is the difusivity parallel to the slit surfaces (Table S1). I  ref 1 
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where ds is the slit depth.
12,13 

Input Quantities. The measureme t fu ctio  i  eq 1 has 
multiple i put qua tities that require co sideratio  a d that 
ca  i troduce systematic efects, whereas ref 1 reports o ly 
 omi al values of ds a d appare t values of D||. Regardi g T/η, 
qua titatio  of fuid temperature a d viscosity, a d validatio  
of temperature stability a d fuid quiesce ce, are all  ecessary 
but abse t from ref 1. Regardi g C/D||, the hydrody amic 
correctio 12,13 applies o ly at the midpla e of a slit a d 
deviates sig ifca tly from the results of careful measureme ts 
of microparticle difusio   ear the surface of a slit,14 a d a 
mea  correctio   eglects the varyi g diameters of si gle 
 a oparticles. Further, the a alysis i  ref 1 extracts D|| from a 
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Figure 1. (a) Scatter plot showing diameter distribution errors from the benchmark measurements of a nanoparticle standard in ref 1. 
Vertical bars are 68% coverage intervals of digitizing errors and sampling variability (Supporting Information of this Letter). (b) Histograms 
showing representative diameter distributions of (gray) the nanoparticle standard, (orange) ref 1, for the corresponding orange data marker 
in (a), and (cyan) an error simulation. (c) Marginal histograms and scatter plots showing a representative negative bias that is evident as a 
slope suppression in a linear model of ln (intensity) versus ln (radius). (c-i,iii) (Solid gray with black outline) Marginal histograms showing 
reference data without measurement errors. (Hatch gray with gray outline) Marginal histograms showing data with ln (intensity) errors only. 
(Solid cyan) Marginal histograms showing data with both ln (intensity) and ln (radius) errors. (c-ii) Scatter plots showing ln (intensity) 
versus ln (radius) data (black data markers) without measurement errors, (gray data markers) with ln (intensity) errors, and (cyan data 
markers) with both ln (intensity) and ln (radius) errors. (Dash gray) Line showing least-squares ft to gray data markers. (Solid cyan) Line 
showing least-squares ft to cyan data markers. (c-i,v) Scatter plot and marginal histograms showing residual values of ln (intensity) from the 
fts in (c-ii), with approximately normal distributions around means of zero. (d-i,ii) Contour plot and (dash section) line plot showing errors 
of the power-law exponent for a true exponent with a representative mean of 3.0 in a factorial analysis as a function of diameter distribution 
errors. The fve data markers in (d-i) correspond to the fve microwell depths in (a). Uncertainty of the error of the power-law exponent in 
(d-ii) is smaller than the orange data marker. The black arrow and open circle correspond to a hypothetical halving of a representative error 
of the standard deviation between the eforts to validate and apply the measurement method. 
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Table 1. Data from Table 2 of Reference 1 and Figure 1F of Reference 1a 

property source qua tity ( m) 

microwell depth Table 2 200 350 500 800 1200 
particle size from mean difusivity Table 2 62 ± 2 45 ± 2 47 ± 1 48 ± 2 43 ± 1 
harmo ic mea  diameter Figure 1F 61.3 ± 2.5 46.8 ± 1.0 48.6 ± 0.7 48.2 ± 0.8 45.3 ± 1.2 
arithmetic mea  diameter Figure 1F 73.1 ± 3.2 52.9 ± 1.0 52.8 ± 0.8 52.2 ± 0.8 50.8 ± 1.3 
sta dard deviatio  of diameter Figure 1F 33.9 ± 3.6 18.6 ± 0.7 15.9 ± 0.6 14.7 ± 0.6 18.3 ± 1.0 

aBold text i dicates data from Table 2 of ref 1. Regular text i dicates  ew a alysis of Figure 1F of ref 1. U certai ties therei  are 68% coverage 
i tervals of digitizi g errors a d sampli g variability (Supporti g I formatio , Notes S1−S3 of this Letter). 

