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U ltraviolet (UV) and  visible 
spec t rophotometers a re 
found in every bioana-
lytical laboratory and are 

frequently used to measure concentra-
tions of both proteins (1) and nucleic 
acids (2). Concentration of an analyte 
is related to absorbance at a specified 
wavelength by Beer’s Law. Absorbance 
of light at a specific wavelength is 
defined as the log10 (I0/I), where I0 
is the intensity of the light before it 
enters the sample and I is the inten-
sity of the light after it passes through 
the sample. This definition of absor-
bance assumes light is either absorbed 
by the solution or transmitted, and 
that scattered or reflected light is a 
minor component (3). Measurements 
of the light transmitted by solutions 
of large complex molecules that may 
contain particles that may scatter a 

significant amount of light are more 
properly termed decadic attenuance 
(DA). DA refers to the base 10 loga-
rithm of the ratio of the incident to 
the reduced light intensity measured 
in the sample without correction due 
to scattering or reflection. Protein 
solutions such as monoclonal anti-
bodies (mAbs), for example, may con-
tain particles capable of light scatter 
in formulation conditions that induce 
colloidal instability.  

The formulation of protein biophar-
maceuticals, such as mAbs in many 
cases, requires high concentrations to 
reduce the volumes administered to 
patients. It is advantageous to do direct 
measurements on these protein solu-
tions to determine the concentration 
for quality control programs. This has 
been made possible by the develop-
ment of efficient analytical methods 
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and instruments. DA measurements of pro-
teins at high concentrations directly with-
out dilutions requires short pathlengths to 
ensure that sufficient light is detected by 
the spectrophotometer. Short-pathlength 
cuvettes can be used in conventional dou-
ble-beam spectrophotometers, or a new 
generation of spectrophotometers have 
been developed that can measure the full 
absorbance spectrum of samples using 
microliter volume (MV) samples using 
short pathlengths. 

A var iable pathlength spectroscopic 
instrument that uti l izes a f iber optic 
probe to measure absorbances at multiple 
pathlengths (0.01 mm to 15 mm) and the 
resulting “slope spectroscopy” data can be 
used to measure highly concentrated pro-
tein samples (4–6).

NIST has developed Standard Reference 
Material (SRM) 2082, a pathlength stan-
dard for these MV spectrophotometers and 
short-pathlength cuvettes (7). SRM 2082 
is composed of solutions of tryptophan 
and uracil in a buffer, and these solutions 
can be used to evaluate pathlengths in the 
UV range. The authors propose using SRM 
2082 to calibrate short-pathlength cuvettes/
instruments and/or determine if MV spec-
trophotometers are operating correctly 
within the specifications. Additionally, 
once pathlength and instrument perfor-
mance have been verified using SRM 2082, 
a reference material such as the NIST mAb 
reference material (RM 8671) may be used 
to confirm spectrophotometer performance 
with a protein that has similar biophysi-
cal properties to many biopharmaceuticals. 
The reference value for the concentration 
of RM 8671 (NISTmAb) was determined 
using DA measurements at 280 nm, and 
this reference material has been well char-
acterized by many additional measurement 
methods (8, 9). 

This study, using two example applica-
tions, was designed to illustrate how the 
NIST standards can be used to achieve 
reproducible optical pathlength and pro-
tein concentration measurements. The 
authors have demonstrated how SRM 2082 
can be used to calibrate short-pathlength 
cuvettes to increase the measurement accu-
racy and also to benchmark the absorbance 
measurements of MV spectrophotometers 

and MV plate readers. RM 8671 was then 
used as a relevant biopharmaceutical sam-
ple to confirm the pathlength calibrations 
done with SRM 2082 and benchmark the 
DA measurements using a MV spectropho-
tometer and a MV plate reader.

Materials and Methods
Samples
The development and characterization of 
SRM 2082 have been detailed (7). SRM 
2082 is composed of solutions of trypto-
phan and uracil in a buffer, 10 mmol/L 
2-amino-2-hydroxymethyl-propane-1,3 
diol, pH 8.0 buffer (TRIS buffer, included 
in the standard for a blank sample). SRM 
2082 is stored at -20 °C, but can be kept for 
at least three months at 4 °C. It is impor-
tant to fully mix the samples by bringing 
the solutions to ambient temperature and 
then invert the vials 20 times to ensure a 
uniform solution.

