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Porous Antibody-Containing Protein Microparticles as Novel 
Carriers for ELISA  

 Marina M. Neumann a and Dmitry Volodkin* b 

The new strategy for ELISA-based detection in small volumes 

based on porous antibody-containing protein microparticles was 

developed and employed for the determination of human 

Immunoglobulin G demonstrating improvements in both, increase 

of sensitivity and reduction of antibody consumption, by ten times 

compared to a conventional planar ELISA. 

At the present time enzyme immunoassay is one of the most 

widely used analytical methods in different fields of medicine, 

agriculture, microbiology and food industry as well as in monitoring 

the natural environment. This is due to the unique high affinity and 
specificity of the immunochemical reaction between an antigen and 

an antibody, and high sensitivity for the detection of an enzyme 

label.1 Efficiency and miniaturization of the immunoassays for the 

determination of various analytes such as toxins, steroids and 
cancer markers are nowadays one of main challenges in portable 

diagnostics. 

The conventional and most intensively used enzyme 

immunoassay is the heterogeneous enzyme-linked immunosorbent 
assay (ELISA). The planar geometry of the typically used support in 

ELISA - plastic ELISA plates - brings limitations for both the detection 

sensitivity and reduction of working volume of the test system. In 

addition, due to a limited sensitivity the consumption of expensive 
antibodies is rather high making the system more costly. Thus, 

there is a strong need to develop novel effective approaches to 

overcome these limitations. An obvious step to miniaturize ELISA 

platform and decrease the consumption of capturing antibodies or 
antigens is to increase the surface-to-volume ratio, for instance by 

using nanoparticles, optical fibers, porous hydrogel microspheres as 

a grafting platform or by covalent binding the capturing antibodies 

on ELISA plate surface instead of their hydrophobic sorption .2  

Recently a new potent and highly sensitive enhanced 
chemiluminescent detection system to increase the sensitivity of 

ELISA via using novel substrates for the horseradish peroxidase 

(HRP), the traditionally used enzyme as a label in ELISA has been 

proposed.3 This leads to a significant increase in the sensitivity of 
the analysis. 

      At the same time, modern approaches for encapsulation of 

fragile protein molecules have been developed based on 

porous vaterite CaCO3 microcrystals.4 The approach is based 

on three-step procedure: i) filling crystal pores by an 

appropriate method, ii) crosslinking protein-molecules 

physically or chemically, and iii) removal of the carbonate 

crystal in slightly acidic medium or by chelating agents such as 

ethylenediaminetetraacetic acid (EDTA) or citric acid. Mild 

encapsulation conditions make these sacrificial CaCO3 

templates very attractive to fabricate nano- and micro-

particles from pure proteins with a fine control over particle 

dimensions, porosity, mechanical properties, and a content of 

a bioactive compound. The protein particles templated onto 

the crystals represent an inverted replica of the crystals with 

the pore dimensions in the range of a few tens of nanometres. 

Although a number of proteins have been encapsulated, to the 

best of our knowledge, this encapsulation approach has not 

been used for templating of antibody-containing particles. 

Herein, the porous antibody-containing protein 

microparticles (PACPMs) have been synthetized via CaCO3 

crystal based templating and further used for ELISA analysis 

instead of a pure antibody (Scheme 1). The human 

immunoglobulin G (H.IgG) has been determined by ELISA as a 

model analytic compound using the goat anti-human IgG 

(GAH) as a specific antibody.  

Scheme 1 summarizes preparation steps for PACPMs 

synthesis. At the first step CaCO3 microcrystals containing 

protein mixture (GAH and BSA) were produced via co-synthesis 

that allows loading an enormous amount of protein into the 
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Scheme 1. Fabrication steps for PACPMs (1-3) followed by particle 

immobilization and immunoassay (4). 1. Co-synthesis of PACPMs using a mixture 

of antibodies and passive protein bovine serum albumin (BSA); 2. Crosslinking of 

the proteins by glutaraldehyde; 3. Template (CaCO3) removal by EDTA; 4. 

Immobilization of the PACPMs on the ELISA plate for the determination of H.IgG 

 

particles with a mass content of up to tens of percent.5 The 

use of passive protein BSA aims at both a reduction of costs of 

the expensive antibodies and an improvement of an 

accessibility of GAH in the particles (sterical limitations to 

access GAH molecules are highly likely for the pure GAH 

microparticles). The loading efficiency reached 70±11% (n=9). 

The loaded proteins were further crosslinked by 

glutaraldehyde followed by elimination of the CaCO3 crystals 

by EDTA (steps 2 and 3, respectively). Finally, PACPMs have 

been formed and further immobilized onto a plastic surface for 

ELISA (step 4). 