model of difusio  i  two dime sio s i  a co f i g circle,15 dime sio s i  a co f i g slit. Neither aspect matches the 
whereas C corrects the parallel compo e t of difusio  i  three experime tal scheme of difusio  i  a co f i g cyli der, a d a 

https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c04894/suppl_file/nn2c04894_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c04894?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c04894?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c04894?fig=fig1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c04894/suppl_file/nn2c04894_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c04894?fig=fig1&ref=pdf
https://doi.org/10.1021/acsnano.2c04894?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


represe tative model ft systematically u derestimates the 
experime tal data at short lag times (Figure 1D of ref 1). As 
well, optical microscopy throughout a wide16 a d deep17 focal 
volume requires calibratio  of scale factor a d aberratio  
artifacts such as distortio  a d defocus to correct appare t 
trajectories that are the source data for D||. Fi ally, a formal 
measureme t requires accurate estimates of  ot o ly i put 
qua tities but also i put u certai ties, a d their propagatio  
through the measureme t fu ctio  to a  output qua tity a d 
output u certai ty,18 which is i complete i  ref 1. 
Nanoparticle Standard. Eve  after a complete evaluatio  

of u certai ty, i depe de t validatio  is  ecessary. The efort 
to validate i  ref 1 i volves tests of a  a oparticle sta dard, 
co sisti g of polystyre e spheres loaded with hydrophobic 
fuorophores, i  cyli drical microwells of fve depths (Table 1 
of this Letter). Validatio  would require agreeme t of the test 
results with at least two refere ce values of the diameter 
distributio �a mea  of 47.8 ± 0.3  m a d a root varia ce or 
sta dard deviatio  of 6.3 ± 0.2  m.19 These u certai ties are 
68% coverage i tervals of sampli g variability o ly,  eglecti g 
pote tial u certai ty from other sources. Moreover, the 
experime tal measureme t method of ref 1 yields a hydro-
dy amic size, divergi g from the refere ce measureme t 
method of tra smissio  electro  microscopy, 19,20 which yields 
a steric size. Setti g aside this diverge ce, this key compariso  
sufces to critically evaluate the fou datio al claim of ref 1� 
validatio  of the measureme t method by agreeme t with the 
expected size withi  ± 1  m. I  a primary aspect of 
experime tal desig  that follows from the basic purpose of 
method validatio , the  a oparticle sta dard i  ref 1 was 
chose  to match the diameter of lipid  a oparticles i  
subseque t applicatio s of the measureme t method. 
Fitting Analysis. Refere ce 1 i volves sizi g of si gle 

 a oparticles but also aspects of e semble a alysis. Refere ce 
1 claims that the histograms i  Figure 1F show the collapse of 
difere t difusivity distributio s o to the same size distribu-
tio  after hydrody amic correctio , excludi g data from the 
shallowest device. Yet, the a alysis i  ref 1 calculates the mea  
difusivity for each microwell depth a d fts the hydrody amic 
correctio  to all of the data, i cludi g data from the shallowest 
device, reporti g a peak diameter of 49 ± 6  m. This value of 
ft u certai ty is disti ct from the refere ce value of sta dard 
deviatio �the two values are o ly coi cide tally equal, as the 
followi g subsectio  of this Letter o  distributio al errors 
shows. The ftti g a alysis i  ref 1, or alter atively combi i g 
the diameter histograms after hydrody amic correctio , could 
cause ra dom efects to ca cel, as would occur for replicate 
measureme ts. However, several of the systematic efects 
depe d o  microwell depth, a d a  assumptio  that they 
should ca cel would be questio able.
Independent Analysis. This issue motivates a  ew 

a alysis for each microwell depth i depe de tly (Table 1 of 
this Letter), which assumes  othi g of the correct ess of ftti g 
or combi i g all of the data, a d yields two root-mea -square 
errors as co ve tio al metrics of accuracy. This a alysis 
i volves data from all fve microwell depths, matchi g the 
efort to validate, as well as o e of the three applicatio s of the 
method to measure lipid  a oparticles i  ref 1. The a alysis 
begi s with calculatio  of the harmo ic mea , arithmetic 
mea , a d sta dard deviatio  of each diameter histogram i  
Figure 1F of ref 1 (Supporti g I formatio , Tables S2−S7 a d 
Notes S1−S3 of this Letter).21,22 The  a oparticle sizes from 
mea  difusivity i  Table 2 of ref 1 a d the harmo ic mea  

diameters agree withi  u certai ty, which is co siste t with 
the i verse proportio ality of arithmetic mea  difusivity a d 
harmo ic mea  diameter i  the Stokes−Ei stei −Sutherla d 
equatio . A similar efect results from e semble averagi g i  
dy amic light scatteri g,3 buildi g co fde ce i  the  ew 
a alysis. However, the a alysis i  ref 1 overlooks this relatio , 
resulti g i  a critical i co siste cy�the key compariso  to the 
refere ce values requires the arithmetic mea s, rather tha  the 
harmo ic mea s, as well as the sta dard deviatio s of the 
diameter distributio s. 
Distributional  rrors. All of the arithmetic mea  