The NISTmAb (Reference Material 8671, 
lot 14HB-D-002) is a humanized IgG1κ 
mAb at a concentration of nominal 10 mg/
mL (9). The NISTmAb is in a buffer com-
posed of 12.5 mmol/L L-histidine, 12.5 
mmol/L L-histidine HCl, pH 6.0 (His buf-
fer). Samples were kept at -80 °C for long-
term storage. The samples were brought to 
ambient temperature for approximately 30 
min and then inverted 10 times. Samples 
were aliquoted and stored at -80 °C. The 
thawed samples could be kept at 4 °C for 
up to a month.

Certified absorbance values of  
SRM 2082 and reference values of RM 8671
The certified values of the tryptophan and 
uracil solutions of NIST SRM 2082 were 
measured using NIST calibrated cuvettes 
(0.01 cm to 0.2 cm) and the NIST material 
measurement laboratory transfer spectro-
photometer  (traceable to the NIST high-
accuracy spectrophotometer) (10). The 
measurements were done at a spectral 
bandwidth of 0.8 nm and a temperature of 
22 °C. Additional details are available from 
the certificate of analysis for SRM 2082 
(NIST SRM webpage, www.nist.gov/srm) 
and Lang et al. (7). The reference value 
measurement of the NISTmAb samples is 
described in the report of investigation 
for RM 8671 (also available at www.nist.
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gov/srm) and a recent publication (9). The 
NISTmAb RM 8761 (lot 14HB-D-002) refer-
ence mass concentration value is 10.003 
mg/mL with a standard Type A uncertainty 
of 0.176 % (Reference Material 8671, www.
nist.gov/srm). The protein concentration 
was calculated using the measured DA val-
ues and a theoretical extinction coefficient 
(1.42 mL·mg-1·cm-1) (9, 11–13). The DA value 
and uncertainty (Table I) were from the ref-
erence measurement of NIST RM 8671 (9), 
normalized to a 1-cm pathlength.

Measurements on the MV  
spectrophotometer and MV plate reader
The SRM 2082 and RM 8671 samples were 
measured using a MV spectrophotometer 
(Nanodrop One C, Thermo Fisher Scientific). 
Samples of the His or TRIS buffer were run 
to blank the instrument. MV spectropho-
tometer measurements were performed 
by applying samples to the measurement 
surfaces with a pipette (2–3 µL). Between 
replicates, the sample stage was wiped off 
with a laboratory wipe, cleaned with water, 
wiped again, and a new sample applied for 
measurement. The instrument was oper-
ated at ambient temperature (22 °C) in the 
NIST laboratories. The measurements at 
260 nm and 280 nm using the MV spectro-
photometer were corrected by the instru-
ment software using the absorbance at 340 
nm (non-absorbing region).  The MV spec-
trophotometer was checked to ensure the 
correct operation based on the recommen-
dations of the manufacturer. The baseline 
correction from the absorbance at 340 nm 
is an adjustment to zero the baseline of the 
sample at that wavelength and is not a wave-

length-dependent correction specific for 
protein scattering.

Samples of SRM 2082 and RM 8671 were 
measured using a MV plate reader (BioTek 
Synergy MX microvolume plate reader) with 
a Take3 microvolume plate and operated 
according to the manufacturer’s instruc-
tions. A basic system test was run and 
evaluated to confirm full operation of the 
reader’s motors, lamp, the detector, and 
various subsystems. A calibrated absorbance 
test plate was used to confirm mechani-
cal alignment, including optical density 
accuracy, linearity, and repeatability, and 
wavelength accuracy for the following 
wavelengths: 405 nm, 450 nm, 490 nm, 550 
nm, 620 nm, 630 nm, 690 nm, and 750 nm. 
An absorbance liquid test was performed to 
confirm repeatability and alignment of the 
reader when a solution is used in a micro-
plate.  The Take3 microvolume plate was 
pathlength calibrated as described in the 
manufacturer’s instructions. Briefly, 2 µl of 
buffer were loaded onto the microspot slide 
for the blank sample. Both the microspot 
slide and top slide were cleaned using a 
dry laboratory wipe and deionized water. 
Samples of interest were loaded onto the 
microspot slide and absorbance measured 
at 260 nm for the uracil component of SRM 
2082 and 280 nm for the tryptophan com-
ponent of SRM 2082 and RM 8671 samples. 
All values were imported via the Gen5 soft-
ware and exported into excel for analysis. 
The values at 260 nm and 280 nm were 
corrected by subtracting values at 320 nm 
(non-absorbing region) and normalized to 
a pathlength of 1 cm. The baseline cor-
rection from the absorbance at 320 nm is 
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Table I. Certified absorbance values for the components of SRM 2082 and the reference value decadic 
attenuance (DA) for RM 8671. SRM 2082 is Standard Reference Material (SRM) 2082.