The synthesized CaCO3 microcrystals and PACPMs were 

analyzed by scanning electron microscopy (SEM) and confocal 

laser scanning microscopy (CLSM). Whereas the average size of 

the vast majority of CaCO3 microcrystals was calculated and 

was equal to 6 ± 2 µm, a population of microcrystals with an 

average diameter of 16 ± 3 µm has been revealed (3.9% of all 

microcrystals, n = 1505). The distribution of GAH labeled with 

fluorescein isothiocyanate (FITC) inside the microparticles was 

homogeneous before and after the removal of the carbonate 

cores (Fig. 1a-b). This confirms that proteins became 

crosslinked during the synthesis procedure and did not change 

their distribution after dissolving CaCO3 core by EDTA. It is 

interesting to note that after the dissolution of the core the 

size of the PACPMs (Fig. 1b) decreased by 31%. This effect was 

also observed for other proteins, for example, insulin6 and is 

related to a collapse of porous protein microparticles due to 

hydrophobic inter-protein interactions resulting in release of 

water from the microparticle pores.  

SEM images in Fig. 1d-f demonstrate the formation of 

stable PACPMs without the presence of calcium ions (proven 

by EDX measurements, data not shown) that indicates a 

complete removal of the CaCO3 template. It is interesting to 

note that the average sizes of the PACPMs calculated from the 

SEM images were larger than those for the CaCO3 crystals 

used as sacrificial templates, 12 ± 3 µm for the vast majority 

and 25 ± 3 µm for the population with larger size, respectively. 

This can be explained by flattening of the PACPMs during 

drying procedure as required for the SEM imaging. 

Fig. 1 CLSM (a, b) and SEM (c-f) images of PACPMs before (a, c) and after (b, d-f) 

template removal by EDTA. SEM image (f) represents the enlarged area in the image (e) 

depicted in white. Profiles (g and h) are taken along yellow lines in (c) and (f), 

respectively. 

The porous structure of the PACPMs before and after 

template removal is evident from the corresponding profiles 

taken along to the PACPM’s surface (Fig. 1 g and h). The CaCO3 

crystals are made of nanocrystallines. The average sizes of the 

nanocrystallines and pores in PACPMs have been estimated 

from the width of the peaks and cavities in the profiles giving 

average values of 67±28 nm and 71±21 nm, respectively. As 

the size and shape of both PACPMs and their pores can be 

changed by drying during the preparation samples for the SEM 

analysis, we estimated sizes of nanocrystallines and PACPMs’ 

pores by assessing the diameter of a circle of equal projection 

area (DEQPC) [Eq. (1)]. This parameter is widely used for the 

evaluation of particles sizes from the projection area A of a 

non-spherical particle.6  

 

 

 

In this equation A is the projection area of the nanocristallines 

or the pores. With the help of the program Image J7 we 

identified the nanocristallines/pores optically, marked them 

and let the program Image J calculate their projection area A. 

It should be noted that the study of the pore size was carried 

out on the edges of the dried PACPMs, where their structure is 

regular and well-defined. 

π 

A 

√ 2 D
EQPC 

= (1) 
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Fig. 2. The dependence of the residual active GAH in PACPMs on varying the GAH to 

BSA molar ratio in protein mixture (a) and the possible reasons for the low percentage 

of active antibodies (b). Each datum is the mean of triplicates (n=3), and the error bars 

represent the standard deviations of the measurements. 

The porosity of the formed PACPMs greatly increases the 

surface area for binding antigens and thus brings significant  

advantages to use PACPMs in the immunoassay practice 

(Scheme 1, Step 4). 

In the next step we have varied the ratio between GAH and 

BSA in the protein mixture in order to find optimal conditions 

for highest immunological performance of the PACPMs as 

indicated by the residual immunological activity of GAH in the 

PACPMs. Fig. 2a demonstrates that there is an optimal GAH to 

BSA ratio of 1:45 that provides the highest GAH residual 

activity of 20±2%. These PACPMs were further used in this 

work. 

We assume that rather low residual activity and its 

reduction at lower and higher GAH content can be caused by 

sterical limitations for H.IgG to access active sites of GAH in the 

PACPMs. As shown in Fig. 2b, the diffusion limitations can be 

caused by two major problems: i) high density of GAH 

molecules and ii) accessibility of GAH located into small pores. 

The dimensions of the macromolecules used here should be 

taken into account for the evaluation of the diffusion 

limitations: GAH or H.IgG (16х12x6 nm8) and HRP (4х7х12 nm9) 

as a label for H.IgG. 

Molecules of antigen (H.IgG or HRP-labeled H.IgG) cannot 

access all molecules of the specific antibodies because of 

rather compact packing of the GAH (Fig. 2b, 1). The reduction 

in the density of GAH would obviously improve the 

accessibility as proven by the cupola-like shape of the activity 

profile (Fig. 2a). On the other hand, the low residual activity 

can be caused by diffusion limitations for the antigen to reach 

the antibodies localized inside small pores (Fig. 2b, 2). This 

effect would be very pronounced if several molecules of HRP 

bind with one molecule of H.IgG during the H.IgG-HRP 

conjugation.  