diameters exceed the refere ce value of 47.8 ± 0.3  m (Figure 
1a of this Letter), yieldi g a root-mea -square error of 12.0  m 
or 25.1%. This error is a  order of mag itude greater tha  the 
correspo di g claim of ref 1, co frmi g the prese ce of 
systematic efects. The sta dard deviatio s of diameter are 
eve  more problematic. Refere ce 1 ack owledges excess 
varia ce due to short trajectories from fuoresce ce photo-
bleachi g but avoids qua tifyi g the distributio  widths. All of 
the sta dard deviatio s of diameter exceed the refere ce value 
of 6.3 ± 0.2  m (Figure 1a of this Letter), yieldi g a root-mea  
square error of 15.6  m or 247%. This large error correspo ds 
to diameter histograms that are several times wider tha  the 
refere ce diameter distributio , showi g low resolutio  for 
sizi g si gle  a oparticles. O  this basis, the claim of 
validatio  of the measureme t method by agreeme t with 
the expected size withi  ±1  m lacks substa tiatio . 
 xperimental Disconnect. I  the subseque t applicatio s 

of the measureme t method i  ref 1, a difere t objective le s 
a d imagi g co ditio s prolo g the tracki g a alysis from 600 
to 2000 images. Although lo ger trajectories could reduce the 
error of the sta dard deviatio 11 by up to a factor of 

=2000/600 1.83 2, difere t systematic efects could also 
be prese t due to scale factor a d aberratio  artifacts that are 
i tri sic to objective le ses.16,17 As well, ref 1  otes pote tial 
errors due to a hard-sphere a alysis of soft-lipid  a oparticles 
with complex difusive behavior. This mismatch of exper-
ime tal co ditio s a d pote tial errors disco  ects the eforts 
to validate a d apply the measureme t method. 
Potential Bias. This disco  ect results i  u certai  sizi g 

errors i  applicatio s of the measureme t method. However, 
eve  allowi g for a hypothetical halvi g of the error of the 
sta dard deviatio , a pote tial bias23 raises a questio  about 
the reliability of the results. A major goal of ref 1 is to use 
power-law models of the depe de ce of fuoresce ce i te sity 
o  hydrody amic size to study the loadi g of fuorophores i to 
lipid  a oparticles. I  ordi ary least-squares fts of such data, 
u recog ized errors of the i depe de t variable of size ca  
bias estimated parameters of models of the depe de t variable 
of i te sity.23 The pote tial bias depe ds o  the widths of 
both the true a d measureme t error distributio s of the 
i depe de t variable24 a d becomes critical i  compariso s of 
expected a d observed power-law expo e ts, which guide 
i terpretatio  of the results i  ref 1. Refere ce 1 omits such 
a alysis for the sta dard, which prese ts a other opportu ity 
to test expectatio s agai st observatio s, give  sufcie t sizi g 
resolutio . 25,26 

Size Simulations. Mo te Carlo simulatio s elucidate the 
pote tial bias for the refere ce diameter a d sizi g error 
distributio s i  ref 1 (Supporti g I formatio , Notes S4 of this 
Letter), whereas both distributio s are u certai  for the lipid 
 a oparticles. Without access to a refere ce diameter histo-
gram for the  a oparticle sta dard, the refere ce mea  a d 
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sta dard deviatio  parametrize a log- ormal distributio  of 
diameter, d. This commo  model allows characteristic 
asymmetry of  a oparticle size distributio s.27,28 A symmetric 
 ormal distributio  yields similar results (Supporti g I -
formatio  of this Letter). Skew- ormal distributio s of 
diameter errors approximate u k ow  combi atio s of 
ra dom a d systematic efects i  ref 1, with model parameters 
resulti g from deco volutio  of the experime tal histograms i  
Figure 1 of ref 1 with the refere ce diameter distributio . This 
 ew a alysis yields sy thetic histograms that closely match the 
experime tal histograms i  Figure 1F of ref 1 (Figure 1b, 
Supporti g I formatio , Figure S1 of this Letter). Per the 
choice of the sta dard a d the efort to validate, these 
histograms should resemble the diameter histograms of lipid 
 a oparticles i  Figures 2, 3, a d 6 of ref 1. 
Intensity Simulations. A power law the  co strai s 

fuoresce ce i te sity, I, by the model, I γrβ , with a 
coefcie t, γ, a  expo e t, β, a d cha gi g the i depe de t 
variable from diameter d to radius r, as i  ref 1. A 
tra sformatio  of this model by the  atural logarithm, l (I) 