*The uncertainties were calculated as described in the NIST certificate of analysis for SRM 2082 and **decadic attenuance (DA), standard type 
A uncertainty (9), report of investigation for RM 8671 (see certificates at www.nist.gov/srm). ***The DA was corrected for protein scattering done 
using the DA values from 320 nm to 340 nm as described in the text (13).

Test sample Absorbance 260 nm Absorbance/DA 280 nm

Tryptophan  8.350 ± 0.003*

Uracil  7.990 ± 0.003*  

NISTmAb (DA)   14.204 ± 0.026**

NISTmAb (wavelenth dependent corrected scattering at  
320 nm to 340nm)

  14.125 (S.D. 0.008)*** 

NISTmAb (simple correction at 320 nm)   14.145

NISTmAb (simple correction at 340 nm)   14.174 
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an adjustment to zero-the-baseline of the 
sample at that wavelength and is not a 
wavelength-dependent correction specific 
for protein scattering. 

Results and discussion
Test samples
The respective UV spectra of the tryptophan 
component of SRM 2082 and RM 8671 (the 
NISTmAb) were measured with a double-
beam spectrophotometer (Figure 1). They 
have a similar shape with a broad peak at 
280 nm. To ensure accurate measurements 
of protein and nucleic acid concentrations, it 
is important to ensure that the absorbance 
and pathlength values follow Beer’s Law. 
Beer’s Law (shown in Equation 1) describes 
the fundamental relat ionship among 
absorbance, target analyte, concentration, 
and pathlength:

A = εbc
[Eq. 1]

where A is absorbance, ε is the extinc-
tion coefficient, b is pathlength, and c is 
concentration. The units for the extinction 
coefficient (ε) are usually mol-1·L·cm-1, for 
the pathlength cm, and mol· L-1 for concen-
tration (c). Alternatively, the extinction coef-
ficient can have units of mg-1·L·cm-1 resulting 
in concentrations of mg/mL. 

Absorbance is the -log10 of transmittance 
of light, and it has a proportional (linear) 

relationship with concentration when solu-
tion and instrument conditions follow Beer’s 
Law. Measurements of the absorbance of 
target analytes at high concentrations may 
have serious limitations. An instrumental 
limitation is that, at high absorbance, very 
little light is transmitted by the solution 
and reaches the detector. For instance, at an 
absorbance of 3, only 0.1 % of the incident 
light reaches the detector, potentially lead-
ing to serious signal-to-noise issues. Shorter 
pathlengths can help keep the absorbance 
values in the optimal range for measure-
ments (0.6 absorbance unit [AU]). Figure 2 
shows the relationship between the DA of 
RM 8671 (corrected for absorbance of the 
HIS buffer) and the pathlengths of the NIST 
calibrated cuvettes. These results show that 
the RM 8671 measurements have a linear 
correlation of DA and pathlength using these 
conditions. Lang et al. also showed that the 
tryptophan and uracil components of SRM 
2082 also followed a proportional (linear) 
relationship of UV absorbance with path-
length over this same range (7).

Protein solutions can contain particu-
lates that scatter light in spectroscopic 
measurements. Var ious methods have 
been used to correct the measurements for 
light scattering. These methods use mea-
surements at higher wavelengths (above 
320 nm), where proteins do not typically 
absorb light (6, 13, 14). Rayleigh light scat-
tering predicts that if the protein aggre-
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Figure 1: Ultraviolet spectra of the tryptophan 
component of SRM 2082 and RM 8671 
(the NISTmAb) at 0.05-cm pathlength. The 
spectral band width was 0.8 nm. SRM 2082 
is Standard Reference Material 2082.