In order to prove that diffusion limitations described above 

can be responsible for the reduction of the GAH immunological 

performance, the antigen with molecular weight much lower 

than that of H.IgG (150 kDa) was used - fluorescent probe FITC 

(389 Da). The residual antibody’s activity in this case rose up to 

50±5% that can be caused by a better accessibility of 

molecules of antibodies for the smaller antigen. 

Thus, the developed approach allows synthesizing stable 

PACPMs with active antibodies and therefore the next step  

Fig. 3. The dependence of the signal to background ratio on the concentrations of 

H.IgG-HRP and GAH in the PACPM-based (a) and conventional (b) ELISA for the 

determination of the H.IgG. The dilution of H.IgG-HRP are: a – 1:10 000; b – 1:30 000; c 

– 1:90 000; d – 1:270 000; e – 1:810 000. Each value is the mean of triplicates (n=3), 

and the error bars represent the standard deviations. 

was to examine immunological activity of the particles for 

PACPM-based ELISA and compare it with the conventional  

ELISA made on planar plastic surfaces. Both ELISA formats 

were developed in confined volume equal to 50 µL. 

It is well known that different ELISA formats require 

specific optimal conditions for the performing of the 

immunoassay, mainly the certain concentrations of the used 

immunological reagents. Thus, firstly the optimization of each 

ELISA’s format mentioned above was carried out (Fig. 3). The 

aim of the optimization was to select conditions with the use 

of the lowest possible concentration of the most expensive 

reagents, i.e. the capturing specific antibodies, and also at the 

same time to increase the detection sensitivity. For this, we 

varied concentrations of both GAH and H.IgG-HRP. The 

sensitivity of an assay is directly proportional to the ratio 

between the analytical signal and the background signal and 

later we relied on this ratio to assess the method sensitivity. 

Fig. 3a shows the results of optimization for the PACPM-

based ELISA. The results demonstrate that in the case of the 

lowest GAH concentration (0.07 µg mL-1) the signal to 

background ratio is the lowest for both tested dilutions of 

H.IgG-HRP due to the lack of capturing antibodies and this  

 



COMMUNICATION Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

Fig. 4. Calibration curves of conventional (1) and PACPM-based (2) ELISAs. Each 

experimental point is the mean of four replicates (n=4), and the error bars 

represent the standard deviations. The favourable concentrations of reagents for 

the conventional and PACPM-based ELISAs are for the capturing GAH 2 and 0.2 

µg mL-1 and for the dilution of H.IgG-HRP are 1:270 000 and 1:10 000, 

respectively. 

 

leads to a low analytical signal. While using the highest 

concentration of GAH to 0.7 µg mL-1, the background is 

increasing, leading by this to the lower ratio. Thus, we chose 

0.2 µg mL-1 as an optimal concentration of GAH. Comparison of 

the dilution of H.IgG-HRP demonstrated that the highest ratio 

of analytical signal to background was received by using 1:10 

000 H.IgG-HRP and was equal to 80 ± 8. 

In the case of conventional ELISA the typical concentration 

of capturing antibodies varies between 0.2 and 15 µg mL-1.10 

We focused our attention on the range of lower 

concentrations of the capturing GAH, which would allow us to 

get the signal to background ratio similar to that for the 

PACPM-based ELISA (Fig. 3b). For this purpose the 

concentration of GAH equal to 2 µg mL-1 was the most suitable 

in combination with 1:270 000 H.IgG-HRP. 

At the final stage of our research we compared both 

variants of ELISA for the determination of H.IgG carrying out 

them at optimal concentrations of the capturing GAH and 

H.IgG-HRP (Fig. 4). The results demonstrate the typical S-

shaped calibration curves for the competitive format of ELISA 

in both cases. 

The developed new format of ELISA based on PACPMs 

allowed shifting the curve (2) in the area of lower 

concentrations of H.IgG and thus, to improve the detection 

limit by the factor of ten from 0.3 for conventional ELISA to 

0.03 µg mL-1 for PACPM-based ELISA. Moreover, the benefit of 

using the PACPM-based ELISA was also seen in terms of the 

antibodies consumption, i.e. the new approach allowed 

decreasing the concentration of capturing antibodies also by 

the factor of ten from 2 to 0.2 µg mL-1. 

In summary, in this study the method of co-synthesis was 

used for the first time to fabricate PACPMs. The optimal 

conditions of PACPMs synthesis and the PACPMs structure 

have been investigated. The performance of PACPMs for 

practical applications as alternative to conventional ELISA has 

been evaluated showing significantly improved sensitivity (by 

an order of magnitude) and ten times reduced amount of 

expensive antibodies required for the analysis. We believe that 

this new approach could be useful in a wide range of analytical 

applications including medical practice and diagnostics where 

one seeks for a highly sensitive and cost-effective ELISA in 

miniaturized volumes. 
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