β l (r) + l (γ), serves three purposes. First, this 
tra sformatio  facilitates modeli g of l  (i te sity) errors by 
a  ormal distributio  with a mea  of zero a d a ra ge of 
sta dard deviatio s that approximate the vertical scatter of l  
(i te sity) values at the ce tral radii i  Figures 2, 3, a d 6 of 
ref 1, capturi g both measureme t variability a d sample 
heteroge eity (Figure 1c, Supporti g I formatio , Figure S2 
a d Table S8 of this Letter). Seco d, this tra sformatio  
e ables ordi ary least-squares fts of li ear models to the l  
(i te sity) versus l  (radius) data, with the slope β equali g 
the power-law expo e t, as i  Figure 6 of ref 1. Third, this 
tra sformatio  facilitates a compariso  to the ca o ical 
example of slope suppressio  that motivates a measureme t 
error model.23 

Slope Suppression. A factorial study shows that the 
predomi a t efect is a suppressio  of the slope by the error of 
the sta dard deviatio  of the diameter distributio  (Figure 1c, 
Supporti g I formatio , Figures S2 a d S3 of this Letter). This 
study co siders true slopes ra gi g from 1.5 to 3.5, with a 
value of 3.0 matchi g the upper limit expected i  ref 1. This 
 egative bias has a  i tuitive expla atio �excess varia ce 
i creases the ru  of l  (radius) for a co sta t rise of l  
(i te sity), reduci g the slope of the tre d. This slope, which 
is equivale t to the expo e t of a power-law model,  omi ally 
gives physical or chemical i sight, such as by the proportio -
ality of fuorophore cou t to loadi g processes that depe d o  
surface area or volume. Accordi gly, this bias of the power-law 
expo e t ca  give misleadi g i sights, pote tially co fou di g 
i te sity−size correlatio  i  ref 1. For the ra ge of 
distributio al errors i  the efort to validate i  ref 1, errors 
of the arithmetic mea  that are much larger tha  errors of the 
sta dard deviatio  ca  ca cel this bias (Figure 1d of this 
Letter). However, the distributio al errors i  the efort to 
validate have the opposite relatio , i dicati g that the results 
lie outside of this ca cellatio  ba d, eve  allowi g for a 
hypothetical halvi g of the error of the sta dard deviatio  
betwee  eforts to validate a d apply the measureme t method 
(Figure 1d of this Letter). Moreover, eve  if a ca cellatio  of 
errors were to occur i  applicatio s of the measureme t 
method, this would co stitute a  u reliable basis for a  
accurate measureme t, substa tiati g the questio  of reli-
ability. 

Conclusion. The scope of ref 1 is ambitious, the 
experime ts are challe gi g, a d the efort of the authors is 
comme dable. However, a distributio al validatio  is  eces-
sary to fairly compare a d reliably apply methods to measure 
si gle  a oparticles. Agreeme t of both the mea  a d the 
sta dard deviatio  of a  a oparticle size distributio   ear the 
scale of 1  m requires comprehe sive calibratio  a d reveals 
the pote tial for u expectedly high power-law expo e ts 
modeli g i te sity−size tre ds, eve  for the commo  
sta dards be chmarked i  ref 1. 25,26 A  a swer to the questio  
of the reliability of the power-law expo e ts i  ref 1 would 
require qua titative a alysis of both the true a d sizi g error 
distributio s of lipid  a oparticle diameters. However, the 
susceptibility of such expo e ts to suppressio  by sizi g errors 
of the sta dard deviatio  prese ts a surprisi g possibility� 
observatio  of a  expected expo e t, which would ordi arily 
build co fde ce, could i stead result from a biased measure-
me t of a  u expectedly high expo e t. For this reaso , 
accurate measureme ts, rather tha  hypothetical expectatio s 
of fuorophore loadi g tre ds that  eglect the full scope of 
i teractio s of light with dielectric  a ostructures, are 
 ecessary to support reliable studies of lipid  a oparticles for 
vacci e a d medici e delivery, as well as studies that i volve 
 a oplastic sta dards for hazard assessme t. Eve  so, i  
these25,26 a d other29,30 studies, a y sizi g error is of co cer . 
This Letter to the Editor  ot o ly ide tifes this problem but 
also proposes a pote tial solutio  by the deco volutio  of 
experime tal histograms with refere ce histograms to i form 
measureme t error models.23 Future studies may be eft from 
the use of such models to avoid biases i  property correlatio  
a d parameter estimatio . 
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