Figure 2: Proportionality of the decadic attenuance 
(DA) measurements of RM 8671 with cuvette 
pathlength. Samples of RM 8671 were measured 
in the NIST calibrated cuvettes at 280 nm with the 
indicated pathlengths at 22 °C. Single point DA 
measurements with the NIST calibrated cuvettes 
had an R2 value for the linear regression of 1.0. The 
uncertainty in the measurments is approximately 1%. 
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gates are smaller than the wavelength of 
light, then the scattering is inversely pro-
portional to the fourth power of the wave-
length of light (λ); shorter wavelengths will 
scatter greater amounts of light than longer 
wavelengths (14). Using this theory the cor-
rected absorbance at 280 nm (A280) can be 
calculated by subtracting the protein light 
due to scattering by measuring the absor-
bance at non-absorbing reference wave-
lengths (Aref) and using the wavelength 
dependence ((λref/λ280)4) of scattered light, 
as shown in Equation 2 below (adapted from 
Maity et al. [13]):

A280, corrected = DA280, observed – (λref/λ280)4  x 
Aref 

[Eq. 2]

The authors did the correction for light 
scattering on the data from the NISTmAb 
samples (RM 8671, lot 14HB-D-002) using 
this equation for measurements at the ref-
erence wavelengths of 320 nm to 340 nm 
(average of the data at 0.5 nm resolution) 
(Table I). This correction is not large (approxi-
mately 0.6%) in this case, but it can be sig-
nificant in some samples. 

The reference absorbance values for the 
components of SRM 2082 and RM 8671, 
normalized to a 1-cm pathlength to facili-
tate comparisons, were derived from their 
reference values measured by NIST (Table 
I). These values are based on many pre-
vious measurements of the NIST refer-
ence materials from many measurements, 
including investigation of several sources 
of uncer ta int y in the measurements 
(w w w.n ist .gov/srm).  S imple base l ine 
corrections for the NIST mAb reference 
values were done by subtracting the DA 
at 340 nm and 320 nm to facilitate the 
comparisons of the reference values for 
MV spectrophotometer and the MV plate 
reader, respectively (Table I), because the 
software for these instruments does this 
correction. 

The authors have included two exam-
ples  of  appl icat ions using the N IST 
standards to ensure the qualitiy of the 
measurments of protein biopharmaceu-
ticals. The first is the use of SRM 2082 
to calibrate the pathlength of a short-
pathlength cuvette, followed by using the 

calibrated pathlength of the cuvette to 
determine the DA of RM 8671 (NISTmAb) 
and calculating the resulting protein con-
centration using the theoretical extinction 
coeficient (13) as a control of the calibra-
tion using a typical protein pharmaceuti-
cal modeled by RM 8671. 

Example #1: calibration of  
a short-pathlength cuvette
The components of  SR M 2082 were 
used to il lustrate the calibration of a 
short-pathlength cuvette. The cuvette 
was obtained from a vendor with an 
approximately (nominal) pathlength of 
0.05 cm. This cuvette had been previously 
calibrated at NIST using interferometry and 
other dimensional metrology methods (7) 
as 0.05115 cm. 

Although NIST has the higher-order 
metrology equipment to precisely measure 
the pathlength, these resources may not be 
readily available to many biopharmaceutical 
laboratories. The authors wanted to deter-
mine how well a typical laboratory could do 
a calibration on a short-pathlength cuvette 
using conventional commercial dual beam 
spectrophotometers. The absorbance values 
of the tryptophan (at 280 nm) and uracil (at 
260nm) components were measured using 
two different dual beam spectrophotometers. 
Equations 3 and 4 were used to calculate the 
pathlengths (in cm) of the cuvette using 
three measurements at the respective maxi-
mal absorbance wavelength for tryptophan 
and uracil:

l = 8.3498 (cm-1)/A280 (tryptophan)  
[Eq. 3]

l = 7.9903 (cm-1)/A260 (uracil) 
[Eq. 4]

Table II shows the pathlengths calculated 
using measurements from tryptophan, ura-
cil, and the average of both. These measure-
ments were done at a spectral band width of 
0.8 nm and a temperature of 22 °C. The coef-
ficients of variation (CVs) for the dual-beam 
spectrophotometers are less the 0.25% for 
these measurements (Table II). 

The next step was to measure the DA 
of RM 8671 (NISTmAb) using the same 
cuvette and conditions (spectral band 
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width of 0.8 nm and a temperature of 
22 °C) on two dual-beam commercial 
spectrophotometers. The NISTmAb was 
measured three times, and the DA val-
ues at 280 nm were normalized to 1 cm 
using the calculated pathlengths shown 
in Table II. The DA values were then used 
to calculate an apparent protein concen-
trat ion by dividing by the theoretical 
extinction coefficient (1.42 mL·mg-1·cm-1) 
(14). The dif ferences between the cal-
culated protein concentration and the 
reference value (10.003 mg/mL) were 
calculated as a percentage of the refer-
ence value. In this manner, SRM 2082 
components were used to calculate the 
pathlengths, and RM 8671 was used as a 
protein biopharmaceutical control with 
an established concentration to bench-
mark the concentration measurements.

The results show that using the approxi-
mate (nominal) pathlength for the 0.05 cm 
cuvette, as provided by the manufacturer, 

leads to calculated absorbances/DA (and 
resulting concentration values) 2% to 3% 
higher than the reference value (for this 
example). Using the pathlength values 
obtained using SRM 2082 reduces the dif-
ferences to less than 0.3%, showing that 
the laboratories can perform pathlength 
calibrations of short-pathlength cuvettes 
to ensure accurate protein concentration 
measurements. 

Example #2: benchmarking  
the performance of a MV  
spectrophotometer and a MV plate reader
Figure 3 shows typical data for absorbance 
measurements taken over three days for 
the components of SRM 2082 obtained 
using a MV spectrophotometer and a MV 
microplate reader. The measurements over 
the three days were normalized as the per-
centage of the reference values (Table I) to 
facilitate comparison between the different 
samples. 
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Table II. SRM 2082 components used to calculate the pathlengths of a 0.05 cm cuvette and to 
calculate the concentration of RM 8671 on two dual-beam (DB) spectrophotometers. SRM 2082 is 
Standard Reference Material (SRM) 2082.

Method to calculate Calculatted  
pathlength, cm

DA 280 nm, RM 8671  
(normalized to 1 cm)

Resulting 
protein  
(mg/mL)

Difference 
(%)

DB Spectrophotometer A

SRM 2082 Trp.  280 nm 0.05080 (0.00008, n=3) 14.249 (0.035) 10.035 (0.025) 0.32

SRM 2082 Uracil 260 nm 0.05096 (0.00001, n=3) 14.205 (0.035) 10.003 (0.025) 0.01

SRM 2082 both  0.05088 (0.00005, n=3) 14.227 (0.035) 10.019 (0.025) 0.16

Calibration by dimensional 
metrology and IF 

0.05115 (0.00004)* 14.152 (0.035) 9.966 (0.025) -0.37

Approximate value 0.05 14.477 (0.036) 10.195 (0.025) 1.92

DB Spectrophotometer B 

SRM 2082 Trp. 280 nm 0.05094 (0.00005, n=3) 14.291 (0.007) 10.064 (0.005) 0.61

SRM 2082 Uracil 260 nm 0.05129 (0.00004, n=3) 14.195 (0.007) 9.997 (0.005) -0.06

SRM 2082 both 0.05111 (0.00005, n=3) 14.243 (0.007) 10.030 (0.005) 0.28

Calibration by dimensional 
metrology and IF

0.05115 (0.00004)* 14.233 (0.007) 10.024 (0.005) 0.2

Approximate value 0.05 14.560 (0.007) 10.253 (0.005) 2.51

*NIST uncertainty values for the cuvette measurements from previous NIST measurements (Report of Analysis for SRM 2082).
TRP is tryptophan.
IF is infrared spectroscopy.

Table III. Average percentage of reference values and 95% confidence interval.

Instrument Tryptophan (95% C.I.) Uracil (95% C.I.) NISTmAb (95 C.I.%)

MV Spectrophotometer 101.1 (103.3-98.8) 101.2 (102.1-100.4) 100.1 (101.3-99.4)

MV Plate Reader 101.2 (102.0-100.3) 102.9 (109.4-96.4) 101.8 (103.1-100.5)
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These results are typical among those 
obtained by the authors over many measure-
ments with these instruments. The path-
length of the MV spectrophotometer can 
vary from 0.003 cm to 0.1 cm (adjusted auto-
matically), and the MV plate reader is approx-
imately 0.05 cm, according to the instrument 
manufacturers. The tryptophan and uracil, 
components at a 0.05-cm pathlength, would 
have absorbances of approximately 0.42 and 
0.40, respectively. These values are close to 
the optimal range for absorbance measure-
ments. Samples that are significantly lower in 
concentration will be a challenge to measure 
producing low absorbances that can increase 
variability among replicate values.

The data for the MV spectrophotometer 
and the MV plate reader for three days of 
measurements (shown in Figure 3) were ana-
lyzed to determine if there were evidence for 
biases in the measurements. If a statistical 
analysis provides evidence for bias, then a 
pathlength calibration might be justified to 
improve the quality of the measurements. 
The average of the measurements and a 95% 
confidence interval for the three days of data 
were calculated (Table III). The accuracy (differ-
ence from the measured value to the reference 
certified values) for the tryptophan and uracil 
samples for the MV spectrophotometer range 
from 1.1% to 1.2%, and for the MV plate 
reader the range was 1.2% to 2.9% (Table III). 

The 95% confidence intervals for the tryp-
tophan and uracil measurements on the MV 
spectrophotometer and the MV plate read-
ers contains the values of 100% for both 
samples, indicating that these data do not 
provide statistically significant evidence that 
would indicate the benefit of a new calibra-
tion based on these data. The 95% confi-
dence interval of the measurements from the 
NISTmAb (RM 8671) sample using the MV 
spectrophotometer and MV plate reader also 
contains the value of 100%, indicating that 
these data do not provide statistically signifi-
cant evidence that would support the need 
for a new calibration.

ConClusion
In this example, the most appropriate 
application of SRM 2082 for MV instru-
ments would be as a standard to benchmark 
the pathlength measurements to ensure 
that the instrument was working correctly 
within the 95% confidence intervals, based 
on the absorbance measurements for the 
particular instrument. Because the MV 
instruments have a higher variability (CVs) 
in the measurements compared to the dual 
beam instruments, measuring the 95% 
confidence interval using the SRM 2082 
components is useful to ensure that the 
instruments are operating within their 
pathlength specifications. 

Figure 3: Absorbance and decadic attenuance (DA) measurements normalized to the percentage 
of reference values for a MV spectrophotometer (A) and a MV plate reader (B). The reference values 
for the NISTmAb were the values simple-corrected for absorbance at 340 nm and 320 nm (Table I) 
for the MV spectrophotometer and the MV plate reader measurements, respectively. Measurements 
were done on three separate days. The measurements were normalized to a 1-cm pathlength 
and then the values were calculated as the percentage of the reference values (Table I). For the 
NISTmAb measurements, the MV spectrophotometer and the reference values were corrected by 
subtracting the 340 nm values and the MV plate reader measurement, and reference values were 
corrected by subtracting the 320 nm values.  The error bars are 1 coeficient of variation from n=3 
measurements for the MV spectrophtometer and n=16 measurements for the MV plate reader. 
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A stat ist ical ly signif icant change in 
the absorbance values of SRM 2082 com-
ponents outside the 95% conf idence 
interval would indicate a problem, and 
the instrument manufacturer should be 
contacted. 

The development of spectrophotometers 
that can make sophisticated spectral mea-
surements on microliter volume samples 
has been a major technological accom-
plishment. The straightforward sample 
preparation and speed of making multiple 
measurements, while conserving precious 
samples, make these instruments highly 
desirable for analysis of many biopharma-
ceutical samples. 

This study shows the utility of NIST 
standards in a quality-control program 
for protein biopharmaceut ica ls .  SRM 
2082 can be used to calibrate short-path-
lengths cuvettes and ensure the correct 
working of MV instrument using materi-
als that have a spectrum similar to the 
major targets in bioprocessing research, 
proteins and nucleic acids (15–20). The 
components of SRM 2082 materials have 
signi f icant advantages over ex ist ing 
dichromate-based absorbance standards, 
including safety, stabi l ity, and absor-
bance peak shapes that match proteins 
and nucleic acids (7). NIST RM 8671 is a 
well-characterized mAb for many mea-
surements with the chemical and physi-
cal properties similar to antibody-based 
biopharmaceuticals. These standards can 
be used to assist in the quality control of 
concentration measurements of biophar-
maceuticals.
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